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Foreword

The Covid-19 outbreak has exposed the fragility of the current economic model. It
has severed various global and complex supply and production chains, contributing
to their vulnerability. This crisis has shown again that the current linear take-use-
dispose system is failing and that we need to dramatically transform our economic
model to progress decisively in the transition towards a truly circular economy, where
resources are maintained in the economy for longer, and waste is minimised.

This new economic model needs to be underpinned by the idea of resilience. The
circular economy, by changing the way we produce and consume, can create a more
performant economic model that prioritises reliability and sustainability. Europe has
been working very hard in this direction over the past 5 years, leading the path
towards a climate neutral, resilient circular economy.

In this context, the EUhas adopted significantmeasures for a coordinated response
to ensure the recovery and at the same put in place its European Green Deal, the flag-
ship of President von der Leyen’s Commission. Such measures can also be replicated
on a global scale.

The implementationof theEuropeanGreenDeal and theCircularEconomyAction
Plan—will be two important pillars of the recovery process. The Circular Economy
Action Plan (adopted in March 2020) announces initiatives for the entire life cycle
of products, from design and manufacturing to consumption, repair, reuse, recycling
in order to bring resources back into the economy. The aim of the action plan is to
reduce the EU’s consumption footprint and double the circular material use rate in
the coming decade while boosting economic growth and job creation.

All sectors can benefit from this approach, investing in large-scale renova-
tion, renewables, clean transport, sustainable products, sustainable food and nature
restoration will be even more important than before. This is not only good for our
environment, it is also good for our economies because it reduces dependencies by
shortening and diversifying supply chains. Finally, there is also a very strong social
dimension,with innovation playing a key role in enabling this historic transformation.

I look to the future now with a renewed confidence in human beings and in our
capacity to craft a better world. We should use this crisis to reinvent ourselves. We
should not waste it. If we want to preserve life in this planet, while at the same time,
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vi Foreword

develop a sustainable and competitive economy which creates jobs, there is no other
alternative than going circular.

This amazing book brilliantly covers all these areas arguing convincingly how to
promote the circular economy across the board. It illustrates well the challenges we
are facing, while at the same time, points out the significant societal, economic and
environmental benefits which circularity entails. We have no time to lose, business
as usual is not an option, and time is of the essence.

Professors Seeram Ramakrishna and Doctor Lerwen LIU should be praised for
their personal and professional dedications leading the reflections on how to develop a
more sustainable future for all.

July 2020 Daniel Calleja Crespo
Director-General DG Environment (ENV)

European Commission
Brussels, Belgium



Acknowledgement

We are deeply grateful to all the authors of this book for their dedication in sharing
their amazing work related to circular economy.

We would like to thank Ms. Sawaros Thongkaew and Ms. Duangkamol Buaban
from the STEAM Platform for their valuable infographic work for a number of
chapters, especially Chaps. 1, 29 and 30.

Last but not the least, we express our special thanks to Dr. Giulio Manzoni
(Microspace) for giving the original sketch of the cover page artwork and Miss
Waricha Henchobdee (STEAM Platform) for cover page graphic design.

October 2020 Lerwen Liu
Seeram Ramakrishna

vii

https://doi.org/10.1007/978-981-15-8510-4_1
https://doi.org/10.1007/978-981-15-8510-4_29
https://doi.org/10.1007/978-981-15-8510-4_30


Contents

Introduction and Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Lerwen Liu and Seeram Ramakrishna

Key Concepts and Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Mengmeng Cui

Life Cycle Thinking in a Circular Economy . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Shabbir H. Gheewala and Thapat Silalertruksa

The Fabrics of a Circular City . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Johannes Kisser and Maria Wirth

Industrial Circular Manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
Lei Shi

Industrial Symbiosis for Circular Economy: A Possible Scenario
in Norway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
Angela Daniela La Rosa and Seeram Ramakrishna

Agriculture and Food Circularity in Malaysia . . . . . . . . . . . . . . . . . . . . . . . . 107
Hung Teik Khor and Gary Kiang Hong Teoh

Material Passports and Circular Economy . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Mohamed Sameer Hoosain, Babu Sena Paul, Syed Mehdi Raza,
and Seeram Ramakrishna

Plastics in Circular Economy: A Sustainable Progression . . . . . . . . . . . . . . 159
Anand Bellam Balaji and Xiaoling Liu

Circular Economy Enabled by Community Microgrids . . . . . . . . . . . . . . . 179
Deva P. Seetharam, Harshad Khadilkar, and Tanuja Ganu

Renewable Energy and Circular Economy: Application of Life
Cycle Costing to Building Integrated Solar Energy Systems
in Singapore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
Rashmi Anoop Patil, Veronika Shabunko, and Seeram Ramakrishna

ix



x Contents

Circular Economy in a Water-Energy-Food Security Nexus
Associate to an SDGs Framework: Understanding Complexities . . . . . . . 219
Alex Godoy-Faúndez, Diego Rivera, Douglas Aitken,
Mauricio Herrera, and Lahcen El Youssfi

Recycling of Waste Electric and Electronic Products in China . . . . . . . . . 241
Keli Yu, Heran Zhang, and Yunong Liu

Transforming e-Waste to Eco Art by Upcycling . . . . . . . . . . . . . . . . . . . . . . . 263
Vishwanath Davangere Mallabadi

Waste Management Practices: Innovation, Waste to Energy
and e-EPR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
Stephen Peters and Keshan Samarasinghe

Agricultural and Municipal Waste Management in Thailand . . . . . . . . . . 303
Suneerat Fukuda

New Paradigm for R&D and Business Model of Textile Circularity . . . . . 325
Edwin Keh

Industry 4.0 and Circular Economy Digitization and Applied Data
Analytics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
Parvathy K. Krishnakumari, Hari Dilip Kumar, Shruti Kulkarni,
and Elke M. Sauter

Innovation for Circular Economy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369
Jovan Tan and Virginia Cha

The Business Opportunity of a Circular Economy . . . . . . . . . . . . . . . . . . . . 397
Ellen MacArthur Foundation

Circular Supply Chain Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419
Charoenchai Khompatraporn

Circular Economy Business Models and Practices . . . . . . . . . . . . . . . . . . . . 437
Anna Itkin

Economic Instruments and FinancialMechanisms for theAdoption
of a Circular Economy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 455
Santiago Enriquez, Ernesto Sánchez-Triana,
and Mayra Gabriela Guerra López

Life Cycle Greenhouse Gas Emissions for Circular Economy . . . . . . . . . . 483
Thumrongrut Mungcharoen, Viganda Varabuntoonvit,
and Nongnuch Poolsawad

Life Cycle Costing: Methodology and Applications in a Circular
Economy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 499
Piya Kerdlap and Simone Cornago



Contents xi

Towards Sustainable Business Strategies for a Circular Economy:
Environmental, Social and Governance (ESG) Performance
and Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 527
Rashmi Anoop Patil, Patrizia Ghisellini, and Seeram Ramakrishna

Circular Economy Practices in India . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 555
Prasad Modak

Circular Economy in Taiwan-Transition Roadmap and the Food,
Textile, and Construction Industries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 577
Hui-Ling Chen, Ya-Hsuan Tsai, Chiao-Ling Lyu, and Yu-Lan Duggan

Youth Leadership in a Circular Economy: Education Enabled
by STEAM Platform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 597
Arslan Siddique, Panitsara Nakseemok, and Lerwen Liu

Future Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 623
Lerwen Liu and Seeram Ramakrishna

Correction to: Circular Economy Business Models and Practices . . . . . . C1
Anna Itkin



Introduction and Overview

Lerwen Liu and Seeram Ramakrishna

Abstract This chapter gives an overview of the entire book summarizing all 29
chapters, laying out its structure and linkage of different chapters. This book is
purposefully styled as an introductory textbook on circular economy (CE) for the
benefit of educators and students of universities. It provides comprehensive knowl-
edge exemplified by practices from policy, education, R&D, innovation, design,
production, waste management, business, and financing around the world. The book
covers sectors such as agriculture/food, packaging materials, build environment,
textile, energy, andmobility to inspire the growth of circular business transformation.
It aims to stimulate action among different stakeholders to drive CE transformation.
It elaborates critical driving forces of CE including digital technologies; restorative
innovations; business opportunities & sustainable business model; financing instru-
ments, regulation & assessment and experiential education programs. It connects a
CE transformation for reaching the SDGs2030 and highlights youth leadership and
entrepreneurship at all levels in driving the sustainability transformation.

1 Background

This book is written during unprecedented times of recent human history. Three
pertinent observations could be drawn from the COVID-19 pandemic. First, clean
air, water, food and energy, and hygienic living environment anchored by general
healthcare, wellness, mental health, and family support are essential for the survival
and sustainability of the human race on planet Earth. In other words, we can only
lead healthy lives in a healthy and safe environment. Second, digital technologies
including the internet and artificial intelligence (AI) enabled big data analytics,
mobile communication devices, cloud-based services enabling point of care, learning

L. Liu (B)
KMUTT, Bangkok, Thailand
e-mail: lerwen67@gmail.com

S. Ramakrishna
National University of Singapore, Singapore, Singapore

© Springer Nature Singapore Pte Ltd. 2021
L. Liu and S. Ramakrishna (eds.), An Introduction to Circular Economy,
https://doi.org/10.1007/978-981-15-8510-4_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8510-4_1&domain=pdf
mailto:lerwen67@gmail.com
https://doi.org/10.1007/978-981-15-8510-4_1


2 L. Liu and S. Ramakrishna

from anywhere and anytime at own pace, and telecommuting have become integral
to human society. In other words, the modern society entrenched with digital tech-
nologies found them to be necessary in unprecedented times as well as normal times.
Third, the modern society is inundated with non-essentials such as travel for leisure,
clubbing and entertainment, and window shopping. In other words, the modern
society consumes far more resources per person when compared to the pre-modern
society. Modern society is thriving on the abundant supply of materials, energy,
and water, and accessible to billions of people around the world. Waste generation
commensurate with consumption. Waste is often not adequately recycled, and hence
ends up in soil, water, and air environment of planet Earth. In other words, deple-
tion of natural resources and increased pollution of the Earth ecosystem, which in
turn affects the health and well-being of human beings. Current ways of modern
society are not conducive to ensure sustainability of resources of Earth for the future
generations. Hence, the primary objective of circular economy and sustainability
efforts is to deliver a new-modern society in which the ways of the current society
least compromise the needs of future generations. Desired characteristics of the
new-modern society encompass the visions of circular economy and sustainability
development aimed at protecting the Earth while ensuring improved quality of living
and growth. Simply put it is an economic system aimed at eliminating waste and the
continual use of resources (https://en.wikipedia.org/wiki/Circular_economy).

Circular Economy is emerging and is evolving rapidly, specially today, when
humanity is facing various challenges including climate change, pandemics and
environmental devastation, andwidening social inequalities. Policymakers,manufac-
turers and service providers, and consumers are developing Earth-friendly policies,
innovating business practices, and changing consumption behavior toward sustain-
ability, respectively. The adoption of emerging technologies and innovative busi-
ness models are enabling the transformation of a circular and more sustainable
economy. A circular and sustainable economy is driven by sustainable consump-
tion and production. Sustainability mindset, action, and behavior of stakeholders
in the ecosystem of production and consumption leads to sustainable practices.
The most critical driver of an economic transformation is education that shapes the
mindset, action, and behavior of all stakeholders including policymakers, investors,
researchers, educators, producers, service providers, consumers, and media.

University curriculum are beginning to embrace circular economy and sustain-
ability knowledge in educating future generation of graduates who become the stake-
holders of the economic ecosystem. This book is purposefully styled as an introduc-
tory textbook on circular economy (CE) for the benefit of educators and students
of universities. It provides comprehensive knowledge exemplified by practices from
policy, education, R&D, innovation, design, production, waste management, busi-
ness, and financing around the world. The book covers sectors such as agricul-
ture/food, packaging materials, build environment, textile, energy, and mobility to
inspire the growth of circular business transformation. It aims to stimulate action
among different stakeholders to drive CE transformation.

It elaborates critical driving forces of CE including digital technologies; restora-
tive innovations; business opportunities and sustainable business model; financing

https://en.wikipedia.org/wiki/Circular_economy
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instruments, regulation and assessment, and experiential education programs. It
connects a CE transformation for reaching the SDGs2030 and highlights youth lead-
ership and entrepreneurship at all levels in driving the sustainability transformation.

Each chapter of the book (except the first and the last chapter) follows the format
of Abstract; Keywords; Learning Objectives; Introduction; detailed coverage of the
topic including Concepts/Mechanisms/Methodologies exemplified by Case Studies;
Questions and Further Readings as a homework or exercises for students to expand
and deepen their learning; and References.

Below capture the key features of the book:

• Addresses Circularity along product value chain and business supply chain with
case studies.

• Provides Circularity guidelines including framework, examples, and case studies
for policymakers, educators, business leaders, and investors.

• Contains Comprehensive contribution with inclusivity in terms of age (1/3 below
35 years old) and gender (over 40% female) with multidisciplinary background
from all five continents.

• Comprises substantial coverage of updated policy, research and innovation,
education programs, and business practices on circular economy in the Asian
region.

• Includes Life Cycle Assessment and Costing methodology for circular economy
practices.

• Presents interconnectivity along the circular value chain and roles of different
stakeholders for a circular economy transformation.

• Highlights different driving factors for a circular economy transition including
digital technologies, business opportunities and consumer service models,
financing, circularity indicators and assessment, policy and regulations, and
education.

2 Overview

See Fig. 1.
We design this book to ensure the circularity of the content, starting from the

most critical Life Cycle Thinking mindset in Chapter GHEEWALA, zooming in an
overview of the macro world of circular city in Chapter KISSER, to mesoworld
of industry circular manufacturing ecosystem (Chapter SHI) where industrial
symbiosis is practiced (Chapter LA ROSA), and circular supply chain manage-
ment (Chapter KHOMPATRAPORN) enabling innovative circular business model
based on services (Chapter ITKIN). Further zooming in to microworld of products
and consumption circularity from Food (Chapter KISSER, Chapter KHOR, Chapter
GODOY-FAUDEZ, CHAPTER EMF, Chapter KHOMPATRAPORN, and Chapter
CHEN); Materials including plastics (Chapter BALAJI, Chapter MODAK), build-
ings (Chapter KISSER, Chapter EMF, Chapter HOOSAIN), and textiles (Chapter
KEH); Energy (Chapter SEETHARAM on Community Microgrid, Chapter PATIL
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Fig. 1 Infographic of Book Overview Illustrated by Sawaros Thongkaew (STEAM Platform)

on Building Integrated Photovoltaic, and Chapter KHOMPATRAPORN on Virtual
Power Plant); Water (Chapter KISSER, Chapter GODOY-FAUDEZ) to Mobility
(Chapter EMF). Product design for circularity for building and packaging is also
featured in Chapter KISSER, Chapter SHI, Chapter MODAK, Chapter BALAJI,
and Chapter TAN.

Moving downstream, in sustainable waste management, extensive coverage
includes foodwaste (ChapterKHOR),waste electric and electronic products (Chapter
YU), agriculture and municipal waste (Chapter PETERS, Chapter FUKUDA,
Chapter MODAD). An example of upcycling practice through creating eco-art from
electronics waste (E-waste) is elaborated in Chapter MALLABADI where the entire
artwork creation and its strategic practice for scaling up through education onE-waste
are shared.

Circular economy needs a workforce equipped with life cycle thinking mindset,
STEM knowledge, and entrepreneurship skills, Chapter SIDDIQUE provides a
dedicated overview on circular economy education worldwide and highlighted the
STEAM Platform practices on Circular Economy general education module and its
youth leadership program. Chapter EMF emphasizes that importance of embedding
circular economy principles into teaching across all ages of learning. This supports
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Table 1 Summary of book structure

Circular Economy
Structure

Topics Chapter Title 1st Author

Key Concepts and
Terminology

Key Concepts and
Terminology

Key Concepts and
Terminology

Mengmeng CUI

Life Cycle
Thinking Mindset

Life Cycle Thinking &
Assessment

Life Cycle Thinking in
a Circular Economy

Shabbir GHEEWALA

The Fabrics of A
Circular City

Holistic Picture of
Circular City

The Fabrics of a
Circular City

Johannes KISSER

Mining Impact on Water,
Energy and Food

Circular Economy in a
Water-Energy-Food
Security Nexus in a
SDGs Framework:
Understanding
Complexities

Alex
GODOY-FAUNDEZ

Production Industry Circular
Manufacturing

Industry Circular
Manufacturing

Lei SHI

Industrial Symbiosis Industry Symbiosis for
Circular Economy: A
Possible Scenario in
Norway

Daniela LA ROSA

Consumption Agriculture & Food Agriculture & Food
Circularity

Hung Teik KHOR

Plastics Plastics in Circular
Economy: A
sustainable Progression

Anand BELLAM
BALAJI

Built Environment Materials Passports and
Circular Economy

Mohamed SAMEER
HOOSAIN

Textile New Paradigm for R&D
and Business Model of
Textile Circularity

Edwin KEH

Water Circular Economy in a
Water-Energy-Food
Security Nexus in a
SDGs Framework:
Understanding
Complexities

Alex
GODOY-FAUDEZ

Mobility The Business
Opportunity of a
Circular Economy

Ellen MacArthur
Foundation (EMF)

Energy: Community
Microgrid

Circular Economy
Enabled by Community
Microgrids

Deva P SEETHARAM

(continued)
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Table 1 (continued)

Circular Economy
Structure

Topics Chapter Title 1st Author

Energy: Building
Integrated
Photovoltaic

Renewable Energy for
Circular Economy:
Application of Life
Cycle Costing for the
Building Integrated
Solar PV Systems

Rashmi ANOOP
PATIL

Waste Management Electronic and
Electrical Equipment
Waste

Recycling of Waste
Electric and Electronic
Products in China

Kelin YU

Agricultural Waste Agricultural &
Municipal Waste
Management in
Thailand

Suneerat FUKUDA

Municipal Waste Waste Management
Practices: Innovation,
Waste to Energy &
e-EPR

Stephen PETERS

Upcycling for Eco-Art Transforming e-waste to
Eco-Art by Upcycling

Vishwanath
MALLABADI

R&D New Paradigm Shift in
R&D

New Paradigm for R&D
and Business Model of
Textile Circularity

Edwin KEH

Technology &
Innovation

Digital Technologies Industry 4.0 & Circular
Economy -Deep Dive
on Applied Data
Analytics

Parvathy
KRISHNAKUMARI

Restorative Innovation Innovation for Circular
Economy

Jovan TAN

Circular Business Business
Opportunities

The Business
Opportunity of a
Circular Economy

Ellen MacArthur
Foundation

Circular Supply Chain Circular Supply Chain
Management

Charoenchai
KHOMPATRAPORN

Business Model Circular Economy
Business Models and
Practices

Anna ITKIN

Financing Economic Instruments
& Financing

Economic Instruments
and Financial
Mechanisms for the
Adoption of a Circular
Economy

Santiago ENRIQUEZ

Assessment Life Cycle Assessment Life Cycle Thinking in
a Circular Economy

Shabbir GHEEWALA

(continued)
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Table 1 (continued)

Circular Economy
Structure

Topics Chapter Title 1st Author

Greenhouse Gas
Emissions Life Cycle
Assessment

Life Cycle Greenhouse
Gas Emissions for
Circular Economy

Thumrongrut
MUNGCHAROEN

Life Cycle Costing The Life Cycle Costing:
Methodology and
Applications in a
Circular Economy

Piya KERDLAP

Environment, Social
and Governance (ESG)

Towards Sustainable
Business Strategies for
a Circular Economy:
Environmental, Social
and Governance (ESG)
Performance and
Evaluation

Rashmi ANOOP
PATIL

Education Sustainability
Education

Youth Leadership in a
Circular Economy:
Education Enabled by
the STEAM Platform

Arslan SIDDIQUE

Education on E-waste
and Art Creation

Transforming e-waste to
Eco-Art by Upcycling

Vishwanath
MALLABADI

Policy Case Studies India Circular Economy
Practices in India

Prasad MODAK

Taiwan Taiwan Circular
Economy: Transition
Roadmap and Food,
Textile & Construction
Industries

Shadow CHEN

a mindset shift that will enable future leaders and young professionals to acquire
circular economy knowledge, skills, and capabilities which they can take forward
within their careers.

Table 1 summarizes the structure of the book and Fig. 1 captures the infographic
interpretation of the book content.

The driving force of circularity involves emerging technologies such as digital
technologies; research, development and innovation; business opportunities and
sustainable business model; economic instruments and financing mechanisms, and
assessment and regulation.
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2.1 The Role of Digital Technologies

We are entering the era of the 4th Industrial Revolution- Industry 4.0 where digital
technologies such as Internet of Things (IoT), Artificial Intelligence (AI), Cloud
Computing andBlockchain are enabling transparency and efficiency in our economy.

Digital technologies enable digitization across product lifecycle, from resource
extraction, production processes (design, materials, component, module, system),
distribution (logistics and retails), consumption to waste management. Chapter
HOOSAIN elaborates Materials Passport (MP) for the Built Environment with a
highlight of the enabling digital technologies. MP provides information (composi-
tion/specification, spatial and life cycle) across the entire value chain of a product
and its supply chain from sources to producers, distributors, and consumers/users.
This enables re-use, remanufacture, recycle, and recover of materials, components,
and systems.

Chapter KRISHNAKUMARI connects Industry 4.0 and the circular economy.
Through a digitalization framework, Industry 4.0 proposes the creation of ‘digital
twins,’ embeds interconnected IoT networks, and utilizesMachine Learning, and Big
Data Analytics to derive understanding and predictive metrics from manufacturing
and industrial data. Industry 4.0 drives the digital transformation toward smart and
resilient economy. It focuses howDataAnalytics could accelerate a circular economy
transition through case studies.

Digital technologies also enable efficient and effective circular supply chain
management described in Chapter KHOMPATRAPORN. It also provides circular
supply chain transformation strategy through digitalization, collaborative platform,
and reverse loop.

2.2 Research and Development and Innovations

Circularity solutions require research and innovation to reach sustainability. Recog-
nizing the urgency of developing a resilient societywhen humanity is facing unprece-
dented crisis such as climate change and pandemics, all stakeholders need to act
coherently in developing and implementing solutions to secure human survival
sustainably. Chapter KISSER, Chapter SHI, Chapter PETERS, Chapter EMF,
Chapter MODAK, and CHAPTER CHEN have all discussed the role of the govern-
ment andmulti-stakeholder partnerships in driving circular economy transformation.
In particular, Chapter KEH demonstrated public-private partnership (PPP) in devel-
oping innovative and scalable circularity solutions enabled by accelerated research
and development. The chapter focuses on a case study of a successful implementa-
tion of circularity in textile and apparel sector. The case study represents common
problems and solutions development methodology applicable to industry sectors.
The chapter highlights a new paradigm R&D where all stakeholders (government,
research institutes, and industry) have the urgency mindset in solving environmental
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problems caused by thewaste of production of textile and consumption of apparels. A
short-term focused target was set, strong partnership and open innovation R&D plat-
formwas set up to include supply chain of the entire textile industry. This is to ensure
a scalable working solution implementable on both the production and consumptions
sites. This PPP is practiced in both co-financing and R&D enabling industry partners
to implement a scalable solution in both manufacturing and business.

This case study also demonstrates technology innovation drives circular business
innovation, allowing decentralization of product end of life (waste) management
improving economic and environmental performance of business.

Deep diving into innovation, Chapter TAN introduces Restorative Innovation—
an innovation economic model that explains a pattern of innovation-driven growth
for innovative solutions designed to restore our health, humanity, and environ-
ment. The chapter showcases a number innovative business practices including
a cradle to cradle circular business enabled by restorative innovation where the
featured company produces materials from bio-based resources, designs customized
packaging, services, collects and composts waste, and returns back to earth for
regenerating bio-resources.

2.3 Business Opportunities

Chapter EMF demonstrates that circular economy provides a value creation oppor-
tunity and solutions framework to address global challenges. This translates to enor-
mous new business opportunities in terms of saving materials cost, avoiding waste
management cost, cost saving for improving business efficiency, and new revenue
from new business. It also presents enormous opportunities for innovation enabled
by emerging technologies such as digital technologies. Circular Economy is viewed
as a delivery mechanism for achieving climate change targets, sustainable develop-
ment goals, and ultimately reaching sustainable development. The chapter shares the
outcome of analysis by EMF including a) the circular economy transformation could
yield annual benefits for Europe of up to EUR 1.8 trillion in 2030, b) For China, acti-
vating broader circular economy solutions in cities could significantly lower the cost
of access to goods and services and could save businesses and households approxi-
mately USD 11.2 trillion in 2040, and c) For India, the annual benefits could amount
to USD 624 billion in 2050 compared with the current development path.

The chapter focuses on business opportunities in three key sectors: the food system
in India; the built environment in China’s cities; and mobility in Europe. It further
quantifies the economic, environmental, and social benefits of these opportunities
and explores what are the levers to bring them to scale.
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2.4 Business Model

Sustainability of a company is driven by its business model. In a circular economy,
business can no longer focus on the pure growth of profit, it has to sustain its
operation through taking care of the planet, people, and profit holistically. Chapter
ITKIN stresses a sustainable business model (SBM) drives circular economy toward
sustainable development. The chapter highlights that circular economy is a functional
service economy leading to economic competitiveness. Selling a service enables to
create sustainable profits without an externalization of the costs of risk and costs of
waste. Case studies of circular businessmodel practices are also elaborated inChapter
TAN, Chapter KHOMPATRAPORN, Chapter MODAK, and Chapter CHEN.

2.5 Economic Instruments and Financing Mechanisms

To implement R&D, business innovation and drive the economic transformation,
economic instruments, and financing mechanisms are crucial. Chapter ENRIQUEZ
elaborates the importance of incentives that aim to incorporate environmental costs
into the budgets of households and enterprises and encourage environmentally sound
and efficient production and consumption through full-cost pricing. The chapter
recommends incentives to free up and reallocate resources that are currently used
in the linear model, as well as to mobilize new funding (sustainable bonds, ESG
investment, equity capital) to support a circular economy transition. It stresses that
the environmental policy instruments and financing enable investments in eco-design
and the adoption and scaling up of new technologies and business models.

2.6 Assessments and Regulations

To drive a circular economy transition locally and globally toward sustainability,
monitoring, and assessment is necessary. Although there are not yet standardized
sets of circular economy indicators, the European Union, other European coun-
tries, and the Ellen MacArthur Foundation (EMF) have developed indicators to
measure resource efficiency and raw materials management, materials circularity
at the product and corporate levels, such as Buildings As Material Banks (BAMB)
Circular Building Assessment and the industry-based circularity dataset initiative.

Circularity assessment tools primarily developed by European organizations
include Cradle to Cradle Certified (The Cradle to Cradle Products Innovation Insti-
tute), The Circularity Check (Ecopreneur.eu), Circularity Gap Report (Platform
for Accelerating the Circular Economy (PACE)), and Circular Business Solutions
(alchemia-novaGmbH) are summarized inChapterKISSER.Other circular economy
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progress measurement tools including Circulytics by the Ellen MacArthur Founda-
tion, the Circular Transition Indicators by World Business Council for Sustainable
Development, Global Reporting Initiative’s upcoming circular economy reporting
guidelines in the context of waste are summarized in Chapter EMF.

Circular economy-specific regulation, the extended product responsibility (EPR)
policy is discussed in a number of chapters including Chapter SHI, Chapter PETERS,
Chapter ENRIQUEZ, and Chapter KISSER.

EPRneeds to be enforced to all producers globally. Shifting thewastemanagement
cost to producers incentivized circular product design, closing thematerials loop, and
driving service-based business model. In particular, Chapter PETERS stresses that
through public–private partnership models the EPR policy enabled by digital tech-
nologies offers more efficient and effective route to implementation and accelerates
a circular economy transition.

2.7 Sustainability and SDGs

The outcome of circular economy transition needs to be aligned with sustainable
development goals and sustainability (social, environmental and economic) as a
whole. Chapter GODOY-FAUNDEZ elaborates, for an extractive economy focusing
on agriculture and mining, that practicing a circular economywill help to solve prob-
lems of the Food-Water-Energy insecurities and achieving sustainable development
goals in countries such as Chile.

Circularity does not necessarily lead to sustainability. Life Cycle Assessment
(LCA) and Environmental, Social & Governance (ESG) assessments are necessary
tools to guide industry and business to achieve sustainability. Chapter GHEEWALA
adopts LCA framework to assess the environmental sustainability for sugar cane
production and packaging materials. To ensure that circular business is actually
environmentally beneficial, it is essential to demonstrate the reduction of life cycle
Greenhouse Gas (GHG) emissions. Chapter MUNGCHAROEN demonstrates the
calculation of GHG emissions of circular business using methodology of the Inter-
governmental Panel on Climate Change (IPCC) guidelines and life cycle assessment
standards. In order to guide the economic decision-making for consumers and busi-
nesses, Chapter KERDLAP elaborates on Life Cycle Costing (LCC) methodology
with case studies on different circular economy business practices. Chapter PATIL
further provides a basic overview of the current circularity assessmentmethodologies
and highlighted with case studies that ESG performance can be enhanced through
circularity business practices.

Circular economy does not only address environmental sustainability but it also
creates social and economicbenefits.ChapterKHOMPATRAPORN,Chapter ITKIN,
and Chapter EMF discussed both the societal and economic aspect of Circular
Economy.
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2.8 Policy Case Studies

Without an extensive coverage on circular economy development around world,
we feature circular economy in India and Taiwan. In addition to policy coverage
of the region, Chapter MODAK provided an overview on India circular economy
highlighted the adoption of digital technology in managing waste flow, integrating
informal waste recycler into the CE supply chain creating social benefits to the
waste pickers, and building multi-stakeholder partnership platform in CE transi-
tion. Chapter CHEN shares the Taiwan’s transition roadmap that focuses on guiding
industry and business toward the circularity transition. The chapter focuses on a few
flagships on emerging business in the food, textile, and construction sectors.

Circular economy is evolving rapidly and expanding globally. Some of the
case studies shown in this book have not been scaled yet. We hope this book is
able to provide guidance for policymakers, investors, corporations, entrepreneurs,
researchers, educators, and general public to take action as a consumer and stake-
holder to accelerate the transformation through scaling up those practices or
innovating more effective practices.

Some of the topics that are emerging such as circularity by design, circularity
assessment and regulations, and digital technologies applications will have more
extensive coverage with case studies in the second edition to appear in 2021. We will
also continue with regional coverage, especially in North America, North Asia, and
other part of the world in the next edition.

3 Authors Analytics

We are fortunate to have a total of 66 authors from around the world across 5 conti-
nents with multidisciplinary background contributed covering 30 chapters in this
book at this inaugural edition to share their learning, knowledge, practices and solu-
tions for acceleration of a circular economy transition. Figure 2a shows the authors
demographics based on survey from over two third of total authors participated in
the survey. Figure 2b shows the diversity of authors in terms of background, gender,
and age group, in particular, authors who are under 35 are in the majority.

A circular economy transition needs each and every one of us to take action
both personally and professionally. Effective communication and making a circular
economy framework and practices understood by all stakeholder is critical. This
book uses Infographics, figures, and tables to make the book content more visual
and easy to read and understand. It aims to be inclusive to all. The inclusivity of
the book includes diverse age group, geographical location, disciplines, sectors, and
stakeholders.
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(a)

Fig. 2a Author analytics on demographics (Generated Parvathy Krishnan from DAV Data
Solutions)
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(b)

Fig. 2b Author analytics on diversity (Generated Parvathy Krishnan from DAV Data Solutions)
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Lerwen Liu is a strong advocate of sustainability through innovation and entrepreneurship educa-
tion and training focusing on the Asian region. She is a senior advisor in King Mongkut’s Univer-
sity of Technology Thonburi (KMUTT) in Bangkok playing a leadership role in (1) stream-
lining strategy of education, research and innovation, and social impact toward sustainable devel-
opment goals, industry 4.0, and circular economy, (2) building strategic partnerships with the
United Nations, Asia Development Bank, leading universities, government funding agencies and
industries worldwide in developing solutions for reaching SDGs and circular economy, and (3)
conducting strategic training to KMUTT students and staff preparing the change agents/leaders
for the SDGs 2030 and circular economy through her STEAM Platform.

She pioneered education programs of innovation and entrepreneurship toward sustainability,
SDGs and circular economy in the National University of Singapore (NUS), Yale-NUS College,
and KMUTT. She has organized various platform events in partnership with the UN, ADB,
World Bank, and other entrepreneurship-related organizations in driving youth leadership and
entrepreneurship towards SDGs and Circular Economy through the adoption of STEM knowledge,
and Industry 4.0.

Professor Seeram Ramakrishna FREng, Everest Chair
(https://www.eng.nus.edu.sg/me/staff/ramakrishna-seeram/), is
among the top three impactful authors at the National Univer-
sity of Singapore, NUS (https://academic.microsoft.com/ins
titution/165932596). NUS is ranked among the top five best
global universities for engineering in the world (https://www.
usnews.com/education/best-global-universities/engineering). He
is the Chair of Circular Economy Taskforce. He is a member of
Enterprise Singapore’s and ISO’s Committees on ISO/TC323
Circular Economy and WG3 on Circularity. He also the Chair
of Sustainable Manufacturing TC at the Institution of Engineers
Singapore and a member of standards committee of Singapore
Manufacturing Federation (http://www.smfederation.org.sg).
He is an advisor to the Ministry of Sustainability & Environ-
ment—National Environmental Agency’s CESS events, (https://
www.cleanenvirosummit.sg/programme/speakers/professor-
seeram-ramakrishna; https://bit.ly/catalyst2019video; https://
youtube.com/watch?v=ptSh_1Bgl1g). European Commission
Director-General for Environment, Excellency Daniel Calleja
Crespo, said, “Professor Seeram Ramakrishna should be
praised for his personal engagement leading the reflections
on how to develop a more sustainable future for all”, in his
foreword for the Springer Nature book on Circular Economy
(ISBN: 978-981-15-8509-8). He is a member of UNESCO’s
Global Independent Expert Group on Universities and the 2030
Agenda (EGU2030). He is the Editor-in-Chief of the Springer
NATURE Journal Materials Circular Economy—Sustainability
(https://www.springer.com/journal/42824). He is an Associate
Editor of eScience journal (http://www.keaipublishing.com/en/
journals/escience/editorial-board/). He is an opinion contributor
to the Springer Nature Sustainability Community (https://sus
tainabilitycommunity.springernature.com/users/98825-seeram-
ramakrishna/posts/looking-through-covid-19-lens-for-a-sustai
nable-new-modern-society). He teaches ME6501 Materials and
Sustainability course (https://www.europeanbusinessreview.
com/circular-economy-sustainability-and-business-opportuni
ties/). He also mentors Integrated Sustainable Design ISD5102

https://www.eng.nus.edu.sg/me/staff/ramakrishna-seeram/
https://academic.microsoft.com/institution/165932596
https://www.usnews.com/education/best-global-universities/engineering
http://www.smfederation.org.sg
https://www.cleanenvirosummit.sg/programme/speakers/professor-seeram-ramakrishna
https://bit.ly/catalyst2019video
https://youtube.com/watch?v=ptSh_1Bgl1g
https://www.springer.com/journal/42824
http://www.keaipublishing.com/en/journals/escience/editorial-board/
https://sustainabilitycommunity.springernature.com/users/98825-seeram-ramakrishna/posts/looking-through-covid-19-lens-for-a-sustainable-new-modern-society
https://www.europeanbusinessreview.com/circular-economy-sustainability-and-business-opportunities/


16 L. Liu and S. Ramakrishna

project students. Microsoft Academic ranked him among
the top 25 authors out of three million materials researchers
worldwide based on H-index (https://academic.microsoft.com/
authors/192562407). He is named among the World’s Most
Influential Minds (Thomson Reuters) and World’s Highly
Cited Researchers (Clarivate Analytics). Listed among the top
three scientists of the world as per the Stanford University
researcher study on career-long impact of researchers or c-score
(https://drive.google.com/file/d/1bUJrvurVVBbxSl9eFZRSHFi
f7tt30-5U/view). He is an Impact Speaker at the University
of Toronto, Canada Low Carbon Renewable Materials Center
(https://www.lcrmc.com/). He is a judge for the Mohammed
Bin Rashid Initiative for the Global Prosperity (https://www.
facebook.com/Make4Prosperity/videos/innovation-inclusive-
trade/479503539339143/). He advises technology companies
with sustainability vision such as TRIA (www.triabio24.com),
CeEntek (https://ceentek.com/), Green Li-Ion (www.Greenli-
ion.com) and InfraPrime (https://www.infra-prime.com/vis
ion-leadership). He is a Vice-President of Asian Polymer
Association (https://www.asianpolymer.org/committee.html).
He is a Founding Member of Plastics Recycling Association
of Singapore (PRAS). His senior academic leadership roles
include University Vice-President (Research Strategy), Dean
of Faculty of Engineering; Director of NUS Enterprise and
Founding Chairman of Solar Energy Institute of Singapore
(http://www.seris.nus.edu.sg/). He is an elected Fellow of UK
Royal Academy of Engineering (FREng), Singapore Academy
of Engineering and Indian National Academy of Engineering.
He received PhD from the University of Cambridge, UK, and
The TGMP from the Harvard University, USA.

https://academic.microsoft.com/authors/192562407
https://drive.google.com/file/d/1bUJrvurVVBbxSl9eFZRSHFif7tt30-5U/view
https://www.lcrmc.com/
https://www.facebook.com/Make4Prosperity/videos/innovation-inclusive-trade/479503539339143/
http://www.triabio24.com
https://ceentek.com/
http://www.Greenli-ion.com
https://www.infra-prime.com/vision-leadership
https://www.asianpolymer.org/committee.html
http://www.seris.nus.edu.sg/


Key Concepts and Terminology

Mengmeng Cui

Abstract Many of us have heard the phrases “circular economy” and “linear econ-
omy”. The notion of “circular economy” has been around for at least a few decades,
starting with the “open economy” versus “closed economy” articulated by Kenneth
Boulding in 1966 in his essay “The Economics of the Coming Spaceship Earth” (To
download the essay, please go to: http://www.ub.edu/prometheus21/articulos/obspro
metheus/BOULDING.pdf.). Since then, the concepts of feedback systems, cradle-
to-cradle, closed-loop and many more essentially circular economy equivalent
concepts have flourished and further developed into different branches in resource
management, environmental policy, sustainable development and other subjects we
are familiar with today from many university curriculums. It is, however, only in
recent years, that the circular economy concept as an all-encompassing concept of
future economic development model, gained global and cross-sector traction.

This chapter outlines the important sustainability, economics and business concepts
that have been developed in the topic of circular economy. Since circular economy
is an interdisciplinary concept that cuts across natural science, social science,
economics and business domains, it is necessary to explain these concepts in a logical
way so tomake it easier, not only to understandwhat itmeans but also to start thinking
about what needs to be done to enable the circular transition. Instead of explaining
the concepts one by one, this chapter will use a few cases and embed the concepts in
these cases. The chapter will explain these concepts in the following three contexts
(Fig. 1):

1. Concepts related to natural cycles of matters
2. Concepts related to symbiosis, both ecological and industrial
3. Concepts related to circular businesses and business transformation.
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Fig. 1 Concepts around circular economy (non-exhaustive)

1 Objectives

Understand important concepts and terminologies related to the circular economy—
inbusinesses, academic research, industrial and urban planning, agriculture,material,
design and many more relevant domains.

2 Overview

The over-simplified understanding of the circular economy could be understood with
three main ideas: renewable energy as input into the system; clean water and good
water treatment practice; circular use ofmaterials. These conceptsmay sound dry, but
the circular economy is in fact full of stories. This is because the circular economy is
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Fig. 2 Global resource consumption (The left axis shows global resource use between 1900 and
2009 measured in billions (109) of metric tons per year. The right axis (1900= 1) shows the growth
in population and Gross Domestic Product (GDP) during the same interval. GDP is measured in
constant 1990 Geary-Khamis Dollars. Data source: Krausmann et al. 2009, updated using data
available at http://www.uni-klu.ac.at/socec/inhalt/3133.html. Source http://www.igbp.net/news/fea
tures/features/addictedtoresources.5.705e080613685f74edb800059.html)

about dynamic systems, interactions, humanbehaviours, cross-industry collaboration
and a lot more. Therefore, this chapter will not have a long list of terminologies that
one can read online in a few minutes. Instead, the chapter will embed concepts
and terminologies in stories, with keywords highlighted and footnotes to provide
sources for more information. By the time you finish the stories, these concepts and
terminologies should appear familiar and you will be able to proceed to the following
chapters for a deeper understanding of the circular economy.

You will be reading a few stories and cases, each covering one important aspect
of the circular economy. Before getting into the details, let’s first have a look at the
linear model we have today.

The linear model is often referred to as the “take-make-throw” model, which
became possible after the first industrial revolution and greatly accelerated in the
post-war era, accompanied by a global population boom as illustrated in Fig. 2.

The linear model is wasteful and has brought severe consequences including
climate change, biodiversity loss, soil erosion, air and water pollution, etc. In
2009, the Stockholm Resilience Centre published the first Planetary Boundaries1

1In 2009, former centre director Johan Rockström led a group of 28 internationally renowned
scientists to identify the nine processes that regulate the stability and resilience of the earth system.
The scientists proposed quantitative planetary boundaries within which humanity can continue to
develop and thrive for generations to come. Crossing these boundaries increases the risk of gener-
ating large-scale abrupt or irreversible environmental changes. Since then, the planetary boundaries
framework has generated enormous interest within science, policy and practice. https://www.sto
ckholmresilience.org/research/planetary-boundaries.html.

http://www.uni-klu.ac.at/socec/inhalt/3133.html
http://www.igbp.net/news/features/features/addictedtoresources.5.705e080613685f74edb800059.html
https://www.stockholmresilience.org/research/planetary-boundaries.html
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Fig. 3 The planetary boundaries

(watch the TED talk here: https://www.ted.com/talks/johan_rockstrom_let_the_env
ironment_guide_our_development) report that described nine crucial earth systems
that support human developments on the planet.

The Planetary Boundaries help us better understand where priorities need to be
given in order to stay within these boundaries that support our lives on earth. The
current state of the nine boundaries clearly calls for action and these actions need
to be transformational. This is why the linear model that has brought unprecedented
prosperity to mankind has to transition to a different model—a model that can help
maintain the integrity of the earth systems that our prosperity relies on. We call this
new economic model the Circular Economy (Fig. 3).

There aremany different definitions of the circular economy. The EllenMacarthur
Foundation defines it as “a systemic approach to economic development designed to
benefit businesses, society and the environment” (as illustrated in Fig. 4).2 Metabolic
(a circular economy practitioner) defines it as “a new economic model for addressing
human needs and fairly distributing resources without undermining the functioning
of the biosphere or crossing any planetary boundaries”.3 Wikipedia defines it more
simply as “an economic system aimed at eliminating waste and the continual use of
resources”.4

2https://www.ellenmacarthurfoundation.org/explore/the-circular-economy-in-detail.
3https://www.metabolic.nl/about/our-mission/.
4https://en.wikipedia.org/wiki/Circular_economy.

https://www.ted.com/talks/johan_rockstrom_let_the_environment_guide_our_development
https://www.ellenmacarthurfoundation.org/explore/the-circular-economy-in-detail
https://www.metabolic.nl/about/our-mission/
https://en.wikipedia.org/wiki/Circular_economy
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Fig. 4 Ellen MacArthur Foundation’s circular economy system diagram

The definition aside, what’s important about the circular economy and the new
economic model we want to develop and adopt, is the principles and the end goal.
Key principles of the circular economy include (but not limited to): design out waste;
retain the highest value for the longest time; and maximize renewables. These key
principles will be discussed later in the book. The goal of the circular economy
is to fundamentally decouple our economic growth and prosperity from the use of
resources and environmental impacts. In order to do this, we must rethink our global
economy as a system to understand material flow,5 lifecycle impact, trade-offs, etc.,
to implement interventions that would drive the circular transition.

5The study of material flow accounting (MFA) focuses on the natural resource requirements of
national economies, specific economic activities (such as construction and housing, transport and
mobility), or geographical units such as cities. MFA accounts for the input of primary materials—
biomass, fossil fuels,metal ores andminerals—and semimanufactures andfinal goods into economic
activities. MFA also accounts for the outputs of economic systems including final goods for export,
waste and emissions. MFA often conceptualizes the economic system as a ‘black box’. There are,
however, accounting strategies formaterial flowswithin economic systems available as well. https://
www.sciencedirect.com/topics/economics-econometrics-and-finance/material-flow.

https://www.sciencedirect.com/topics/economics-econometrics-and-finance/material-flow
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Fig. 5 Demonstration of nitrogen cycle in nature (https://en.wikipedia.org/wiki/Nitrogen_cycle)

3 Story One: The Biological Cycles

It is not difficult to understand that many elements and organic matters in nature
go in cycles. Take nitrogen as an example (Fig. 5). Atmospheric nitrogen turns
into nitrates that is absorbed by plants, plants are eaten by animals, nitrates are
released by the animals into the soil, either fixed by bacteria and returned to plants
in the form of ammonia or decomposed by fungus and turns into ammonia, which is
digested by other bacteria that return it back to nitrates. This cycle happenswithmany
biochemicals and there is often a balance to it. This is where the Cradle to Cradle6

theory came from—to mimic the biological metabolism of nature, with man-made
materials and designs (Fig. 6).

The cradle-to-cradle concept is often used for a single material, or in a single
product design process, as shown in the diagram (Fig. 6).

In the circular transition, we need to expand the biological cycles to much bigger
systems—the most important one being the food system.

Creating a closed-loop food system, in which the output of one process can
become the input of another, is urgently needed to feed the growing population.
Traditionally, people in many parts of the world practised such closed-loop systems.

6cradle-to-cradle design: https://en.wikipedia.org/wiki/Cradle-to-cradle_design. Please watch:
https://www.youtube.com/watch?v=HM20zk8WvoM.

https://en.wikipedia.org/wiki/Nitrogen_cycle
https://en.wikipedia.org/wiki/Cradle-to-cradle_design
https://www.youtube.com/watch?v=HM20zk8WvoM
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Fig. 6 The biological cycle
for products for consumption
(https://epea-hamburg.com/
cradle-to-cradle/)

One that has been re-popularized is the “rice-fish-duck” system (as shown in Fig. 7).
It is commonly used in China, Vietnam, Philippines and a few other Asian countries.
It works as depicted in the diagram below, where symbiotic relationships are created
among rice, fish and duck to create nutrient cycles that mimic a natural ecosystem,
in which nothing becomes waste.

This brings us to the next topic on creating symbiosis.7 Symbiosis is a term
first used in ecology, as in our ecosystem, animals, plants and biochemicals form a
relationship where one relies on another. This could be as simple as a relationship
between a suckerfish and a shark, or as complex as a forest among trees, birds, insects,
fungus and nutrient flows. Today, the term “symbiosis” is used far more widely
outside ecological meanings. It is used in industry where “industrial ecology8” is

7Symbiosis is originally used to describe any of several living arrangements between members of
twodifferent species, includingmutualism, commensalismandparasitism.Both positive (beneficial)
and negative (unfavourable to harmful) associations are therefore included, and the members are
called symbionts. https://www.britannica.com/science/symbiosis.
8Industrial ecology is the study of material and energy flows through industrial systems. Industrial
ecology conceptualises industry as a man-made ecosystem that operates in a similar way to natural
ecosystems, where the waste or by product of one process is used as an input into another process.
Industrial ecology interacts with natural ecosystems and attempts to move from a linear to cyclical

https://epea-hamburg.com/cradle-to-cradle/
https://www.britannica.com/science/symbiosis
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Fig. 7 The rice-duck-fish farming system (https://www.ellenmacarthurfoundation.org/case-stu
dies/ecosystem-inspired-farm-yields-large-profits)

studied and its subset “industrial symbiosis9” is the process by which wastes or by-
products of an industry or industrial process become the raw materials for another.
Application of this concept allows materials to be used in a more sustainable way
and contributes to the creation of a circular economy.

4 Story Two: Creating Symbiosis

The Netherlands, a country that occupies less than 0.1% of global landmass, is
the second largest food exporter (by value), next to the United States. The Nether-
lands has created a highly efficient and symbiotic agriculture practice that allows
the greenhouses to use the carbon dioxide emissions from power plants to stimulate
plant growth, reuse the waste heat from greenhouses to heat up swimming pools and

or closed loop system. Like natural ecosystems, industrial ecology is in a continual state of flux.
http://www.gdrc.org/sustdev/concepts/16-l-eco.html.
9Industrial symbiosis is the process by which wastes or by-products of an industry or industrial
process become the raw materials for another. Application of this concept allows materials to be
used in a more sustainable way and contributes to the creation of a circular economy. https://ec.eur
opa.eu/environment/europeangreencapital/wp-content/uploads/2018/05/Industrial_Symbiosis.pdf.

https://www.ellenmacarthurfoundation.org/case-studies/ecosystem-inspired-farm-yields-large-profits
http://www.gdrc.org/sustdev/concepts/16-l-eco.html
https://ec.europa.eu/environment/europeangreencapital/wp-content/uploads/2018/05/Industrial_Symbiosis.pdf
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schools and reduce water use by 90%.10 It is a perfect example of creating large
scale, cross-sector symbiosis.

In many industrial symbiotic systems, one party’s waste is being used as input for
another. This process, depending on the nature of how the waste is used, can either
be “upcycling11” or “downcycling”, sometimes simply referred to as “recycling”.
I found the below diagram that illustrates the difference between upcycling and
recycling. When it comes to the different entry point of the supply chain—upcycling
returns the material further upstream of the supply chain, adding more value and
often longer time span. Theoretically speaking, it should ensure that the material can
be upcycled infinitely, whereas “downcycling”, or “recycling” doesn’t often concern
what happens to the materials after the first recycling cycle. In the example in Fig. 8
with PET bottles, even though when PET is made into textile, the value may go up
and lifespanmay increase, textile recycling is still difficult and not practised at a large
scale. Therefore, if PET is recycled into textile, it would usually end up with only
one recycling cycle and become waste again in a short time. Therefore, to distinguish
if a material is upcycled or downcycled, three key factors are to be considered. The
first factor is value—does the value of material (or the product it goes into) increase
or decrease. The second factor is lifespan—does it lead to longer lifespan or shorter
lifespan. The third factor is future recyclability—can the material, or the product be
recycled again and again.

5 Story Three: Circular Business Transformation

Businesses are constantly reinventing themselves. To transition from a linear model
to a circularmodel, some companiesmayfind themselves crossing over to completely
different industries and offering a very different set of products and services. In the
first story, we talked about the biological cycle of circular economy. In the cradle-
to-cradle design methodology, there is another cycle—the technical cycle.12 The
technical cycle is oftenmore difficult to achieve and this is where business innovation
is most needed.

According to Accenture Strategy’s research, there are five models for businesses
to close the technical cycle. There are a number of variations of similar models
developed by other companies and organizations, for simplicity purpose, we will
stay with the five described in the following diagram.

It is noticeable that the technical flow in Fig. 9 and the business model value chain
in Fig. 10 are similar in nature. The technical cycle guides product design to ensure

10https://www.nationalgeographic.com/magazine/2017/09/holland-agriculture-sustainable-far
ming/.
11Upcycling refers to a process that can be repeated in perpetuity of returning materials back to a
pliable, usable formwithout degradation to their latent value—moving resources back up the supply
chain.. https://intercongreen.com/2010/02/17/recycling-vs-upcycling-what-is-the-difference/.
12In the technical cycle, materials that are not used up during use in the product can be reprocessed
to allow them to be used in a new product.

https://www.nationalgeographic.com/magazine/2017/09/holland-agriculture-sustainable-farming/
https://intercongreen.com/2010/02/17/recycling-vs-upcycling-what-is-the-difference/
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Fig. 8 Recycling versus
upcycling (https://intercong
reen.com/2010/02/17/recycl
ing-vs-upcycling-what-is-
the-difference/)

repairability, ease of dissembling, recyclability and other key factors of a product
that would make the circular business models possible (Fig. 10).

Let’s have a closer look at the models and how business can transition to a circular
economy.

https://intercongreen.com/2010/02/17/recycling-vs-upcycling-what-is-the-difference/
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Fig. 9 Technical cycle of Cradle-to-Cradle design (https://epea-hamburg.com/cradle-to-cradle/)

5.1 Model 1. Circular Inputs

It refers to using renewable, bio-based, regenerative or recycled input. This applies
to both energy, water and materials. This model used to be seen as an independent
step in business value chain and therefore only concerns procurement function in a
company. However, it is more andmore seen as an integral part of closing the product
loop—supplying materials or parts from the same products that have been recycled.
One example is the aluminium used by Apple in its computers and phones. Apple
sources recycled aluminium and is planning to close the aluminium loop for all their
products.

https://epea-hamburg.com/cradle-to-cradle/
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Fig. 10 Accenture’s 5 circular business models (https://www.weforum.org/agenda/2020/01/how-
can-we-accelerate-the-transition-to-a-circular-economy/)

5.2 Model 2. Product Use Extension

This refers to repair, refurbishing and re-manufacturing13 to extend product life. It is
most commonly found among electric and electronic producers, particularly in high-
value equipment such as medical equipment. Some consumer goods companies are

13Remanufacturing is a process of returning a used product to at least original performance speci-
fication from the customers’ perspective and giving the resultant product a warranty that is at least
equal to that of a newly manufactured equivalent (Ijomah, 2002; Ijomah et al., 2004). https://www.
sciencedirect.com/topics/engineering/remanufacturing.

https://www.weforum.org/agenda/2020/01/how-can-we-accelerate-the-transition-to-a-circular-economy/
https://www.sciencedirect.com/topics/engineering/remanufacturing
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also practising product life extensionmodel. Themost well-known one is Patagonia’s
lifetimewarranty for return and repair, leveraging a teamof 45 full-time employees to
provide repair and re-design services.

5.3 Model 3. Product as a Service

This is perhaps one of the most important models for the circular transition. It is also
referred to as “servitization” in many places. The shift from selling a product to
selling a service requires three key changes: mindset, design and ownership. First, it
requires a total mindset shift from the linear production-sales (end of responsibility)
business model, to a full life cycle service model. Second, in many cases, it also
requires a different design of the product.Many of our products are designed for short
lifespan—so it’s cheaper to produce and we need to replace them more often, which
works perfectly in the linear model. But the product-as-a-service model requires
robust products that don’t break, can easily be repaired, or parts can easily be replaced,
and eventually, be taken back to be remanufactured or recycled. The more robust
the product, the less cost to the company to provide lifetime care. The easier to
remanufacture, refurbish or recycle, the higher value the company can extract from
the product at the end of its life. Lastly, ownership shifts. If the company that produces
the product ultimately owns the product, even when it does not work any longer and
therefore becomes waste, it means the company is the one responsible to take care of
it at the end of its life, hence internalize the cost to eventually dispose of the product
or parts of the product.

Some of the product-as-a-service examples overlap with our next model—the
sharing platform, which may cause some confusion. Therefore, we will use the
Michelin tyre example to just see how servitisation works. Michelin now offers “tyre
as a service” where they provide tyre management service. Customers are charged
by the distance driven. This enables the company to retain ownership of the tyre,
ensure their customers return their tyres at the end of life, help customers drive more
safely by detecting when the tyres need to be replaced, resulting in reduced carbon
emissions and improve recycling.14

5.4 Model 4. Sharing Platform

We will not spend much time explaining this model as in recent years, it has pene-
trated many domains of our life, most noticeable ones are in mobility, holiday rental
and fashion. Some of the big companies include AirBnB, Uber, Grab, Mobike and
so forth. The sharing platform model has always existed in the past among small

14Please read the case here: https://www.michelin.com/en/activities/related-services/services-and-
solutions/.

https://www.michelin.com/en/activities/related-services/services-and-solutions/
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networks of people. New digital technologies enabled large-scale, secure and trace-
able sharing schemes that can flourish into global businesses. The key concept
to understand with regard to the sharing platform business model, is the concept
of utility. The sharing platform takes advantage of the commonly under-utilized
resources, especially the high value ones such as real estate.

5.5 Model 5. Resource Recovery

I put this model last not because it is the most important model, but because it is
the last resort in a circular economy. All products at some point will reach their end
of life. When all the other models don’t work anymore, it is important to recover
valuable materials and resources that can be used in other functions through material
and energy recovery.

6 The Way Forward

Lastly, what will we do to drive the circular transition? First, let’s look at three crucial
policy instruments for circular economy.

6.1 Extended Producer Responsibility (EPR)15

EPR has been around for more than 30 years. You can think of it as a form of waste
management tax put on the producers. It often requires producers/manufacturers to
establish collection and treatment systems, including setting up separate collection
points and forming recycling partnerships. EPR is most commonly used for electric
and electronic products that have higher post-consumer value and bigger environ-
mental impact. Recently, more countries are piloting EPR in the packaging industry,
sometimes in the form of a deposit-return system.16

15OECD defines Extended Producer Responsibility (EPR) as an environmental policy approach
in which a producer’s responsibility for a product is extended to the post-consumer stage
of a product’s life cycle. An EPR policy is characterized by 1. the shifting of responsibility
(physically and/or economically; fully or partially) upstream towards the producer and away
from municipalities; and 2. the provision of incentives to producers to take into account
the environmental considerationswhen designing their products. http://www.oecd.org/environment/
extended-producer-responsibility.html.
16https://en.wikipedia.org/wiki/Deposit-refund_system.

http://www.oecd.org/environment/extended-producer-responsibility.html
https://en.wikipedia.org/wiki/Deposit-refund_system
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6.2 Standardization

The second policy is standardization. According to the Circular Economy Guide
for Practitioners, “Standardization is the process of establishing uniformity across
manufacturing materials and processes. Potential benefits of standardization include
lower production and procurement costs through economies of scale, easier and less
expensive repair and replacement, and faster and more efficient processes, for exam-
ple”17. Standardization can reduce collection and sorting cost and improve quality
of recycling, inter-changeability (e.g. electronic devices chargers are slowly being
standardized, so more and more devices now use universal USB type-C connecter)
and enable modular design18 which are essential to the circular economy.

6.3 Public Procurement

The last policy concept to discuss is not exactly a policy instrument, but an important
means to initiate and boost circular economy development. Public procurement19

or government procurement leverages the public sector’s purchase power to drive
demand for more sustainable products and services. The public sector also bears
additional responsibilities for its people and society. Therefore, sustainable public
procurement is commonly used as a means to stimulate the market. More govern-
ments are adopting circular procurement20 measures, which are a set of rules and
criteria for any company or their products to be used by the government.21 For
example, a requirement in recycled content and FSC certificate22 in paper product
is often used.

17https://www.ceguide.org/Strategies-and-examples/Design/Standardization.
18Modular design, or modularity in design, is an approach (design theory and practice) that subdi-
vides a system into smaller parts called modules (such as modular process skids), which can be
independently created, modified, replaced or exchanged between different systems.
19Public procurement refers to the process by which public authorities, such as government depart-
ments or local authorities, purchase work, goods or services from companies. https://ec.europa.eu/
growth/single-market/public-procurement_en.
20Circular procurement sets out an approach to green public procurement which pays special atten-
tion to "the purchase of works, goods or services that seek to contribute to the closed energy and
material loops within supply chains, whilst minimising, and in the best case avoiding, negative
environmental impacts and waste creation across the whole life-cycle". https://ec.europa.eu/enviro
nment/gpp/circular_procurement_en.htm.
21Please read: https://ec.europa.eu/environment/gpp/pdf/CP_European_Commission_Brochure_w
ebversion_small.pdf.
22https://www.fsc.org/en/page/forest-management-certification.

https://www.ceguide.org/Strategies-and-examples/Design/Standardization
https://ec.europa.eu/growth/single-market/public-procurement_en
https://ec.europa.eu/environment/gpp/circular_procurement_en.htm
https://ec.europa.eu/environment/gpp/pdf/CP_European_Commission_Brochure_webversion_small.pdf
https://www.fsc.org/en/page/forest-management-certification
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6.4 Science-Based Targets23

Aside from the policy instruments, the non-profit organizations have also been devel-
oping tools and methodologies to facilitate the circular transition. Among them, the
Science Based Targets Initiative is one of the most important concepts developed
by a group of top scientists. The Science Based Targets Initiative is a collaboration
between CDP, the United Nations Global Compact (UNGC), World Resources Insti-
tute (WRI) and the World Wide Fund for Nature (WWF) and one of the We Mean
Business Coalition commitments. It champions science-based target setting as a
powerful way of boosting companies’ competitive advantage in the transition to
the low-carbon economy. Science-based targets provide companies with a clearly
defined pathway to future-proof growth by specifying how much and how quickly
they need to reduce their greenhouse gas emissions.

7 Conclusion

This chapter is an introductory chapter to get familiar with some of the key concepts
in circular economy. We started with introducing the planetary boundaries, which
show us which of the earth systems are most in need of interventions. The chapter
closes with science-based targets, which is an initiative that helps us focus on what
matters. The circular economy is a means to an end. We need to transition to a
circular model because our planetary boundaries are crossed and the earth systems
are destabilized.Many of the concepts discussed in this chapter are related to how the
circular economy could be created, by both the private sector and the public sector.

8 Key Take-Away

Understanding of the circular economy at a high level;
Understanding of planetary boundaries and science-based targets;
Understanding measures for both public and private sectors to transition to a

circular economy.

23https://sciencebasedtargets.org/about-the-science-based-targets-initiative/.

https://sciencebasedtargets.org/about-the-science-based-targets-initiative/
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9 Table of Useful Resources

No. Name of organization URL Category

1 Accenture https://www.accenture.com/us-en/
about/events/the-circular-economy-
handbook

Consulting

2 BSI https://www.bsigroup.com/en-GB/sta
ndards/benefits-of-using-standards/
becoming-more-sustainable-with-sta
ndards/BS8001-Circular-Economy/

Government

3 Circulate News https://medium.com/circulatenews Media

4 Circular Economy Club https://www.circulareconomyclub.
com/

NGO

5 Circular Design Guide https://www.circulardesignguide.
com/

Initiative

6 Cradle-to-cradle Product Innovation
Institute

https://www.c2ccertified.org/ NGO

7 Ellen Macarthur Foundation https://www.ellenmacarthurfoundat
ion.org/

Thinktank

8 European Commission https://ec.europa.eu/environment/cir
cular-economy/index_en.html

Government

9 ISO https://www.iso.org/committee/720
3984.html

INGO

10 Metabolic https://www.metabolic.nl/ Consulting

11 OECD https://www.oecd.org/environment/
waste/recircle.html

Government

12 Raconteur https://www.raconteur.net/sustainab
ility

Media

13 Science Direct https://www.sciencedirect.com/sea
rch/advanced?qs=circular%20e
conomy

Media

14 Science Based Targets https://sciencebasedtargets.org/ Initiative

15 Stockholm Resilience Center https://www.stockholmresilience.org/
research/planetary-boundaries/planet
ary-boundaries/about-the-research/
the-nine-planetary-boundaries.html

Thinktank

16 UNEP https://www.unenvironment.org/cir
cularity

Government

17 World Economic Forum https://www.weforum.org/projects/
circular-economy

Thinktank

18 WBCSD https://www.wbcsd.org/Programs/Cir
cular-Economy

Association

https://www.accenture.com/us-en/about/events/the-circular-economy-handbook
https://www.bsigroup.com/en-GB/standards/benefits-of-using-standards/becoming-more-sustainable-with-standards/BS8001-Circular-Economy/
https://medium.com/circulatenews
https://www.circulareconomyclub.com/
https://www.circulardesignguide.com/
https://www.c2ccertified.org/
https://www.ellenmacarthurfoundation.org/
https://ec.europa.eu/environment/circular-economy/index_en.html
https://www.iso.org/committee/7203984.html
https://www.metabolic.nl/
https://www.oecd.org/environment/waste/recircle.html
https://www.raconteur.net/sustainability
https://www.sciencedirect.com/search/advanced%3fqs%3dcircular%20economy
https://sciencebasedtargets.org/
https://www.stockholmresilience.org/research/planetary-boundaries/planetary-boundaries/about-the-research/the-nine-planetary-boundaries.html
https://www.unenvironment.org/circularity
https://www.weforum.org/projects/circular-economy
https://www.wbcsd.org/Programs/Circular-Economy
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Abstract In the millions of years of evolution, nature has developed very efficient
systems that move all elements and substances in cycles so that there is no waste.
Humans, on the other hand, have recently developed industrial systems in the last few
centuries that have a linear flow, extracting resources fromnature and discarding them
as waste after a brief period of use. Solutions to handle pollution have moved from
end-of-pipe treatment to cleaner production and now towards a circular economy. A
circular economy tries tomove away from this linearmodel in trying to extend the life
of products and serviceswhileminimizing burdens to the environment. To ensure that
there are actually environmental benefits, a life cycle thinking approach is essential.
This philosophy is developed in the chapter and life cycle assessment is introduced as
an essential tool for environmental evaluation. Case studies on sugarcane biorefinery
and packaging materials are provided to illustrate the utility of life cycle assessment
in ensuring environmental benefits when approaching circularity.
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• Be able to apply life cycle concept for evaluating the circular economy system or
comparative assessment of products/processes.

1 Introduction: Circularity in Nature

Nature has an inherent capability to deal with various kinds of waste which is often
referred to as its carrying capacity. In fact, there is no waste per se in natural cycles
as the output from one process becomes an input for another. One example is the food
chainwhere the primary producers (plants) take carbon dioxide from the atmosphere,
and nutrients and water from the soil to produce organic matter via photosynthesis.
The primary producers are consumed by the primary consumers (e.g. herbivores)
that are in turn consumed by the secondary consumers (e.g. carnivores) that may be
consumed further by the tertiary consumers. However, finally, all the producers and
consumers are mineralized by decomposers (worms, bacteria, etc.) and the nutrients
released back to the environment. This circularity in nature, fuelled only by the
energy from the sun, is an important example for us to emulate. Waste (solid, liquid
and gaseous) produced by human activities can also to some extent be handled by
nature through its carrying capacity; the organic fraction of solid waste, for example,
quickly decomposes inwarmandhumid climates under the actionofmicroorganisms.
However, when the carrying capacity of nature is exceeded because of the huge
amount ofwaste being generated and also because of the presence of xenobiotics (e.g.
pesticides, chemicals, etc.) with which nature is not familiar, there is an accumulation
of waste leading to adverse effects on the ecosystems as well as human beings. To
deal with this, end-of-life waste treatment technologies have been developed so that
the intensity of waste from production processes and other anthropogenic activities
could be reduced before discharging to the environment.

2 Shifting the Paradigm from End-of-Pipe Treatment
to Cleaner Production

End-of-pipe waste treatment, as it is often called, is a feature of the so-called linear
economy Fig. 1. Here, the resources are taken from nature, transformed through
manufacturing processes into products for satisfying certain functions, used and
then managed by waste treatment processes before being discharged back to the
environment. This “take-make-use-discard” model has been used for many decades
and is also currently being used to a large extent. However, from the point of view of
the product manufacturers, waste treatment is a “non-productive” activity as money
is invested into it without any economic returns. In other words, it is almost literally
“money down the drain”. In the 1990s, this traditional model was challenged by
the introduction of waste minimization, pollution prevention or cleaner production
which focused on reducing the amount of wastes being produced rather than on
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Fig. 1 Generic linear economy model

treating the waste once it has already been produced—a proactive (preventative)
rather than reactive approach. Conceptually, this is far superior to the traditional
end-of-pipe waste treatment because reducing the waste not only reduces the need
for waste treatment but also conserves valuable raw materials and energy inputs that
would otherwise be diverted into (unintentionally) “producing” the waste Fig. 2.
The full value of resources extracted is not yet included in the current accounting
systems as the cost of the natural capital is still an externality. Also, the environmental
burdens of mining and transportation/transformation are not included in the cost
of the resources. Cleaner production would result in more product being obtained
from the same amount of raw materials and energy inputs and at the same time,
less waste would need to be managed. Thus, it is certainly a step in the direction
towards sustainability. The concept of cleaner production initially focused on the
factory (production or process unit) itself, the idea being to minimize the use of
resources, energy and reduce waste emissions Fig. 3. With a view towards continual
improvement, cleaner production was integrated into the management system of the
company via the environmental management system (ISO 14001).More recently, the
scope of the assessment and cleaner production efforts have been extended beyond
the company boundaries to include the entire supply chain (ISO 14001: 2015) [7].

Fig. 2 Generic production process, a conventional, b cleaner production
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Fig. 3 Cleaner production
in factories

3 Beyond Cleaner Production to Life Cycle Thinking

The inclusion of the entire supply chain or life cycle in the analysis of a product (or
service) is very important for several reasons. One of the major reasons is that when
we focus only on individual parts of the life cycle and try to optimize each one, we
may not end up optimizing the entire system; the combination of a series of sub-
optimal solutions may not always lead to the optimal solution for the entire system.
This is a powerful message that is observable when we try to apply it in, for example,
product design. For instance, a large part of the impacts from cars is produced by the
combustion of fuels in the engine to generate motive power; the fuel usage is quite
significantly influenced by the weight of the vehicle. The (dead) weight of the vehicle
itself usually tends to even exceed that of the passenger(s). Shifting from a steel
chassis to a composite carbon fibre material would significantly reduce the weight
of the car and consequently the fuel usage and emissions thereof while maintaining
the strength and security. However, this will create issues at the end-of-life where
steel is virtually fully recyclable, whereas composite materials are relatively very
difficult to recycle. Thus, the environmental problem has, in effect, been shifted
from the use phase of the car to the end-of-life. Focusing only on the use phase
of the car will lead to such problems in the future. As another example, replacing
the conventional internal combustion engine cars with electric vehicles shifts the
environmental problems from the tailpipe of the car in case of the conventional cars
to the power plant which produces electricity for the electric vehicles. Focusing only
on the car use, particular tailpipe emissions, will not reveal this shifting of burdens.
In both examples, this shifting of environmental burdens from one part of the life
cycle to another can easily be observed when we consider the entire life cycle during
the environmental assessment preferably at the design stage itself.
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Fig. 4 Circularity and life cycle of products

Thus, the entire life cycle of the product needs to be considered as shown in Fig. 4.
Cleaner production principles reducing the use of resources and waste emissions
are then applied at every life cycle stage. However, the most important thing is to
consider the environmental burdens of all life cycle stages to avoid problem shifting
as described in the examples above. The outer circle in Fig. 4, though looking more
“circular” than Fig. 1, is still an extension of the linear economy model. When it is
combined with the (green coloured) arrows inside, the shift to the circular economy
model becomes apparent. This is further explained in the next section.

4 Linear to Circular Economy

When we compare Figs. 1 and 4, we can make several important observations on
how the linear economy can be transformed into the circular economy. The “take-
make-use-discard” model of the linear economy gets transformed into the circular
model at several levels—micro, meso and macro. At the micro level, one particular
process or factory can reduce resource use and emissions (as in Fig. 3 which is also
represented as the smaller circles in Fig. 4. At the meso level, a group of factories or
an entire industrial sector could be included where the unusable output (we try not
to call it “waste”) from one could feed into another in an industrial park or industrial
ecology-type system. This has led to the inclusion of industrial symbiosis practices
in industrial parks. The macro level would have this exchange at the level of the
entire economy.

The circular economy, though, goes beyond the reduction of resource use and
environmental emissions. It focuses more on extending the life of the products that
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have already been produced through reuse, repair, refurbishment and remanufacture.
Recycling of materials, being preferable to the discard of products at the end of life,
is probably the last in the hierarchy of circularity because prolongation of product
life through the means mentioned above retains the value of the resources and energy
invested inmaking the product. Thesewould be lostwhen recyclingmaterials, though
virgin resources could still be preserved.

Linear economy adds value at every step of the product life cycle, but then the
value drops at the end of life. At sale, ownership and liability of risks and waste pass
from themanufacturer to the buyer. So in this approach (which is currently the norm),
a product once sold ceases to be the responsibility of the producer/manufacturer and
becomes the responsibility of the user/buyer who is then the product owner. On
the other hand, circular economy attempts to maximize the value at each point in a
product’s life (even beyond use). Different approaches may be required to make this
work—extended producer responsibility (EPR) requiring the producer to share/take
responsibility of the product even after sale (e.g. at the end of life), the producer
selling the service provided by the product to the user rather than the product itself
and shared ownership are some examples of these approaches which have been
addressed in more details in other chapters and are thus not repeated here.

5 Life Cycle Assessment

As mentioned before, life cycle thinking is essential in assessing systems to ensure
optimal solutions for the system and avoiding problem shifting from one stage of
the supply chain to another. This is relevant even when assessing the options related
to circularity. As we will see through some examples later on, options such as recy-
cling which intuitively make so much sense may not always be the better option as
compared to the use of virgin materials. Thus, life cycle assessment or LCA has been
developed as a tool to facilitate the environmental evaluation of products, services
and systems throughout the life cycle. It has been standardized in ISO 14040:2006
and ISO 14044:2006 and will be presented here briefly [5, 6].

Life cycle assessment often referred to as “cradle-to-grave” assessment, is a tool
for the evaluation of environmental impacts of a product (or service) throughout
its entire life starting with the extraction of raw materials from which it is made,
through manufacturing of materials, manufacture of products, use of the products,
reuse and final disposal at the end of life Fig. 5. Transportation in all the intermediate
stages is also included (represented by arrows in Fig. 5. LCA is typically focused on
environmental assessment, however, there are related tools such as life cycle costing
(LCC) and social life cycle assessment (S-LCA) which use the framework of LCA
for addressing economic and social impacts. The phases of an LCA as outlined in
ISO 14040:2006 are presented in Fig. 6.

Goal and scope definition: An LCAbegins with goal definitionwhere the intended
application of the study is defined along with the reasons for carrying out the study
and the intended audience for whom the study is being performed. It is also to be
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Fig. 5 Product life cycle assessment framework

Fig. 6 Stages of an LCA [5]
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decided right since the inception stage itself whether the study results will be used for
making comparative assertions that will be made public. Once the goal of the study
is defined, the scope is formulated which essentially includes the system boundary
of the study; what is to be included in or excluded from the study is transparently
definedwith justification, where necessary. Data requirements, allocation procedures
for co-products, assumptions and limitations of the study are laid out at this stage.

One important thing that needs to be defined here is the “functional unit” which
is the quantification of the function/service provided by the product. This serves
as a fair basis of comparison; LCA studies are usually comparative by nature,
either comparing competing products providing the same service or comparison of a
product with itself when improvements are made. So, for example, if a reusable
ceramic mug is to be compared with a single-use polystyrene cup, obviously a
comparison between one mug/cup of each type would not be fair. A single-use
polystyrene cup can, by definition, only be used once whereas a ceramic mug can
be used many times. In such a case, defining a certain amount of function/service
(i.e. a functional unit) is the way out. So, for example, a function could be defined
as “Serve as drink container for 200 mL of hot beverages three times a day for one
year”. To satisfy this function, 3 × 365 or 1,095 single-use polystyrene cups would
be required, whereas only one ceramic mug would be sufficient. However, it is very
likely that the ceramic could be used longer than a year. So if we were to assume the
life of the ceramic mug to be 4 years, we would assign only 1/4th of the production
and disposal impacts of the ceramic mug to the functional unit as it has been defined
for only 1 year, whereas the mug can be used for 4 years. Washing of the ceramic
mug after each use should also be included; on the other hand, there is virtually no
impact from the use phase of the single-use polystyrene cups. So fair comparison of
the environmental impacts of a single-use polystyrene mug with a reusable ceramic
mug would be as illustrated in Fig. 7.

Inventory analysis: Once the goal and scope have been defined, the next step is to
collect the life cycle inventory data comprising inputs and outputs from each process
in every life cycle stage. Input data comprises the resources, materials and energy
used and output data products/co-products as well as emissions to air, water and soil,

Fig. 7 Comparison of a polystyrene cup and b ceramic mug on a functionally equivalent basis
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Fig. 8 Generic unit process showing examples of common inventory items

and solid waste Fig. 8. Data on transportation (particularly fuel use) must also be
collected.

A lot of the basic data (referred to as background data) such as extraction of
minerals and fossil fuels, production of materials (e.g. iron, polyethylene, etc.), grid
mix electricity production, etc., are obtained from national/international databases
or other literature. It is not practicable or even meaningful to obtain primary data
for such items each time a new LCA is conducted. On the other hand, process data
(e.g. amount of materials used, amount of electricity and fuels used, etc.) are usually
collected directly from the production facility (primary activity data). Once all the
data for the individual processes are collected, the processes are linked to each other
via the functional unit to complete the life cycle.All inputs are traced back until nature
and all products/emissions traced forward until they are released to the environment.
Every exchange with the environment whether it be resource extraction or release of
emissions to air, water, soil, etc., contributes to environmental burdens that must be
quantified.

Impact assessment: Once all the inventory data are collected and verified (via
triangulation, mass and energy balances, etc.), these must be translated in poten-
tial impacts; this is done via life cycle impact assessment. Several methods have
been developed by various research groups that could possibly be used for making
the impact assessment calculations. Broadly speaking, life cycle impact assessment
methods are divided into two groups—midpoint impacts and endpoint impacts (or
so-called areas of protection). The midpoint impacts are connected to the endpoint
impacts (or final damages) through damage pathways. The general structure of life
cycle impact assessment is shown in Fig. 9 [8].
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Fig. 9 Structure of a typical life cycle impact assessment method (ReCiPe 2016 v1.1methodology)

Interpretation: The final step in an LCA entails translating all the scientific calcu-
lations conducted in the previous steps (particularly inventory analysis and impact
assessment) into results that would be useful to the intended audience in line with
the goal and scope definition. Environmental hot spots are identified and suggestions
made for possible improvements of the environmental profile.

The application of LCA to real-life problems particularly related to circularity is
illustrated via two case studies in the sections below.

6 Case Study I: Sugarcane Biorefinery

There is a perception that the bioeconomy is inherently circular because biological
resources are renewable. However, in practice, it could be quite linear because it
is possible for resources to be used faster than they are replenished and might not
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be returned safely and appropriately to the biosphere to rebuild natural capital. In
Thailand, the sugarcane industry is recognized as a key industry for the national policy
on bioeconomy and circular economy. There is an increasing attraction that the co-
products obtained from the sugarcane industry, e.g. cane trash, bagasse, molasses,
filter cake, etc., can be used for many applications by processing in a biorefinery to
produce a wide range of products, e.g. bioethanol, electricity as well as chemicals
including a variety of biopolymers. The biorefinery concept is therefore gaining
interest as a promising approach for enhancing the competitiveness of the sugarcane
industry as waste can be utilized and the high-value products can be created over
the whole sugarcane production system Fig. 10. This is especially for the cane trash,
filter cake and vinasse which is abundant and remains as waste and is a burden to the
industry requiring proper treatment and management. The poor management system
can cause drawbacks to the environment such as the open burning of cane trash in
traditional harvesting practice results in air pollution (particularly fine particulate
matter) and the leakage of vinasse to the river can cause eutrophication impact as
well as other wastewater pollution.

An LCA, therefore, has been used to assesses the environmental sustainability
of sugarcane biorefinery systems including sugarcane cultivation and harvesting,
sugarcane milling and by-product utilization, i.e. bagasse for steam and electricity,
molasses for ethanol and vinasse for fertilizer and soil conditioner. The comparative
assessment has been done between the base case and the new biorefinery options as
shown in Fig. 10. The base case represents the conventional farming practices with

Fig. 10 Sugarcane biorefinery system (green-dotted lines indicate improvement options)
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cane trash burning before harvesting, sugar milling, molasses ethanol production
and steam and power generation from bagasse. The new biorefinery option repre-
sents the implementation of mechanized farming with the utilization of cane trash
for electricity generation and use of vinasse as fertilizer and soil conditioner by
mixing together with the filter cake, a by-product from sugar mills and returning to
cane growers to reduce the use of chemical fertilizers [9]. Since the circular use of
sugarcane biomass needs the additional processes as well as input resources which in
turn might not be able to overcome the environmental benefits obtained from waste
utilization in the biorefinery, LCA is therefore applied to confirm whether or not
the improvement of sugarcane cultivation and harvesting practice, e.g. green cane
production along with integrated utilization of biomass residues through the entire
chain would help reduce the environmental impacts of the main products derived
from sugarcane, e.g. sugar and ethanol. The LCA results showed that the potential
impacts on climate change, acidification, photo-oxidant formation, particulatematter
formation and fossil depletion could be reduced by around 38%, 60%, 90%, 63% and
21%, respectively. This already includes the trade-off with the increased energy and
material use for mechanized farming, transport and fertilizer production processes.

7 Case Study II: Packaging Wastes and Its Circulation

Packaging provides several functions, e.g. storage, protection and preservation of
products aswell as information to consumers includingmarketing.After the use of the
products, packaging is often discarded without further use and is known as a source
of solid waste problem in society, especially plastic packaging which is currently of
utmost concern. Currently, awareness is being raised on reducing packaging waste,
especially the promoting of 3Rs, i.e. Reduce, Reuse and Recycle which directly link
to the circular economy concept. Reduction of packaging is generally encouraged
to people in daily life, e.g. reducing the use of plastic bags when shopping in a
supermarket is the most common campaign. Recycling of packaging waste is often
encouraged as one of the circular approaches to divert the packaging wastes away
from the landfill by converting thosewastes into reusablematerials. Nevertheless, too
often thewaypackaging is produced, used and discarded fails to capture the economic
benefits of a more “circular” approach and harms the environment [1]. In addition,
although recycling is often promoted, it is not always that the material recovery from
packaging will be sustainable when compared to the energy and resources used for
the material recovery process itself.

Hence, there is a need to identify the appropriate “circular” approach for packaging
waste that can really benefit the environment aswell as the ecosystem.Different types
of packaging materials also require different management approaches. An LCA-type
case study by Gujba and Azapagic [2] showed the comparative carbon footprint
(life cycle greenhouse gas emissions) of different packaging types i.e. carton, glass,
polyethylene terephthalate (PET) and high-density polyethylene (HDPE) bottles and
aluminium and steel cans used for four beverage product categories, i.e. milk, fruit



Life Cycle Thinking in a Circular Economy 47

Fig. 11 Life cycle of packaging and circular approaches

juice, water, beer and wine in the UK. The end-of-life options were considered in
different proportions including the re-use of packaging, virgin and recycled mate-
rials, incineration with energy recovery, incineration without energy recovery and
landfilling. Figure 11 shows the simplified life cycle of packaging and its circular
approaches.

The results showed that the carton packaging has the lowest carbon footprint in the
range of 90–111 kg CO2e/1000 L of beverage and glass bottle the highest, between
150 and 761 kg CO2e/1,000 L. Carton and plastic (HDPE and PET) drink packaging
had lower carbon footprints than aluminium, steel and glass. However, with higher
recycling rates, aluminium and steel cans were comparable to PET. Generally, reuse
of glass bottles is preferred to recycling and landfill. This is because recycling of
glass containers can save some energy but not a significant quantity compared to
reuse. The primary energy saved is around 2,321 MJ/t glass or only about 13%
of the energy required to make glass containers from virgin raw materials [3]. If
collection and transportation distances for the glass containers are quite high, even
these modest savings from recycling could be totally lost. The variation of carbon
footprint is found for even the same type of packaging material, mainly influenced
by the size and weight of the containers and the recycling rates. It must be noted that
different countries having different primary energy sources for electricity generation
will result in the varying carbon footprints of recycling. Hence, LCA is required
to ensure that the recycling process is beneficial in terms of environmental impacts
as compared to the use of virgin materials. The findings also pointed out that for
the same type of material, larger containers have a lower carbon footprint than the
smaller ones due to the lower amounts of materials required per functional unit. The
main hot spots for all types of packaging are the manufacture of raw materials and
packaging.

Calculation Example: A Calculation of GHG Emissions from Recycling
of Packaging Systems

Task: A beverage company would like to compare the “cradle to grave” GHG emis-
sions of different beverage packaging systems for selecting the one with the lowest
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GHG emissions. The functional unit is defined as the amount of packaging required
to deliver 1,000 L of beverage. Five scenarios of packaging systems considered for
delivering the beverage and the end-of-life scenarios are as follows:

Scenario 1: Glass bottle (100% virgin input) and landfill (after use).
Scenario 2: Glass bottle (100% recycled input) without landfill.
Scenario 3: Reuse of Glass bottle (100% recycled input) without landfill.
Scenario 4: Aluminium cans (100% virgin input) and landfill (after use).
Scenario 5: Aluminium cans (100% recycled input) without landfill.

The specific information of beverage container weight and materials used for top,
body and label of the container is shown in Table 1 and the simplified GHG (CO2eq)
emission factors of materials and processes relevant to those five packaging systems
are listed in Table 2. Assuming that truck (16-tonne capacity) is used for transporta-
tion. The transport distance of containers from factory to container is 200 km, the
transport distance of glass and aluminium scrap (after use) to the factory for recycling
is 300 km and the transport distance for landfill is 50 km. It must be noted that only
the body part of the container is assumed to be landfilled and recycled.

For Scenario 3, the glass bottles can be reused for 20 times, it means that the total
number of glass bottles required to deliver 1000 L of beverage would be decreased
from 2000 to be only 100. However, there will be an additional requirement for bottle
cleaning after each use resulting in the use of about 0.1 L hot water and about 0.2 g
detergent per bottle per time of reuse. The extra transport distance for collecting the
bottle to reuse is assumed to be 100 km.

Calculation: The comparative results of “cradle-to-grave”GHG emissions for the
five scenarios can be calculated by multiplying the material data or activity data to,
e.g. the material requirements to fulfil the functional unit Table 1 and their associated
GHG emission factors Table 2.

Results and Discussion
The “cradle-to-grave” GHG emissions of the five scenarios showed that Scenario 3,
i.e. Reuse of Glass bottle (100% recycled input) without landfill has resulted in the
lowest GHG emissions, followed by Scenario 5, i.e. aluminium cans (100% recycled
input) and Scenario 2: glass bottle (100% recycled input). Meanwhile, Scenario
4: aluminium cans (100% virgin input) has the highest GHG emissions. It can be
seen that the extension of lifetime of packaging via the reuse of glass bottles can
significantly reduce the GHG emissions due to the reduction of material use and
waste for recycling (Table 3).
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Table 1 The container details

Container type Glass bottle Glass bottle (Reuse) Aluminium can

Capacity (L) 0.5 0.5 0.5

Weight Total =
0.2016 kg/bottle (Top
= 0.00085 kg, Body =
0.2 kg, label =
0.00075 g)

Total =
0.2016 kg/bottle (Top
= 0.00085 kg, Body =
0.2 kg, label =
0.00075 g)

Total = 0.02 kg/can
(Top = 0.003 kg,
Body = 0.015 kg)

Material for top (cap) Aluminium alloy
(AlMg3)

Aluminium alloy
(AlMg3)

Aluminium alloy
(AlMg3)

Material for body Glass Glass Aluminium

Material for label Kraft paper Kraft paper –

Reference flow

Number of containers
required to meet the
functional unit

2,000 100 2,000

Weight of material for the containers (kg per 1000 L beverage)

Body weight 400 20 30

Top weight 1.7 0.085 6

Label weight 1.5 0.075 -

Transport (tonne.km)

Transport of
containers from
factory to retailer

80.6 80.6 7.2

Transport of glass
bottle for reuse

– 40 –

Transport of glass
bottle and aluminium
can scrap for recycling

120 6 9

Transport of glass
bottle and aluminium
can scrap for
landfilling

20 – 1.5

Reuse of glass bottle (unit per 1000 L beverage)

Hot water (m3) 0.2

Cleaning agent (kg) 0.4

The assessment also showed that although the GHG emission factors of glass
are significantly lower than aluminium can per kilogram of material due to the
lower energy required for mineral extraction and processing, the production emis-
sions per functional unit become comparable due to the higher weight of the glass
bottles as compared to the aluminium cans. On the other hand, the recycling of
aluminium will reduce the high amount of energy required for the production of
virgin aluminium which in turn results in the significantly low GHG emissions of
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Table 2 Given GHG
emission factors

Material/Process Emission factor Unit

Glass (100% virgin
input)

0.41 kg CO2eq/kg

Glass (100%
recycled input)

0.25 kg CO2eq/kg

Aluminium cans
(100% virgin input)

8.01 kg CO2eq/kg

Aluminium cans
(100% recycled
input)

2.12 kg CO2eq/kg

Aluminium alloy
(AlMg3)

4.22 kg CO2eq/kg

Kraft paper 1.08 kg CO2eq/kg

Landfilling 0.02 kg CO2eq/kg
landfilled material

Transport by
16-tonne truck

0.05 kg CO2eq/tonne.km

Hot water 1.10 kg CO2eq/m3

Cleaning agent 2.30 kg CO2eq/kg

*GHG Emission factors are modified from ICF [4] and Thailand
Greenhouse Gas Management Organization (TGO) [10]

the recycled aluminium as compared to the virgin aluminium. The recycling of glass
also helps reduce the energy required for the virgin glass production but the credit
is not that dominant as compared to the aluminium recycling because high energy is
also required for the glass cullet melting process. From this example, the recycling
of aluminium cans and glass bottle can reduce GHG emissions by 66% and 35%,
respectively. Interestingly, the combination of reuse of glass bottle and recycling of
the glass after the end of life in Scenario 3 can reduce the GHG emissions of the
glass bottles by around 93%. Hence, when assessing the circular use of material, the
life cycle concept is necessary for implementation. In addition, based on the circular
economy concept, the other options such as the replacement of glass and aluminium
with other materials can be further investigated .
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Table 3 GHG emissions for different packaging system scenarios

Life cycle GHG
emission

GHG emissions (kg CO2eq/functional unit)

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Beverage container production

• Top (cap) 7.17 7.17 0.36 25.32 25.32

• Body 164.00 101.41 5.07 240.30 63.49

• Label 1.62 1.62 0.08 – –

Beverage container cleaning (Reuse case)

• Hot water 0.22

• Cleansing agent 0.92

• Transport of
bottle for reuse

2.16

Total “Cradle to
gate” GHG
emissions

172.79 110.21 8.81 265.62 88.81

Transport of container

• Factory to
Retailer

4.35 4.35 4.35 0.39 0.39

End-of-life scenario

Transport of glass
bottles and
aluminium can
scrap for landfill

1.08 – – 0.08

Landfilling 8.00 – – 0.60 -

Transport of glass
bottles and
aluminium can
scrap for
recycling

– 6.48 0.32 0.49

Total “Cradle to
grave” GHG
emissions

186.23 121.04 13.48 266.69 89.69

8 Questions

1. Explain why an LCA is required for assessing the circular economy system.
2. Discuss the pros and cons of industrial waste recycling for energy production,

material production and landfill in terms of the potential environmental impacts
that may occur from each life cycle stage.

3. Develop the appropriate functional unit and system boundary for comparing the
conventional food container made from Polypropylene (PP), Polyethylene (PE)
with the bioplastic food container (Polylactic acid: PLA)
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a. What is the appropriate functional unit for a fair comparison?
b. Identify the life cycle stages of each packaging production
c. Identify the potential end-of-life scenarios of each packaging
d. List the key environmental interventions that should be considered in each

life cycle stage and end-of-life scenarios
e. Explain the pros and cons of each packaging production system including the

potential environmental benefits/burdens fromdifferent end-of-life scenarios.
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The Fabrics of a Circular City

Johannes Kisser and Maria Wirth

Abstract Cities are centers of human and economic activity but also of resource
use and waste. This gives cities both a critical and a promising role to support the
transition to a circular economy by keeping incoming products and resources in the
loop. A circular city is a place, where people share the resources they have, facili-
tated through business models that avoid losses and build on maximizing resource
productivity. This requires a redesign of biological and technical material cycles in
a way that their value can be maintained at the highest possible level for as long as
possible. This chapter addresses questions such as: What could a circular city look
like? What does this mean in practice? Where can we already see a transition? And
what can urban policymakers and other actors do to realize circular cities? In this
chapter, we will explore the resource streams flowing into cities, their main chal-
lenges and opportunities, solutions to close biological and technical cycles, the ways
to measure progress, the actors and their roles within the circular city fabrics, and
finally, a case comparison of circular city practices.

Keywords Circular economy · Cities · Food · Bio-based · Nature-based
solutions · Nutrients · Resource loops · Urban planning ·Wastewater

Learning Objectives

• Cities are currently major resource sinks within the open-ended linear economy.
• Cities can use their human and economic force to become resource turntables.
• By recirculating resources within cities and city-regions.
• Cities can drive forward circular economy as a whole.
• Circular cities can be inspired by natural processes.
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• Transformation towards circular cities is underway.
• Technologies are available but institutional barriers remain.

1 Introduction

Cities are centers of human and economic activity.More than 50%of the global popu-
lation lives in cities and they raise over 80% of global GDP [1]. They also consume
75% of natural resources, produce 50% of global waste, and 60–80% of greenhouse
gas emissions [2]. Currently, major flows of material, energy, and water are taken
from the environment, processed to value-added products, and delivered to cities,
where their value is consumed and ultimately lost or discarded. In Europe, a region
that is poor in primary resources, this open-ended linear flow has created a strong
import dependency. The worldwide mega-trends of urbanization, over-exploitation
of resources, environmental degradation, and climate change call for an urgent trans-
formation of cities from import-dependent, bottomless resource sinks into turntables
capable of keeping valuable resources in continued reuse. In the next decades, 90%of
urbanization will take place in the developing world [3], where an increase in living
standards, in the current linear system, will result in a surge of resource consumption.
By closing material, water and energy loops, cities can become resilient and succeed
in providing decent, affordable living conditions in the long term while operating
within the planetary boundaries; they should be decoupled from resource use and
bad environmental impact [4].

In fact, their specific attributes of cities make them inherently well equipped to
model such a transformation. Urban centers have always been breeding grounds
for new forms of societal and lifestyle concepts and offer ever-increasing room for
innovation. Their immense human, economic, innovative, and resource capacity puts
cities in the perfect position to drive forward the transformation toward a circular
economy. Instead of resource sinks, cities could function as resource turntables,
where products and materials stay in use.

Definition

Cities are settlements with an urban center above 50,000 inhabitants [5].
A circular city is one that mitigates waste by keeping products, materials, and

resources in use and regenerates natural systems.
Nutrients are necessary for biological metabolism and are usually distinguished

between macro- and micronutrients and human or plant nutrients.
Nature-based solutions are solutions that are ‘inspired and supported by nature,

which are cost-effective, simultaneously provide environmental, social and economic
benefits andhelp build resilience. Such solutions bringmore, andmore diverse, nature
and natural features and processes into cities, landscapes and seascapes, through
locally adapted, resource-efficient and systemic interventions’ [6].

Resource recovery means the recovery of materials from by-products or waste.
In our understanding it does not include energy recovery.
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Reuse in our context means using a certain material again either for its original
purpose or for a different function without significantly decreasing its value.

2 The Dichotomy of Cities as Circular Economy Hotspots

Large volumes of energy, materials, water, and food enter urban households, busi-
nesses, and public spaces. In 2007, 7 billion people lived in urban areas, consuming
75% of global energy and materials [4]. Cities are also hotspots of direct and indirect
water and energy consumption, meaning the water embedded in food and materials,
as well as water-for-energy and energy-for-water. As mentioned, cities produce half
of the global waste. Within the linear economic system, the scale of resource inflows
and waste has created cities as significant open-ended resource sinks, relying on a
consistent inflow of primary resources.

Not only the volume but also the economic value of resources reaches its peak and
diminishes in cities. From production in rural areas and downstream along the value
chain, food andmaterials increase in economic value. They reach the urban consumer
at their peak value. Once purchased, their value decreases and is finally destroyed
when disposed to waste bins and sewage pipes. Where products are designed for
short-term or single use, a larger resource inflow is necessary to produce new prod-
ucts, replacing the losses to waste. As waste, the value of resources becomes nega-
tive, i.e., resulting in costs of waste management and/or for human health. Within a
circular economy, the economic value of products is maintained and exploited again
and again through reuse, refurbishment, repair, and, in worst case, recycling.

Urban waste management struggles with the combination of huge volumes of
waste produced by citizens each day and the spatial limitation for the effective
handling and final disposal of waste. These factors add pressure to hastily remove
waste from human contact in order to protect public health.While landfilling remains
a dominant practice in Southern and Eastern Europe, many European cities incin-
erate their residual waste. While this may solve the spatial problem and recover
energy through waste to energy processes, the economic potential of resources is
still terminated, so the one-way train continues.

However, precisely these attributes of cities that challenge waste management,
provide multiple windows of opportunity for the development of a circular economy
often faster than in other sectors.

Commodities

In urban apartments, people cannot store as many products and tools at home. Short
distances between users of tools, repair shops, collection, and re-distribution centers
make new business models based on sharing, repairing, and reuse much more prac-
tical, manageable, and user-friendly. Door-to-door delivery or picking up purchases
in person is much more feasible in densely populated areas. Traffic congestions
make cars a burden for urban inhabitants but also enable the efficient operation
of public transportation. The abundance of resources and goods, as well as the
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economic force in cities, enable internal diversification of processing techniques
needed to re-circulate “spent” resources and goods of all kinds. From nutrient, water
and biomethane recovery from wastewater for urban farming and agriculture at the
outskirts, via reassembly of building components all the way to specialized elec-
tronics refurbishment stores, tool libraries and 3D-printing at maker-spaces—cities
can have it all due to their size. This suggests that cities could emerge as leaders in
the overall transition to a circular economy.

Building Materials

Cities are characterized by their built environment. This includes commercial build-
ings, streets, bridges, and open spaces for pedestrians, parking, and other uses. The
construction, renovation, repair, and demolition of these structures requires vast
material input and currently also generates the largest waste stream in the Euro-
pean Union (EU), with 850 million tons each year, representing 25–30% of total
waste [7]. Construction and demolition waste (CDW) often contain bulky and heavy
materials, including concrete, wood, asphalt, gypsum, metals, bricks, glass, plastics,
etc., and low in hazardous substances. The high resource value bears a high poten-
tial for recycling and re-use, with suitable technology for separation already well
established and economical [8]. CDW can be prevented through on-site manage-
ment measures and re-use strategies, which include proper purchasing, handling of
materials on-site as well as re-using existing building structures, using standardized
components and educating onsite workers [9]. Some EU countries like the Nether-
lands, Malta or Luxembourg show high CDW recycling rates of up to 70%, which
corresponds to the 70% recycling goal for non-hazardous CDW set out in the EU
Waste Framework Directive (2008/98/EC). Still, most of CDW in across the rest of
EU is landfilled [9].

Example

In 2019, the City of Vienna issued new goals within its Smart City Wien Frame-
work Strategy 2019–2050 [10], committing to the reuse of 80% of the components
and materials extracted when dismantling and renovating buildings. The city aims
to achieve this urban mining goal by drawing on analytical tools, such as “digital
twinning” of buildings representingmaterial demand and supply sides (i.e., buildings
as material banks) based on Building Information Modeling (BIM). The five lines of
action reach across municipal administration, education, training and research, the
economy, governance and digitalization.

Biological Nutrients

Nutrients are taken from the topsoil of agricultural lands, enter cities as food and
are then removed as waste. Every year, 2.8 billion tons of organic waste occur in
cities and less than 2% of nutrients contained in this organic waste are looped back
to food production [11]. Urban inhabitants continuously discard large volumes of
nutrients into wastewater streams via human excreta, biodegradable kitchen waste,
and hygiene products. So far, the economy has lost around USD 23.3 billion of
agricultural nutrients in human excrements alone [12] and additionally loses 100
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million tons of bio-waste through the disposal of organicwaste every year [13]. These
nutrients are largely lost to the atmosphere (via nitrification, incineration), landfilling
and the environment (residual nutrient loads in effluents). At the same time, Europe
imports 30% of nitrogen, 71% of phosphorus, and 73% of all potassium fertilizers
[14] used. Instead of being treated as a burden, organic residues could be transformed
into fertilizer or nutrient-rich irrigation water that is safe for reuse, thereby returning
“spent” nutrients to soils, where they enter a new lifecycle for food production.
By applying currently available technologies, cities could capture nutrients from
wastewater and metabolize them to produce fertilizer or soil amendment. This way,
secondary nutrients can replace imported synthetic fertilizers produced from primary
mineral reserves, avoid their high-carbon footprints while also reducing Europe’s
external resource dependency.

In addition to fertilizer,manyother valuable resources canbe recovered fromurban
wastewater using biological technologies, including nutrient-rich irrigation (fertiga-
tion)water, biopolymers, alginates, cellulose, constructionmaterial, and fundamental
ingredients for energy production (biogas, biofuel, electricity, heat). Wastewater
treatment has the potential to shift from a burden to a profit-generating resource
factory [15].

Example

Innovative urban farming systems are emerging all over the world, e.g., “Farm.One,”
amultistory underground farm inNewYork [16]. Instead of relying on freshwater and
fertilizer imports, they could easily draw on secondary nutrients and water already
abundantly available in the city. Some urban-farming plots have already started using
pre-treatedwastewater for irrigation and fertigation, mostly in pilot scale, e.g., ROOF
WATER-FARM [17] in Berlin and HOUSEFUL [18] in cities in Austria and Spain.
These local, decentralized resource cycles can maximize process efficiencies for
recovery and reuse, as well as reduce pressure from urbanization and dependence
on long, distant food value chains [19]. Nutrient loads in urban wastewater are so
high that nutrients recovered in cities could not only supply urban farming but excess
nutrients could also be returned to peri-urban and rural fields.

Important

Cities bear opportunities to develop circularity internally but also to recover and
return secondary resources back to production lines located beyond the city’s borders.
Considering limited space in cities, agricultural and industrial facilities beyond city
borders and the benefits of rural development, it is not possible or desirable for
a circular economy to develop exclusively internal to a city. Not all secondary
resources could be efficiently utilized, and all needs unlikely covered. Large streams
of resources flow into cities from the outside. But in the linear economic model, little
is given back to where they came from.

Therefore, a circular city can be understood as the turntable of incoming resources.
It can loop and cascade the resources as efficiently as possible and return excess
resources back up the supply chain. This requires a redesign of the urban system and
the interactions with its peri-urban and rural surroundings by city-regional planning.
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The layout and design of cities change the way materials and products move around
them and their inhabitants.

3 A Vision for Circular Cities

So, what can a circular city look like? (Fig. 1)
In a circular city, buildings, infrastructure, and products are designed to last.

They are durable and easy to maintain and repurpose. Modular configuration makes
it possible to replace, dismantle, and reassemble parts of a product. Objects can
be cleaned, repaired, and shared, and are rarely owned. Instead, they are used and
transferred amongusers towhere they are needed.Tools are rented,washingmachines
are paid for by number of washing cycles, public transportation vehicles are used
as a service, and privately owned automobiles are no longer part of the cityscape,
having become obsolete.

Materials are sourced locally, non-hazardous, and made from renewable feedstock.
Some objects or parts of them may have to be discarded after final use, but their
chemical composition allows for separation and recyclingwithminimal energy input.
Materials are largely bio-based, meaning that they can be cascaded from biomass.
After final use, they can either be composted and applied as fertilizer to produce new
biomass or processed directly to secondary bio-composite materials and industrial
chemicals. Reverse logistics extend backwards all the way up the supply chain.
Take-back models organize the collection and sorting of packaging materials for

Fig. 1 Circular city
©alchemia-nova
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direct reuse or recycling. Residues from construction, industrial production, and
agriculture provide input materials for other value chains.

The city’s infrastructure is designed for decentralized production and services.
Inhabitants have access to nearby repair shops, collection points, and centers for
resource recovery and decentralizedmanufacturing, e.g., with 3D-printers. As neigh-
borhoods become hubs within the urban system, people increasingly live, work, and
play in close proximity, permitting access by foot, bicycle, and public transportation.
Materials are circulated locally with additive manufacturing as a key technology for
repair and upgrading. Reverse logistics link cities with their peri-urban and rural
surroundings, making return flows possible, and closing cycles.

Nature is integrated into the city, delivering ecosystem functions for resource
recovery, enhancing the energy balance, air quality, and wellbeing in the city. Nature
inspires the design of functional biological systems to keep water and nutrient flows
in cycles. Nutrients are extracted from wastewater and reused for food production.
Residual biomass and organic waste are processed to materials for commodities
and building materials in connected biorefineries. Residues of these refineries are
used for biogas production and conversion to heat and electricity. The city runs on
clean, renewable energy while residual heat is reused in buildings. Instead of leaving
and relying on individual transportation in search of nature, they can meet and find
recreation within local green spaces.

Important

A circular city functions like an ecosystem, where waste is always a resource
for something else. It thrives by maintaining value and generating value from the
samematerial resources again and again. Within a circular city, material productivity
attains its highest potential while eliminatingwaste and reducing costs. New business
opportunities emerge in decentralized production and service hubs, bringing jobs to
neighborhoods and incentivizing the development of newskills.Green infrastructures
and restored natural ecosystems in cities improve urban air quality, carbon balances,
human health, and wellbeing. The harnessing of local production capacity makes the
city more resilient.

By keeping products and materials in use and maintaining their value, we design
out waste and pollution from cities. If resource cycles are internal to a city, produc-
tion must comply with urban regulations. This means that negative externalities are
contained within the city and become more visible and the true cost of products is
revealed.

These principles can be applied to all urban resource flows, including construction
materials, commodities, and food:

Built Environment

Buildings are used as material stockpiles, or “material banks.” Digital twins of these
material banks exist through 3D BIM, which can be used in the construction or
refurbishment process instead of 2D models. BIM can provide information on the
composition and location ofmaterials stored in the built environment.Availablemate-
rials could be redistributed over resource platforms, and planners design a building
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based on existing materials. These building materials are designed to be modular,
repairable, deconstructable, and reusable, with their lifetime extending as long as
possible, recycled only as the last resort. Buildings may integrate additional func-
tions, which needs to be taken into account during a construction or refurbishment
process.

Case Study Venlo city hall
The city hall of Venlo, Netherlands, has successfully realized the vision of a

building inspired by Cradle to Cradle®. The compatibility with a technical cycle
was one of the four main criteria during the design phase of the project alongside
air and climate quality, integrated renewable energy, and enhanced water quality.
Materials were chosen according to their applicability for biological and technical
cycles, where residues are raw materials for new products, Materials have an added
value for users and the environment. Separability and recyclability were core to the
selection of building materials and suppliers, based on comprehensive content lists.
As such, surfaces inside the building remain uncoated.

The interior of the building is subject to a take-back regime which foresees its
return to the producer after 10 years with a predefined residual value [20] (Fig. 2).

Case Study circular building materials
Businesses have recognized the value in taking back used items. Reverse logistics

is slowly penetrating into all layers of supply chains on the path to a circular economy
[21].

Fig. 2 Powered by Mostert De Winter bv, The Netherlands, photographer Hans van Cooten
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Fig. 3 Daas ClickBrick® system ©Daas Baksteen, published by MaterialDistrict

Desso, a carpet producer, offers a carpet leasing service option that includes
installation, cleaning, maintenance, and eventually removal. Customers no longer
own the carpet. Instead, the carpet is provided as a service by the manufacturer, who
will take the carpet back for recycling at the end of service. The manufacturer can
then produce new carpets from this material [22].

Another best practice in the field of reverse logistics is Daas ClickBrick®, a
product by the Dutch company Daas Baksteen. This brick renounces the use of glue
and relies on a dry stack system, allowing for the bricks to be installed and taken
apart easily. Consequently, ClickBrick® can be removed from a building site and
reused without a compromise in quality [23] (Fig. 3).

Commodities

In a circular city, commodities are no longer used just once. They are repaired and
refurbished. Single-use items, including packaging, vanish from the circular city.
There are suppliers for parts if things break. Circular product design minimizes
the complexity of material composition for more efficient recycling. The system of
commodities will be governed by take-back regimes, extended producer responsi-
bility, and supplied largely by bio-based virgin materials. People gain access to what
they need in new ways. Instead of being owned, commodities are used—through
sharing or renting, or through product-as-a-service contracts. Functions are provided,
but not by selling material goods. Companies don’t sell light bulbs, they provide
lighting, not radiators but heating, not a washing machine but washing cycles, not
cars but transportation. Companies employing product-as-a-service models deliver
the functional service but maintain ownership over material goods. This way, they
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are incentivized to provide products with longer lifetimes and minimal maintenance
instead of selling sheer quantity. With commodities like cars, tools, furniture having
become a burden in densely populated places, the sharing economy has become
mainstream via eBay, NeighborGoods, willhaben, and Poshmark for items, tools
and clothes, liquid and sharenow for vehicles, coworking spaces, and many more.

Food Supply

Inspired by nature, a circular urban food system can work in endless nutrient loops.
Nature does not know the concept of waste. In nature, one residue is always food for
something else. Besides inspiration, nature-based solutions already enable nutrients
to be recovered from urban wastewater and safely reused on-site for urban farming
while also providing co-benefits such as converting CO2 to edible or combustible
biomass and improving air, water, and soil quality [24]. This way, urban farming can
make the use of secondary resources directly where they are available. The projects
HOUSEFUL [18] andHYDROUSA [25] (see below) are examples of on-site nutrient
and water loops. Urban greens, parks, and underutilized infrastructures can be used
for urban farming, and the bounty distributed via soft urban infrastructures such as
regular markets with local food suppliers. Excess nutrients can be returned to green
belts around cities and rural areas.

Case Study

HOUSEFUL (www.houseful.eu)

This project demonstrates the holistic view of buildings and embeds a series of addi-
tional functions into them, co-creating and testing circular business opportunities,
and fully embracing the capabilities of nature-based solutions. These technologies
include nutrient and water capture through green walls, green roofs, vertical ecosys-
tems, localized energy generation, urban farming, and automation of the systems to
minimizemaintenance. This project addresses both single buildings and a community
at neighborhood scale as entities within the urban system (Fig. 4).

Case Study

HYDROUSA (www.hydrousa.org)

This project demonstrates how to keep water and nutrients in loops. HYDROUSA
works with passive systems like the sun to desalinate saltwater, capture rainwater and
humidity through surface structures and process wastewater using nature-based solu-
tions. The nutrients in the treated wastewater are applied to a one-hectare biodiverse
agroforestryfield.The establishment of restorative agriculture is central to the project,
restoring ecosystem functions to integrate wastewater treatment with resource reuse
and food production. HYDROUSA also showcases the cyclic exchange of nutrients
and water between communities and agricultural production in a peri-urban context.
Nutrients are harvested as food, consumed, transported by wastewater, metabolized
in biological systems, and reapplied to fields. Nutrients are converted back to food
with the sun as the energy source (Fig. 5).

http://www.houseful.eu
http://www.hydrousa.org
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Fig. 4 HOUSEFUL biological cycle overview ©alchemia-nova

Fig. 5 HYDROUSA cycles overview ©alchemia-nova
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Key Points

• Design products in a way, that they can keep their value at the highest possible
level for as long as possible.

• Make all products repairable, refurbishable, and recyclable.
• Set quality as the ultimate goal.
• Circular supply chains and reverse logistics are key.
• Make use of things that are already available and design processes to make them

accessible.
• Make the use of underutilized infrastructure and integrate additional functions.
• Think in systems and be inspired by nature.

4 Actors in the Circular City Fabrics

Cities are socio-technical systems [4]. They are driven by peoplewho live andwork in
proximity. More and more planning processes in cities are conducted in a transparent
and often even co-creative way. They are driven by urban planners and city author-
ities, while policymakers set the policy and legal framework. Academia provides
innovative technology and solutions, while businesses try to get the innovation to
market while developing and operating business models that realize the circular
economy. These actors must work together to achieve circular cities and a wider
circular economy. The following actions illustrate how these actors rely on each other
and drive forward the transition from different angles of the circular city fabric.

Build Partnerships

• City governments can enable, lead, and involve key stakeholders from across the
public and private sectors.

• Partnerships between circular grassroots initiatives, experts, financing bodies, and
municipal authorities need to be sought.

• Top-down measures can follow sustainable bottom-up initiatives and should also
have a big systemic picture in mind.

• We can learn from strategies of other pioneering cities [26] and existing method-
ologies to define the way forward (e.g., from the Ellen MacArthur Foundation
[27] or from the European Investment Bank [28]).

Enable Sustainable Financing

• Financing infrastructure needs to include also quality goals and long perspectives,
rather than short-term profits including cheapest materials possible, i.e., enabling
impact investment.

• Circular public procurement can also play an important role in pioneering business
cases.
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• To achieve an approximation of a true-cost accounting, reflecting the real value for
our ecosystem, something like a bonus-malus policy or ecotaxation for rewarding
sustainable products or processes and penalizing unsustainable or linear ones.

Design Circular

• Enabling and incentivizing better production through business support and
advisory services that focus on design and business development.

• Extended Producer Responsibility (EPR) can also be a strong tool for enhancing
eco- or circular design at the producer level [29].

• Several concepts have been developed to assess and promote life-centered design
on macro- and microeconomic levels, e.g., happiness indexing, or economy for
the common good.

• Multifunctional design of the built environment, commodities, and even food
systems require the cooperation of many disciplines in research and administra-
tion.

Manage Resources Wisely

• Public actors can provide resource management infrastructure that facilitates
services such as collection, sorting, reuse, and recycling.

• Digitalization can enable tracing and sharing resource flows in cities.
• Policymakers can benchmark and steer progress through measuring circular

economy at the entry, process and exit points of resources and materials—in
the best case following widely accepted indicators [30].

Co-create Strong Reforms

• Fiscal reforms incentivize the way materials are handled, they can steer the adop-
tion of service versus sales-based business models and the cost of labor for all
services, especially labor-intensive specialized repair.

• Direct regulation or banning of certain materials and products, such as single-
use packaging, certain building materials, construction practices, and even food
production can steer business and consumer choices.

• Entrepreneurs and innovators play the role of pioneers. Policymakers can establish
innovation niches, where they can test sustainable innovations that are not yet in
line with the current policy frameworks (see Green Deal in the Netherlands [31]).
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Measure Progress

• Municipality management also includes gathering information about the current
standing of the city at different levels. This information needs to be measurable
to compare different practices in cities.

• Finding this common language alsomeans standardizing communitymanagement
as such. These protocols are currently being developed at different levels and still
need to be harmonized (see also Subchapter 5).

• The best or most valuable measurable factors will form the key performance
indicators (KPIs) of a city and can include public procurement, materials stocks,
water, nutrient, and food management among others.

Circular economyneeds to be translated to all levels of understanding. Information
materials should be available for policymakers, planners, research, and funding agen-
cies, and the wider public in general. Educators must be brought on board to convey
awareness and knowledge of circular economy principles to the next generation of
consumers and producers.

Tip

Multifunctional, life-centered, and participatory design can help to create products
and systems that are fit for a fully circular city and generate positive outcomes for the
environment, society, and economy. To summarize, the following steps can provide
the foundation:

• Engage with other circular initiatives and learn together.
• Enable participation and give space to circular initiatives to grow.
• Educate at all levels.
• Develop strategies with milestones and measure progress.
• Cooperate with the surrounding area and facilitate the exchange of nutrients and

secondary materials.
• Learn about circular assessment (e.g., Cradle toCradleCertified® [32], TheCircu-

larity Check [33], the Circularity Gap Report [34], Circular Business Solutions
[35], and Circulytics (EMF, 2019).

5 Circular Cities Best Practice

Circular City Indicators

Indicators can help to inform policies and to streamline the implementation of
circular economy strategies. Cities can also use indicators to report their efforts
and achievements. However, there is no shared view on circular economy indicators
for cities.

Many indicators have been developed to assess and compare levels of circularity,
such as the EUMonitoring Framework for the Circular Economy complementing the
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European Commission’s Resource Efficiency Scoreboard and RawMaterials Score-
board [36]. The ten indicators are listed and described in COM (2018) 29 final [37].
They cover aspects of production and consumption, waste management, secondary
raw materials, and competitiveness and innovation. Other sets of indicators include
the European Union Eco-innovation Action Plan including indicators for sustainable
resource management, societal behavior, and business operations [38], the Eurostat
collection of indicators to measure circular economy at the national level [39], the
Ellen MacArthur Foundation’s Material Circularity Indicator to measure the product
or company-level circularity [40], the Cradle to Cradle product standard [32], as well
as sector-specific indicators such as the BAMBCircular Building Assessment [41] or
the German Sustainable Building Council’s recommendations [42]. The government
of Luxembourg leads the Circularity Dataset Initiative, which aims to develop an
industry standard to report circular practices [43]. This approach of harmonization is
also fully in line with the new European Green Deal, which also suggests to develop
standards for green reporting among many more supportive policy measures like
renovation waves or enhancing nature-based solutions [44].

However, these frameworks are not fully applicable to cities and the corresponding
data at city level is also not easily accessible or even publicly available in some
cases, as opposed to much more widely available national-level data. Some cities
have developed their own progress measurement frameworks, such as the City of
Peterborough (UK) [41], or through a research paper, the City of Porto [45].

Amid the diversity of scopes of available case descriptions and data limitations, the
definition of circular city indicators is a necessary first step to facilitate cities to collect
and provide data to enable assessments, comparison, and progress measurement.
Further, the indicatorsmust be applicable to cities at various stages of socio-economic
development so that cities can be compared globally. Capturing informal circularity,
such as informal separate waste collection and recycling, or illegal dumping of waste,
will remain a challenge. Mass balances (material flow analyses) can establish a solid
baseline for the identification of formalized and informalized resource flows. This
approach is also suggested by Eurostat, the European statistical agency [39].

Sustainable Cities

Meanwhile, there are many frameworks for Sustainable Cities [46], some of which
include indicators relevant to circular economy, e.g., volumeof solidwaste generated,
recycling rate, etc. While circular cities are geared toward sustainability, rankings
might be different from sustainability rankings alone as sustainability actions might
not necessarily contribute to circularity or vice versa. The Urban Agenda, a part-
nership among EU-level institutions and member states, started to respond to the
need for city-level indicators by consolidating CE indicators and issues highlighted
by stakeholders [47], but no indicator framework for circularity of cities has been
institutionalized or widely accepted so far, which also entails a lack of comparable
data.
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Case Studies

There are several attempts to collect and share case studies of circular cities world-
wide, e.g., by C40 Cities and the EIT Climate-KIC (European Institute of Innovation
and Technology’s Knowledge and Innovation Community targeted at a zero-carbon
economy) [48] and theEllenMacArthur Foundation [49]. The availablemunicipality-
led case studies are very diverse in their scope and approaches. Only little data is
available on city-wide achievements (and no city-wide cross-sectoral index).As such,
Brussels (Belgium) is a frontrunner in the construction and demolition sector, recov-
ering 91% of waste and thus exceeding the European Waste Directive’s construction
and demolition recovery target of 70% by 2020 [48]. Samsø (Sweden) is 100%
self-sufficient in energy [40]. A remarkable average of 40% of Singapore’s water
demand is supplied by reclaimed water [50].

Most case studies describe municipality-driven actions that are taking place. They
are summarized in Table 1.

6 Conclusion

Cities play a special role within the transition to a circular economy. Currently,
they are major resource sinks, but their specific attributes enable them to emerge
as drivers of the circular transition. Significant human and economic activity and
resource use, population density, and limited space bear pressures and opportunities
for the transformation of how the built environment, commodities, and food supply
are managed. Cities have the human and economic force to recirculate resources
internally and in exchange between city-regions. Business models based on reuse,
repair, refurbishment, and recycling are highly efficient in cities, hence a host of
circular innovations and initiatives have already successfully established in cities.
As pioneers and resource turntables, cities play a vital role in driving forward the
transformation toward a circular economy as a whole.

Cities can be inspired by natural ecosystems, where waste is always a resource
for something else. In addition, nature-based solutions can be integrated into cities
to reap multiple benefits for circularity, resilience, and sustainability. Multifunc-
tional, life-centered, and participatory design among diverse yet closely interrelated
stakeholders, based on the foundation of education, can enable to tackle remaining
institutional barriers. This way, cities can foster an economic system that serves
humanity while operating within the planetary boundaries.

Questions

1. What role can cities play within a circular economy?
2. What is life-centered design?
3. What can nature-based solutions achieve?
4. How can we achieve sustainable systemic solutions?
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Table 1 Cities for comparison of case studies

Scope Action City

City-wide, cross-sectoral
strategic level

Circularity strategies and
financing commitments

Maribor (Slovenia) [47]
London (UK) [47, 48]
Glasgow (UK) [47, 48]
Brussels (Belgium) [47]
Copenhagen (Denmark) [47]
Gothenburg (Sweden) [47]
Paris (France) [47]
Samsø (Sweden) [47]
Seoul (South Korea) [47]
Peterborough (UK) [48]

City-wide sector-specific
strategies

Sharing economy action plan Amsterdam (Netherlands) [48]

City-wide public information
and engagement

Public information and
engagement campaign

Brussels (Belgium) [47, 48]
New York (USA) (#WearNext
campaign promoting New
Yorkers to keep clothes in use)
[48]

Citizen and business
collaboration center

Kristiansand (Norway) [47]

Repair network Vienna (Austria) [47]

City-wide, sector-specific
action programs

Circular buildings and urban
mining

Amsterdam (Netherlands) [47]

Building refurbishment Houston (USA) [47]
Paris (France) [47]
Sydney (Australia) [47]
Vienna (Austria) [47]
Berlin (Germany) [47]
Helsinki (Finland) [47]
Tokyo (Japan) [47]

Municipal public
procurement

Toronto (Canada) [47, 48]

Water Aguascalientes (Mexico) [47]

Low-energy city Basel (Switzerland) [47]

Online marketplace for
re-using materials

Austin (USA) [47, 48]

Regulations on the use of
plastic bags

Quezon (Philippines) [47]

Large-scale municipal
biowaste to biochar
production

Stockholm (Sweden) [47]

(continued)
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Table 1 (continued)

Scope Action City

Studies preparing city-wide
projects in the fields of
textiles, construction &
demolition, innovation &
acceleration, water, and food

Tel Aviv (Israel) [47]

Local actions Industrial symbiosis
programs

Cape Town (South Africa) [47]
Malmö (Sweden) [47]

Heat recovery Arras (France) [47]

World’s first circular
shopping center

Eskilstuna (Sweden) [47]

Second-hand stores led by
municipal waste companies

Kristiansand (Norway) [47]
Vienna (Austria) [51]
New York (USA) [47]

Electronics repair and service
centers

Vienna (Austria) [47]
Belo Horizonte (Brazil)
(computers) [48]

Cradle to Cradle carpets for
city buildings

San Francisco (USA) [48]

Cradle to Cradle City Hall Venlo (Netherlands) [48]

Recycling-focus actions Resource Innovation Campus
at the city’s landfill and waste
processing facilities

Phoenix (USA) [47]

Answers

1. They can use their human and economic force to function as resource turnta-
bles, where they re-circulate products and materials, recover and return excess
resources back up the supply chain to production lines in peri-urban and rural
surroundings.

2. Life-centered design puts the needs of life-supporting functions as design
objective.

3. Multi-functional benefits such as resource recovery, wastewater treatment,
ecosystem services, improvement of air and water quality, conversion of CO2

to biomass.
4. By changing from more to better, replacing quantity with quality.

Suggested Reading
Ellen MacArthur Foundation & ARUP—Circular Economy in Cities https://www.
ellenmacarthurfoundation.org/our-work/activities/circular-economy-in-cities.

European Commission Circular Economy Package https://ec.europa.eu/enviro
nment/circular-economy/index_en.htm.

New European Green Deal https://ec.europa.eu/info/strategy/priorities-2019-
2024/european-green-deal_en.

https://www.ellenmacarthurfoundation.org/our-work/activities/circular-economy-in-cities
https://ec.europa.eu/environment/circular-economy/index_en.htm
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
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European Circular Economy Stakeholder Platform https://circulareconomy.eur
opa.eu/platform/en.

alchemia-nova circular economy https://www.alchemia-nova.net/circularecon
omy/.
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Industrial Circular Manufacturing
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Abstract Industry is the propeller for the establishment and development of modern
society by creating more human-dominated material and energy flows to transform
resources into products or provide services. With the expansion of scale and variety,
the industrial system has also laid its many negative marks in the natural environ-
ment systems. Thus, we need to reshape traditional industrial systems into more
green, low-carbon, and circular ones according to circular economy principles. This
chapter covers the following three aspects: (1) the hierarchical and circular struc-
ture of industrial ecosystems; (2) circular transformation strategies and practices,
including eco-design at the product level, cleaner production at the process level,
eco-industrial parks at the park level, sustainable industrial transformation at the
regional level; (3) policy instruments of extended producer’s responsibility.
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• Circular economy aims to develop economies on the basis of material recycling,
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• Industry is amulti-scale complex system, each scale hosts numerous opportunities
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1 Introduction

Industry system is one of the important components of social and economic
system, taking responsibility for transforming rawmaterials into products. Generally
speaking, industry refers to the material production sector engaged in the exploita-
tion of natural resources, the processing and reprocessing of extractive products and
agricultural products. In the categories of industrial division, industry belongs to the
secondary industrial sector. This definition elaborates on industry from the perspec-
tive of industrial form but does not reveal that industry is actually the material carrier
of industrial civilization in essence.

To a large extent, industry is the embodiment of technology. It is a system inwhich
people use technology to create products through various industrial organizations.
Generally, industries did not appear at the same time but were triggered by a series of
technological changes since the birth of the industrial revolution, which profoundly
changed the face and connotation of world development [1]. The power of industry
lies in the snowballing growth of its own prosperity and material wealth through
a series of self-reinforcing and accumulating technological advances. Increasing
wealth, in turn, helps push forward technological, financial, institutional, social,
and cultural changes, thus turning the whole economy into an intertwined complex
system, which is the essence of industrialization. In fact, every developed industrial
economy has already undergone a process of industrialization.

The industry has brought about a huge amount of material wealth to mankind.
However, it also left a mottled mark on the nature [2]. The first half of the twen-
tieth century witnessed the outbreak of environmental problems in industrialized
countries. With more and more emerging industrial sectors created, more and more
unpredictable environmental problems emerged including resource scarcity and envi-
ronmental degradation. More seriously, the scope of influence of these problems
extended from local to regional and eventually to global scale. Nowadays, the envi-
ronmental issues we talk about the most are climate change, POPs, and the more
recent plastic wastes [3].

Obviously, the traditional industrial development pattern is not what we hope
for. We need to transform it into a more sustainable one. Since the publication of
The Silent Spring in 1962, our mankind has started the process of environmental
governance. In just half a century, environmental governance has gone through
four paradigms, from the initial end-of-pipes management to cleaner production,
to product and service system, and finally, to sustainable system transformation. The
goal of sustainable system transformation is to establish a green, low-carbon, and
circular industrial ecosystem. Among them, circular economy aims to build indus-
trial development on the basis of material circulation, adoption of renewable energy,
the improvement resource productivity and material efficiency as far as possible.

Circular economy requires sustainable transformation at every scale of industry
which is a complex and multi-scale system. At the product level, circular economy
advocates eco-design which involves recycling, remanufacture, easy disassembly,
biodegrading, etc. At the production level, circular economy advocates cleaner



Industrial Circular Manufacturing 79

production, waste minimization, zero-waste discharge, etc. At industrial park level,
circular economy advocates eco-industrial park, green industrial park, circular
reform, etc. At the regional level, circular economy advocates closed circulation
systems. At the global level, circular economy advocates sustainable transformation
of global production networks.

In order to promote industrial circular transformation, the field of industrial
ecology has developed a systematic pedigree of industrial metabolism methods [4],
including life cycle analysis, material flow analysis, substance flow analysis, and
environmental input–output analysis. At the same time, from a complex system engi-
neering perspective, industrial circular transformation also needs the coordination
of technology, market and policy. Some innovative policies or business models have
already emerged, such as extended producer responsibility, product service system,
etc.

Industry is a sector that produces goods or related services within an economy.
Industrialization is the period of social and economic change that transforms

a human group from an agrarian society into an industrial society, involving the
extensive re-organization of an economy for the purpose of manufacturing.

Industrial ecology is the study of material and energy flows through industrial
systems. Industrial ecology seeks to quantify the material flows and document the
industrial processes that make modern society function [5].

Eco-design is both a principle and an approach to designing products with
special consideration for the environmental impacts of the product during its whole
life cycle [6].

Cleaner production was defined by UNEP in 1990 as: “The continuous appli-
cation of an integrated environmental strategy to processes, products and services to
increase efficiency and reduce risks to humans and the environment” [7].

Eco-industrial park is an industrial park in which co-located businesses and
infrastructures cooperate with each other to seek enhanced environmental, economic,
and social performance through exchanging wastes and sharing physical or non-
physical resources, such as materials, water, energy, and information [8].

Extended producer’s responsibility is a policy approach under which producers
are given a significant responsibility—financial and/or physical—for the entire life
cycle of the product and especially for the take-back, recycling and final disposal
phases [9].

2 The Hierarchy and Circles of Industry

2.1 The Hierarchy of Industry

Industry is one typical multi-scale complex system, from the micro-level of
molecules, molecular clusters, and multiphase systems, to medium level of the
production processes, factories, and industrial parks, all the way to the macro level of
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regional industrial clusters and global production networks. Both spatial-scale and
temporal-scale spans more than ten orders of magnitudes, as shown in Fig. 1.

The hierarchical feature determines that industry is a nested system which is
influenced by both global and local factors. In the aspect of globalization, the current
industrial system is already a global production network inwhich almost all industrial
enterprises are embedded and dependent on each other. The vastness of this network
has led us to be more or less indifferent to the ecological impacts of industrial
production, which means that we are not aware of their environment and human
health impacts when we buy products from other places in the world.

In terms of localization, industrial systems can be turned into industrial ecosys-
tems by taking certain localizedmeasures includingwaste exchanging, infrastructure
sharing, and material/energy cascading usages. The classical industrial ecosystem is
the Kalundborg industrial symbiosis system in Denmark (see example) [5]. The so-
called localization is to gain a competitive advantage and win the competition in the
global production network.

“Example Starts”
The industrial symbiosis system of Kalundborg in Denmark is a typical industrial

ecosystem (Fig. 2) [10]. This system hosts dozens of industrial enterprises, including
coal-fired power plants, oil refineries, enzyme formulation plants, and gypsum board
plants, etc. In this system, different commodities have different spatial properties.
For example, enzymes and refined products are globally traded commodities, while
electricity, building materials, and thermal networks are regional commodities. Over
almost half a century, this system has formed a dense and efficient material and
energy exchange network between enterprises through waste exchange and infras-
tructure sharing. By industrial symbiosis, this system achieves a win–win situation

Fig. 1 Industry is a multi-scale complex system
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Fig. 2 The Kalundborg industrial ecosystem [10]

for environment and economy on the scale of industrial park. We call this type of
industrial park “eco-industrial park.”

“Example Ends”

2.2 The Circles of Industry

At every scale of the industrial system, there exist many opportunities to realize the
reuse or recycle of the whole machinery, parts, materials, and chemical elements.
Thus, we can thereof distinguish specific recycle and reuse circles including product
circle, component circle, material circle, and chemical circle.

2.3 Product Circle

Being the carrier of service function, products can be reused or recycled at a whole
level with the aid of some technical recovery measures when they enter the end of
their lives. Generally speaking, the circulation at the product level has the following
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three forms: (1) on-site reuse, reusing in the original site after some repair or reman-
ufacturing. For example, some factories usually reuse their machinery equipment or
infrastructure products; (2) offsite reuse, reusing in different places. For example,
some beverage bottles can be reused after simple cleaning; (3) cascading usage, refers
to the usage to other degraded market users after restoration or without restoration.
For example, clothing products can be made use of by different people through
donation or other channels.

2.4 Component Circle

Most products in the assembly industrial sectors consist of a large number of compo-
nents. Through replacement or repair of components or parts, the life of products
can be extended, which generates the component cycle. Similar to the whole product
cycle, there are also three types of component cycle, namely onsite reuse, offsite reuse
and cascading usages. By innovating component recycling, new business models can
be created. One of the famous component recycling examples is the reuse of printer
cartridges by Xerox Company [6]. Another case is the reuse of carpet modules by
Interface Company. In fact, it is the component reuse or recycling that supports the
transition from product economy to service economy.

2.5 Material Circle

Physical products are composed of a variety ofmaterials, such as biologicalmaterials,
metallic materials and non-metallic materials. At the end of the product life cycle,
they can be recycled at the material scale. Material recycling can be observed in all
industrial sectors and in very diverse forms. For example, fibrousmaterials in clothing
wastes can be recycled into carpets fillings; Aluminum materials in beverage cans
can be used in aluminum casting production; Recycled aggregate materials can be
used in new building structures. Material circle hosts not only degraded recycling
but also equivalent or even advanced recycling. For example, waste PET bottles can
be recycled for clothing production.

2.6 Chemical Circle

At material circles, there is a special kind of circulation that requires chemical reac-
tions, whichwe call it chemical circulation or chemical recycling. Take plastic wastes
as example, chemical recycling offers an innovative way to reuse mixed or contam-
inated plastic waste that can’t be recycled at the moment: through thermochemical
processes, the plastic can be used to produce syngas or oil, and the resulting recycled
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material can replace some fossil resources for chemical products. In fact, some chem-
ical companies, such as BASF, have broken new ground in recycling plastic waste
through its ChemCycling program. So far, BASF has worked with more than a dozen
customers from different industries to develop pilot products for cheese packaging,
refrigerator parts, and heat insulation panels.

Case Study The Ricoh’s Comet Circle [11]
In 1994, Ricoh established the Comet Circle™ to express a comprehensive picture

of how it can reduce its environmental impact, not only in its activities as a manu-
facturer and sales company but also from upstream to downstream—along the entire
lifecycle of its products (Fig. 3).

The Comet Circle™ centers are based on the belief that all product parts should
be designed and manufactured in a way that they can be recycled or reused. Ricoh
management uses the Comet Circle™ as a real tool to plan its portfolio of products
and activities. It is on this basis that Ricoh established the GreenLine label as a
concrete expression of its resource recirculation business, with its priority on inner-
loop recycling.

Its evolved relationship with its products in use is producing further results: opti-
mizing the years that machines stay in operation at customer sites and generating
annuity; generating additional revenue and margin by selling equipment more than
once; and of course making a considerable contribution to resource conservation.
Ricoh’s objectives are to reduce the input of new resources by 25% by 2020 and by
87.5% by 2050 from the level of 2007; and to reduce the use of—or prepare alterna-
tive materials for—the major materials of products that are at high risk of depletion
(e.g., crude oil, copper, and chromium) by 2050.

Fig. 3 The Ricoh’s comet circle
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3 Industrial Circular Transformation

3.1 Eco-Design at Product Scale

Products are the interface between production and consumption. Industry provides
services and creates value through the production of products. Meanwhile, by
adopting diversifiedmeasures to improve the circulation at the product level, industry
can also achieve the purpose of circular economy. For example, industry can design
and manufacture products that can be recycled more than once, products with longer
life, products easier for recycling, or biodegradable, etc. In fact, both industry and
academy have coined a term eco-design or design for environment to describe such
an approach to designing products with special consideration for the environmental
impacts of the product during its whole life cycle.

From a circular economy perspective, eco-design can save and recycle at
maximum natural resources in a product’s entire life cycle by considering multiple
criteria in successive stages: rawmaterial extraction,manufacturing, product use, and
end-of-life management (recovery and recycling). Main criteria considered include
raw materials consumption, energy consumption, water consumption, pollutant
discharge, CO2 emissions, biodiversity loss, etc.

The principles of eco-design were formally published in 2002 and they can be
found in ISO/TR14062. Some goals and principles are specifically about

Using fewer materials, energy, and water for manufacturing products
Using materials and resources with a minimum environmental impact from a life
cycle perspective
Producing waste and pollution as less as possible
Reducing the ecological impacts of distribution and packaging
Making remanufacturing, reusing, and recycling easier by intelligent design.

F-BOX of the SF Group [12]
Founded in 1993, SF Group currently is one of the leading integrated express

logistics service providers in China, with annual operating income reaching 90.9
billion yuan (1.28 billion USD) and a delivery volume of 3.869 billion yuan (0.55
billion USD) in 2018. In terms of whole packing’s waste reduction, SF’s Sustain-
able Packaging Solutions Center designed F-BOX, a reusable packing box. F-BOX
replaces the use of plastic tape with anti-theft zipper; the design of inner hooks and
loop fasteners helps the fixation of express goods and replaces the use of plastic
fillers. According to SF, each F-BOX can be recycled for 50 times. Each use of 100
F-BOX can reduce the use of 5,000 corrugated boxes, 154 rolls of plastic tapes,
and 300 rolls of plastic inflated fillers. By October 2019, SF had invested 600,000
F-BOX, the total number of uses raised up to millions, with an average of 12 cycles
each, while the estimated maximum number of recycles reaching 42. The F-BOX
has covered all first-tier cities in China and some second-tier cities, reducing carbon
emissions by about 1,600 tons.
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3.2 Cleaner Production at Enterprise Scale

Enterprises are the main body of production. Thus, there exist a lot of opportunities
for circular economy at the enterprise level. According to UNEP, cleaner production
refers to continuous application of an integrated environmental strategy to processes,
products, and services to increase efficiency and reduce risks to humans and the
environment [13]. Since the implementation of 3P program (pollution prevention
pays) by 3 M in 1974, cleaner production has been highly valued and systematically
promoted at the global level. Cleaner production measures include

Waste-free or low waste processes and technologies
Substitution of raw materials and auxiliary materials (especially renewable
materials and energy)
Reuse or recycle of waste (internal or external)
Improved control and automatization
Inventory and scheduling optimization.

Case Study 3M’s 3P program (Pollution Prevention Pay) timeline [14].
The 3P program (Pollution Prevention Pay) introduced by US Company 3 M is

regarded as the first landmark of cleaner production. The 3P program introduced
a new approach to pollution prevention by focusing on preventing pollution at the
source—in products and manufacturing processes—rather than removing it after it
has been created. Since the program’s inception in 1975, 3 M employees world-
wide have completed more than 8,000 3P projects in the following 35 years, which
prevented more than 3 billion pounds of pollution and translated into nearly $1.4
billion in savings to 3 M.

1975: 3 M Pollution Prevention Pays (3P) Program is formed. First-year results:
19 projects prevented 73,000 tons of air emissions, 2,800 tons of sludge.

1977: 3 M and U.S. Environmental Protection Agency sponsor four conferences
on pollution prevention.

1981: Environmental Audit Program begins.
1987: 3 M Corporate Safety, Health and Environmental Committee is formed.

3 M Air Emission Reduction Program is launched.
1988: 3 M Ozone-Depleting Chemical phase-out policy is adopted.
1990: Recycled paper Post-it® Notes are introduced. 3M16-point Safety Program

is approved.
1993: 3 M goal of 70% reduction in worldwide air emissions is achieved.
1994: U.S. Environmental Protection Agency presents Achievement Award for

3 M’s successful participation in the 33/50 Voluntary Air Emission Reduction
Program.

1996: President Clinton’s Council on Sustainable Development selects 3 M’s 3P
Program for the President’s Sustainable Development Award.

1997: 3M formalizes Life CycleManagement System to ensure the consideration
of environmental, health, and safety issues in new product development.
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2005: 3 M is awarded the 2005 Most Valuable Pollution Prevention (MVP2)
Award from the National Pollution Prevention Roundtable.

2018: Listed on the Dow Jones Sustainability Index, recognizing Sustainability
leadership, for the 19th consecutive year.

2019: 3 M embeds Sustainability Value Commitment in the new product launch
process.

3.3 Circular Transformation at Industrial Parks’ Scale

Due to the existing scale effect and scope effect, industries tend to develop in clus-
ters, which form industrial parks in some specific areas. Meanwhile, in order to
catch up with the development of industry, some countries, especially developing
countries often introduce supporting policies on enterprises recruiting and infras-
tructure construction, which also stimulates the formation of industrial parks. From
the perspective of industrial ecology, industrial parks create opportunities of forma-
tion of inter-firm industrial symbiosis which is described as engaging traditionally
separate industries in a collective approach to competitive advantage involving phys-
ical exchange of materials, energy, water, and by-products. If a park realizes enough
waste exchange and infrastructure sharing and obtain additional environmental and
economic win–win effects, we can call this park an eco-industrial park. The world-
wide classic example is the Kalundborg industrial system in Denmark. After the
reporting of this case in 1989, some countries including theUnited States, theNether-
lands, the United Kingdom, Japan, South Korea, and China began to plan or renovate
industrial parks following the Kalundborg model. Up to now, there are more than
300 Eco-industry Park (EIP) cases reported.

Case Study Tianjin Economic and Technological Development Area (TEDA)
EIP case.

TEDAwas one of the first batches of industrial parks established in 1984 in China.
In 2004, TEDAbegan to formulate and implement the EIP plan and then got approved
the national pilot in 2008. Shi et al. had identified 81 inter-firm symbiotic relation-
ships formed in TEDA involving utility, automobile, electronics, biotechnology, food
and beverage, and resource recovery clusters [15]. Since 2010, TEDA implemented
one EU Switch-Asia Project: Implementing Industrial Symbiosis and Environmental
Management System in the Tianjin Binhai New Area. The objective of the project
is to establish an industrial symbiosis network with 800-member SMEs. During a
4-year period (2010–2013), TEDA has organized 464 onsite visits, 22 quick-win
workshops, and 14 sectoral seminars. Facilitated by the project, more synergies have
been uncovered and realized (Table 1).
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Table 1 Industrial synergies in TEDA (2010–2013) [16]

Sector 2010 2011 2012 2013

No. of membership 174 536 635 931

No. of synergies 10 27 43 87

CO2 abatement (tons) 205 11,000 42,000 89,355

Landfill diversion (tons) 50 3000 257,000 321,076

Raw materials reduction (tons) 50 3000 872,000 936,388

Revenue increase (10,000 RMB) 7.23 552 8963 11,040

3.4 Sustainable Industrial Transition at Regional Scale

Today’s industrial production has entered a new era of globalization. Products,
together with their production factors including raw materials, labor, and capital,
have been globalized and connected by trade networks in every corner of the world,
forming the so-called global production network. This provides many opportuni-
ties for circular transformation at regional scale embodied in a global production
network, such as

The change of business models. By changing product economy into services
economy or function economy, the recycling rate of parts can be improved which
means the decrease of wasted whole machines;
The emerge of sharing economy. With the help of the Internet and big data tech-
nology, more and more sharing economy opportunities have emerged in such
industries as residence, travel, and tourism.
Green supply chain. Green supply chain management has been widely imple-
mented in the automotive, electronics, and equipment industries. Within their
supply chain system, the leading enterprises can exert environmental governance
influence on their suppliers and customers.
Green trading. Green trade can prevent and stop the damage to ecological envi-
ronment and human health caused by trade activities, so as to achieve sustainable
development.
Green logistics. It can restrain the harm caused by logistics to the environment
and human health by taking some measures, including green transport, green
packaging, green circulation processing, etc.

Case Study: A new textiles economy—redesigning fashion’s future [11]
sourced from Ellen MacArthur Foundation.
As one of the typical representatives of the global production network, the current

clothing system is extremely wasteful and polluting due to its nearly linear way.
Based on circular economy principles, the clothing system should be leading a better
economic model in which clothes, fabric, and fibers are kept at their highest value
during use, and re-enter the economy after use, never-ending up as waste. The new
textiles economy relies on four ambitions (see Fig. 4).
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Fig. 4 Ambitions for a new textiles economy ©EMF

Fig. 5 The spectrum of industrial metabolism and related methods

Phase-out substances of concern and microfiber release;
Transform the way clothes are designed, sold, and used to break free from their
increasingly disposable nature;
Radically improve recycling by transforming clothing design, collection, and
reprocessing;
Make effective use of resources and move to renewable inputs.
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4 Industrial Metabolism Methods for Circular Economy

To support the circular transformation of industrial systems, we need not only to
analyze the interaction between industrial systems and other systems but also to be
able to construct eco-industrial systems which never exist before. Both of them need
the support of systems methods and tools. Fortunately, the discipline of industrial
ecology has developed a number of methodological tools, particularly on industrial
metabolism. Alongwithmethods and tools provided by other disciplines, the toolkits
shown in Table 2 can help us to make industrial circular transformation happen.

Here, we focus on industrial metabolism which was proposed by Robert Ayres
in analogy to the biological metabolism. Industrial metabolism, in the ontological
sense, refers to “the whole integrated collection of physical processes that convert
rawmaterials and energy, plus labor, into finished products andwastes…” [17]. From
methodological perspective, industrialmetabolism is a systems approach spectrum to
quantitatively evaluate the stock and flow of substances in a socio-economic system
with spatiotemporal boundaries according to the law of conservation of substances,
so as to track the sources, paths, and sinks of substances flowing in the system [18].

The spectrum of industrial metabolism comprises substance flows analysis (SFA),
material flows analysis (MFA), life cycle assessment (LCA), environmental input–
output analysis (EIOA), etc., with the relationship shown in Fig. 4 [19]. SFAmonitors
flow of specific substances (e.g., Cd, Pb, Zn, Hg, N, P, CO2, CFC) that are known for
raising particular concerns as regards the environmental and health risks associated
with their production and consumption. MFA is based on economy-wide material

Table 2 Methods and tools for industrial circular transformation

Activity Targets group Methods and tools

Systems analysis Systematists, product analysts,
environmental consultants,
third-party assessors

Life cycle assessment, material
flows analysis, substance flows
analysis, environmental
input–output analysis, scenario
analysis, etc.

Design and plan Systematists, Industrial
designers, product designers,
park planners, urban planners

Eco-design, design for X
(environment, recycling,
remanufacturing, disassembly,
etc.), eco-industrial park plan,
circular economy plan, etc.

Operation and management Operators, managers, supply
chain managers, third-party
management

Cleaner production audit, green
supply chain, responsible care,
material stewardship, inventory
management, etc.

Decision making Government officials, financial
investors, businesses, other
policymakers

Agent-based modeling,
scenario planning,
decision-making supporting
system, artificial intelligence,
etc.
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flow accounts that record all materials entering or leaving the boundary of the socioe-
conomic system. LCA focuses on materials connected to the production and use of
specific products (e.g., batteries, cars, computers, textiles), and analyse the material
requirements and potential environmental pressures along the full life cycle of the
products. EIOA is based on physical input–output tables that record material flows at
various levels of detail to, from, and through the economy, and by economic activity
and final demand category.

5 Extended producer’s Responsibility

Industrial circular transformation is a typical complex system engineering task. Thus,
it needs systems innovation to promote and implement industrial circular economyby
integrating and coordinating technology, market, and policy. Characterizing indus-
trial ecology as the science of sustainability, Allenby provided a policy framework to
the transition in policy, regulation, andmanagement that would be required to replace
a brushfires approach to environmental protection with systematic management of
the interaction between natural and industrial systems [20].

One important innovation is extended producer’s responsibility (EPR) which
refers to a policy approach under which producers are given a significant respon-
sibility—financial and/or physical—for the entire life cycle of the product and
especially for the take-back, recycling, and final disposal phases [9].

The concept was first formally introduced in Sweden by Thomas Lindhqvist in
a 1990 report to the Swedish Ministry of the Environment. After several rounds of
academic discussion and practical experience summary, it is recognized that EPR
policy has the following features:

It is a product policy, not a waste policy.
Its priority is pollution prevention at the source, not end-of-life pollution treatment
and control.
Its goal is to reduce the whole impact of the product itself and the corresponding
production system during the life cycle of the product, rather than focusing on
some specific pollution sources.
It promotes the polluter pays principle and seeks to endogenize the waste
management costs into products.

A good example of EPR policy is the European packaging waste recovery and
recycling schemes. EPR for packaging has delivered new innovations in packaging
wastemanagement and packaging design that have reduced the environmental impact
of packaging and packaged goods. A EUROPEN analysis of EU data covering 1998–
2011 shows that packaging production and packaging waste disposal have clearly
been decoupled from economic growth in the EU-15.

In practice, EPR policy can be implemented by designing specific systems
including deposit-refund system (DRS), green dot system, and so on. Taking the
disposable packaging recycling as an example, the deposit system has been adopted



Industrial Circular Manufacturing 91

extensively. Around the globe, more than 40 countries and regions have implemented
theDRS for the disposable packages, showing the average recovery rate reached 85%.

6 Conclusion

Industry is a complexmaterial and energy transformation systemwithmultiple levels,
which means that industrial circular transformation is also a complex system engi-
neering involving multiple dimensions and multiple stakeholders. According to the
hierarchical structure and circles of industry, we can summarize industrial circular
transformation strategies.

At the product level, we can seek for opportunities and measures of recycling
from the whole life cycle, and then take the LCA method to support eco-design
and redesign of product–service systems. At the enterprises level, we can explore
opportunities for recycling through cleaner production audit and other tools, to seek a
win–win solutions through technological route change, rawmaterial substitution, and
process optimization. At the industrial park level, we promote circular transformation
throughwaste exchange, infrastructure sharing, andmaterial cascading utilization.At
a larger regional scale, we can take measures like industrial restructuring, optimizing
resource allocation, green supply chainmanagement, and businessmodel innovation.

In order to promote circular transformation at multiple levels, it is necessary to
adopt, develop, and innovate policies or mechanisms to integrate technology, market,
and policy measures such as the extended producer’s responsibility (EPR).

Questions

1. What are the implementation paths of industrial circular transformation?
2. What are the differences and connections between life cycle assessment and

substance flow analysis?
3. How do we design an eco-industrial park?
4. To eliminate plastics wastes, how should we design and implement the extended

producer responsibility system?

Answers

1. Circular economy implementation paths can be observed at every scale of indus-
trial systems, such as eco-design at product scale, cleaner production at firm
scale, recycling transformation at industrial parks scale, urban mining at city
scale, and green trade at regional and global scales.

2. The similarity between LCA and SFA is that they both take the life cycle
perspective and include material preparation, production, consumption, and
waste management four stages. The main difference is that SFA focuses on
specific elements or substances, whereas LCA covers all material/energy inputs
and outputs.
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3. The design of eco-industrial parks is one of complex systems engineering
projects. It needs to take into account the needs of enterprises, governments, and
other stakeholders, and optimize and improve industrial development, infras-
tructure construction, and service operation from the perspective of circular
economy.

4. The EPR system design can be considered from the whole life cycle of plastic
products, such as the restrictive production in the production stage, the deposit
system in the consumption stage, and the tax policy in the waste management
stage.
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Industrial Symbiosis for Circular
Economy: A Possible Scenario in Norway
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Abstract Interaction between industry and environment is crucial for industrial
business performance as environmental impacts are constantly increasing pressure
on industrial businesses. The creation of eco-industrial parks aims at transforming
industrial systems into industrial ecosystems by including somemeasures like infras-
tructure and material/energy flows sharing. The introduction of industrial symbiosis
scenario in which one firm’s waste becomes another firm’s feedstock represents a
further development of eco-industrial parks design. This principle may be extended
to cities and, doing so, an integration of socio-economic and ecological systems will
be promoted. At the industrial park level, the practice of the circular transformation
through waste exchange enhances circular economy. The application of the same
principles to cities promotes the circular urban metabolism, where the conversion of
natural resources into society occurs with zero-waste production.

Keywords Industrial symbiosis · Industrial ecology · Cleaner production ·
Eco-design · Eco-industrial parks · Urban metabolism

Learning Objectives

• Business, as usual, is not an option as we are facing an era of environmental and
social changes. New economic and industrial scenarios are required dealing with
the complexity of socio-ecological systems.

• Is circular economy possible? The creation of industrial symbiosis in industrial
parks, in which the by-products produced by the park are consumed by companies
in the park, maybe a way to follow.

• The principles of circular economy should be applied to cities, promoting a shift
from linear to circular urban metabolism.
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1 Introduction

Industrial symbiosis (IS) is an innovative and unique way of creating networks based
on the ability of the partners of working together and exchanging materials, water,
and energy streams with the purpose of increasing the resilience and the economic
activities while reducing the environmental impact and production costs. The IS
concept is in line with the recent Circular Economy (CE) principles referring to
the challenges of resource scarcity, negative environmental impact, and economic
development to promote a transition from a “Cradle toGrave” approachwhichmeans
from materials extraction, manufacturing, use, and waste production to a “Cradle
to Cradle” approach in a “closed loop,” where the waste produced becomes itself
nutrient for the next cycle. The CE concept is of great interest because it is a way
for businesses to implement the much-discussed concept of sustainable development
[13, 24, 25].

Since the beginning of the industrial revolution, mass production of goods was
enabled by new manufacturing methods resulting in products with high availability
and low costs. As a consequence, new consumer societies have risen, with increasing
emission of pollutants to the environment, solid waste generation, and landfilling.

In addition, the growingworld populationdemands a rising consumptionof natural
resources. Since planet earth’s resources are limited, the requirements of exponential
economic and population growth cannot be met. In this scenario, it is not only the
challenge of environmental pollution that is becoming acute but the challenge of
global resource scarcity as well.

In linewith eco-industrial development, CE is understood as “realization of closed
loop material flow in the whole economic system”. In association with the so-called
3R principles (reduction, reuse, and recycling) the core of CE is the circular (closed)
flow of materials and the use of raw materials and energy through multiple phases.

Definition

Industrial Symbiosis is an extension of the concept of eco-industrial park in which
businesses and infrastructures cooperate with each other through exchanging wastes
and sharing physical or non-physical resources, such as materials, water, energy, and
information. The mechanism of industrial symbiosis (IS) is that one firm’s waste
becomes another firm’s feedstock.

Circular economy is an economic system aimed at eliminating waste and
the continual use of resources. Circular systems employ reuse, repair, refurbish-
ment, remanufacturing, and recycling to create a closed-loop system, minimizing
the use of resource inputs and the creation of waste. ISO/TC 323 is a new ISO tech-
nical committee that intends to develop requirements, frameworks, guidance, and
supporting tools related to the implementation of circular economy projects.

Cradle to cradle. The term is a play on the popular corporate phrase “cradle to
grave” (from birth to death, or “grave”) implying that after products have reached the
end of their useful life, they become either “biological nutrients” or “technical nutri-
ents.” Biological nutrients are materials that can re-enter the environment. Technical
nutrients are materials that remain within closed-loop industrial cycles.
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Urban metabolism. Urban metabolism is the study of material and energy flows
arising from urban socio-economic activities and regional and global biogeochem-
ical processes. The characterization of these flows and the relationships between
anthropogenic urban activities and natural processes and cycles defines the behavior
of urban production and consumption.

2 Some Examples of IS

The earliest example of industrial ecology was the symbiosis of industries at Kalund-
borg, Denmark [8]. Since then, the industrial symbiosis had successfully transformed
existing industrial parks [29, 30] such as the National Industrial Symbiosis Program
(NISP) in the UK, the regional synergies in the Australian mineral industries, and
the Circular Economy program in Chinese industrial parks [17, 4, 11]. Other notable
examples included the symbiotic alliance of Kymi pulp and paper mill and its allied
industries in Kouvola, Finland [20], the waste management companies of Chamusca,
Portugal [9], and the Tianjin Economic-Technological Development Area (TEDA)
in China [26]. Boons et al. [5] formulated a conceptual framework demonstrating
the dynamics of industrial symbiosis. The assessments mostly were qualitative and
descriptive in nature. How did one quantify the benefits and impacts of industrial
symbiosis and compare pros and cons across the industrial parks that took different
forms and shapes? Several approaches had been employed to quantify the advantages
of industrial symbiosis [31], [21], [10, 28]. Mattila et al. [23] compared process,
hybrid, and input-output life cycle assessment (LCA) approaches in quantifying the
environmental impacts of a forest industrial symbiosis in Kymenlaakso, Finland.
The methods, however, did not cover entirely the impacts of industrial symbiosis
in industrial parks as resource inputs from both natural and anthropogenic activities
needed to be included.

Example

An early case study was a Swiss regional IS assessment (water, energy, metals, e.g.,
iron, copper, aluminum, wood, plastics, food, and building material are accounted)
described by Massard and Erkman, in 2007. By-products exchanges create the IS.
Together with utility sharing opportunities for supply and treatment, these elements
grouped together to create resource synergies. By-product exchanges may be prohib-
ited by national or local legislation intended to protect our environment. The legis-
lation revealed that the Swiss laws on waste do not hinder by-product exchanges, in
contrast with the EU policy.

By setting up very restrictive environmental laws, Swiss policy tends to charge
the companies for the real costs of supply, effluent, and waste treatment [22]. There-
fore, the companies themselves are often searching for alternative outlets for their
by-products in order to reduce their costs. Implementing a new industrial park will
change the local by-product exchange pattern and result in structural change, there-
fore, a macro-level decision support approach is necessary. Figure 1 highlights some
key indicative points.
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Fig. 1 An example of IS. The resources synergies include by-product exchanges and utility sharing

2.1 Weak Points of IS

The symbiotic relationship is a type of resource interdependence, which mainly
involves the physical exchange of materials, energy, water, and by-products [7].
The mechanism of IS is that one firm’s waste becomes another firm’s feedstock
therefore firms involved in IS relationships become resource interdependent. This
type of interdependence may also extend from the operational level to the strategic
one when a company uses wastes from the other company to generate new products
for the market [1].

As firms become more and more embedded in the network of IS relationships, the
degree of interdependence also rises and the need for coordination becomes high.
In this regard, companies face interorganizational challenges and several inter-firm
activities need to be planned to carry out the IS relationship [3, 15]. First, companies
should agree on the quantity of waste that will be exchanged and the delivery time.
Planning the right amount of waste that will be delivered to the right customer at
the right time can be harder compared to similar activities in traditional businesses
since waste is not produced upon demand but emerges as a secondary output of main
production activities.

Furthermore, some wastes might require a treatment process before being used as
inputs, removing impurities or contaminants from the waste, which can be operated
by a third firm.

Such a practice increases the complexity of the IS relationship, which needs
additional coordination. Accordingly, when inter-firm relationships require greater
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coordination, transaction costs increase [12]. Rather than to exchange waste with
another company, waste producers might use wastes within their boundaries (e.g.,
by using awaste produced by a given production process as input for other production
processes or simply selling wastes on the market, when a waste market exists) [27].
In such a case, there is no interdependence between firms within the system and
the need for coordination is thus low, thus resulting in low transaction costs for
the company. However, in order to use a given waste internally, companies need to
operate production processes able to receive that waste as input.

The governance of the IS system is also characterized by centralization of
control, i.e., the extent to which a central actor manages the entire system of rela-
tionships. A high centralization of control regards IS systems managed by a central
actor who has disproportionate authority over which companies become part of the
system, where and how symbiotic interactions take place.

3 A Possible Scenario in Norway

Scenario

The forest industry is very important in many areas of the country and profitable
forestry industry is of great importance for settlement, employment, and sustainable
business development within a specific region. The main tree species by volume and
economic importance are spruce, pine, and birch, and analyses show that a significant
amount of forest resources can be exploited in a sustainable and climate-friendly
manner. The best practice would be to establish an industrial area in a strategic
geographical location, covering a short distance between forests (the ecosystem) a
city (the people), and the industries (the economy).

The following step would be to implement symbiosis and reduce the energy flows,
by promoting waste/by-product exchanges between all the actors. Some possible
ways are

1. Adopting and improving technologies that save resources and enhance waste
reuse and recycling. Selecting materials that have lower embodied energy and
reducing adverse environmental impactsmaterial consumptions and productions.
Technology innovations would be imperative in achieving goals.

2. Optimizing energy structure and promoting cascade utilization of energy would
further improve energy efficiency and reduce emissions.

3. Restoring local ecosystem for sustainable developments of the industrial park.
The ecosystem in which the industrial park was located being a fundamental
life-support system not only provided essential services and resources but also
was a resource base and a carrier for economic activities.

A schematic and simplified concept of symbiosis for the suggested scenario is
drawn in Fig. 2.

The industrial symbiosis should consist primarily of infrastructure sharing
and waste/by-products exchanges that lead to resource conservations. Industrial
symbiosis reduces waste transportation and disposal.
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Fig. 2 An example of symbiotic network between forest, city, and industry (credit-illustration by
Sawaros Thongkaew of STEAM Platform)

Three possible scenarios are considered, and the effects are summarized inTable 1:

– Scenario 1: the absence of industrial symbiosis.

The scenario assumes a park with more than two companies that manufacture
products generating, e.g. heat, paper/cardboard, plastics, biomasswaste. It is assumed
that all these by-products are discarded outside the park.

– Scenario 2: the presence of partial industrial symbiosis.

The scenario assumes an amount of inbound by-product in the park, and an amount
of outbound by-product discarded outside the park.

– Scenario 3: perfect symbiosis.

The scenario assumes a situation in which all the by-products produced by the
park are consumed by companies in the park (a case of perfect symbiosis).

4 Contribution of the IS in the Sustainability of the Waste
Management

The industrial symbiosis scenario includes the establishment of an anaerobic digester
that will be able to treat the organic waste derived from crop cultivation and other
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Table 1 Possible scenarios for eco-industrial parks. Benefits of IS compared to no IS

By-products/Wastes Without IS With IS

Action Effects Action Effects

Heat Heat released in
the ecosystems.
Wasted
by-product

Pollution. GWP
Waste of
resources

Heat
collected and
provided to
the Skjerven
area

Benefits
– Resources
recovery

– Avoided
pollution

Biomass Food waste and
biomass waste
collected from
the municipality,
the forest and the
agro-industrial
area

Economic costs
Money required
for treatment in
specific service

Biomass
collected and
treated in the
local
anaerobic
digestor
Production of
biogas.

Benefits
– Public transport.
Bus using
methane from the
municipal biogas
plant

– Biomass
recovery. Wastes
transformed into
methane for
public bus

Plastics Waste collected
from municipal
wastes and from
the industrial
area. Packaging
wasted

Economic costs
Money required
for treatment in
specific service

Plastic wastes
treated in the
recycling
plant
located in the
Skjerven
industrial
park

Benefits:
– Money saving
– New packaging
produced by
recycled plastic
packaging

Infrastructure
sharing

Use of private
services and
facilities

Economic costs
Environmental
burden.

Use of shared
facilities and
services

Economic saving
from
– Shared solid and
liquid waste
management

– Shared training
in new
regulations and
technologies

– Shared
emergency
management
services

– Transportation
services

– Others

biomass from animal breeding as well as from food waste collection from the nearby
municipality (and other possible neighbour municipalities) and from the industrial
park area. Figure 3 reports a schematic diagram of a possible biogas plant for the
selected area.

This process will contribute to bridge the gap between cities and industries by
making a significant contribution to sustainable cities.
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Fig. 3 Diagram of the biogas plant to establish in Industrial Park in symbiosis with themunicipality
(credit-illustration by Sawaros Thongkaew of STEAM Platform)

5 Future Trends

The study of the resource consumption and environmental pressure of urban areas in a
systemicway fallswithin the scope ofUrbanMetabolism (UM). This field of research
has become increasingly important in the last two decades, developing applications
for Sustainability Indicators, Greenhouse Gas Accounting, Policy Analysis, Design
and Material Flow Accounting. Kennedy et al. [18] and Zhang [32] provide reviews
of the history, methodology, and applications of Urban Metabolism.

Urban metabolism is a multidisciplinary research domain focused on providing
important insights into the behavior of cities for the purpose of advancing effective
proposals for a more humane and ecologically responsible future. Material recycling
should be a focus of urban policymaking and development due to its high potential to
significantly reduce cities dependence on external and non-renewable resources. The
principles of the industrial ecology approach are to be applied to the urbanmetabolism
concept, in which it is seen as the conversion of nature into society. Girardet [14]
coined and drew the difference between a ‘circular’ and ‘linear’ metabolism. In a
circular cycle, there is nearly no waste and almost everything is reused.

Cities have a key role in the battle for sustainability. Cities are places of polit-
ical contention [2, 16]. Cities represent the possibility to develop new regulatory
structures and spaces of governance [6]. Furthermore, the social economy within
each locality creates a dense fabric of relationships that allow local citizens to work
together in identifying and acting on local problems or in taking local initiatives [19].
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6 Conclusions

The approach of creating industrial symbiosis in industrial parks encounters the
vision of an economy in loops (or circular economy) with a focus on job creation,
economic competitiveness, resource savings, and waste prevention. This intends to
promote a transition from a “Cradle to Grave” approach which means frommaterials
extraction, manufacture use and waste production to a “Cradle to Cradle” approach
in a “closed loop,” where the wastes produced become itself nutrient for the next
cycle. The closed-loop model can be extended to cities and to the urban metabolism
with the intention of reaching the sustainable development goals (SDGs 2030) by
interconnecting social-ecological and economic complex systems.

Questions

1. How the creation of industrial symbiosis brings benefits to industrial parks?
2. Is industrial symbiosis easy to plan and carry out?

Answers

1. It depends on the specific cases, but in general industrial symbiosis allows
resources conservation due to waste recycling and reuse, avoided pollution and
economic savings from.

2. Industrial symbiosis is a relationship that requires a certain degree of interdepen-
dence among the companies. In this regard, companies face interorganizational
challenges and several inter-firm activities need to be well planned to carry out
the IS relationship.

Suggested Reading

1. McDonough, W., & Braungart, M. (2002). Cradle to cradle: Remaking the way
we make things. North Point Press.
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Abstract The area of circular economy in terms of organic waste in agriculture and
food sector has always been challengingwithout an effective and efficientmechanism
of collection and processing into value-added products. There is no circularity in
food and agriculture unless the waste management process (for both production
and consumption) is able to produce value-added and financially viable products,
services and cash. Natural resources are used to grow agriculture products which
are processed into food, bio-based materials and energy for consumption. In this
process of production and consumption, waste is generated from post-harvesting,
post-processing, pre-consumption and post-consumption. In the context of food,
there is pre- and post-consumption food waste. Pre-consumption food waste can be
edible foodwhich can be recollected and resold or distributed to the needed consumer.
The post-consumption food, the leftovers, can be processed together with the green
waste into compost and soil enhancer which is then used by the agriculture sector to
produce more food, and in so doing, the economic cycle is complete from food back
to food.
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Learning Objectives
Understand the agriculture and food circular economy

Learn about the key concepts of agriculture circularity and edible waste food
circularity

• Circular economy is a transformation of forms from one to another which creates
value without wastes.

• Food waste can be transformed into nutrient-rich compost for organic farming.
• Social business models on youth social enterprises and government food bank.

1 Introduction

In the area of circular economy for agriculture and food, organic waste has always
been hard to manage without an effective and efficient mechanism for collection,
processing into products with value and there is no circularity unless something
comes back. Organic waste can be transformed into useful raw resource to grow a
new product and thereafter transformed again the waste from the new product into
raw resource for another new product.

There is no circular economy unless there is a value-add during the recycle process
to make it financially viable to turn it into products, services and cash.

Natural resources (such as forests, land, water and sunlight) contribute to the
growing of food through agricultural practices and from these food and other organic
products (e.g. wood, paper) are manufactured for consumption or use. Manufactured
products are then sold to consumers at the consumption site. The consumption of
such products results in post-consumer discards such as food waste which includes
kitchen food preparation and trimmings, processed or manufactured food stuff (e.g.
canned food, cooked food, bakery products, etc.) or green waste (e.g. garden and
yard trimmings, roadside trimmings). Most of these are sent to disposal sites such as
landfills or incinerators or incinerated.

Figure 1 shows the circular economy for agriculture and food. This chapter focuses
on the post-harvest activities mainly at the consumption site (pre-consumption and
post-consumption) and part of it will cover green waste which is also a contributor
of organic waste in all municipalities in Malaysia.

However, some of these post-harvest, pre- and post-consumption food discards
are edible or reusable and thus possess an added value during the recycling process
whereby they are no longer considered waste.

Edible food (fresh produce or cooked food) can be recollected and resold or
distributed to the needy or consumers. Even the leftover food waste can be processed
with green waste to be transformed into compost and soil enhancers for the agri-
culture sector to produce more food and in so doing complete the circular economy
from ‘food back to food’. The recycling of these post-consumption organics will be
diverted from landfills and further mitigate greenhouse gases such as methane and
carbon dioxide which are generated in the process of landfilling. Eventually, the life
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Fig. 1 Circular economy for food and agriculture—Graphics byMs. Sawaras Thongkaew (STEAM
Platform)

span of landfills will be prolonged saving much needed space for other forms of land
use.

Malaysians generated an average of 1.17 kg each day per person in 2018. Food
waste constituted 44.5% of thewaste collected according to the SolidWasteManage-
ment and Public Cleansing Corporation (SWCorp) and this can be separated and
composted and these reuse, recycling and composting practices could reduce waste
generation by 60–70% if there was mass adoption [4].

Waste generated in Penang state-wide is estimated to be about 1,800 metric
tonnes/day. From this, about 600–800 tonnes/day are generated from Penang Island
and about 400–600 metric tonnes/day from Seberang Perai. The per capita genera-
tion is about 1.1 kg. From data available for Penang, organic waste constitutes about
40–60% of total waste and a large proportion of this is from food and garden waste
[9].

The Penang State Government has been carrying out several organic waste
minimisation and diversion from the landfill since 2011. These fall into three main
categories, i.e. food and kitchen waste, green waste (garden and yard trimmings)
and animal waste (manure). Some of the approaches for the different stakeholders
in Penang are shown in Table 1 [9].

The Penang Organic Waste Policy (2016) seeks to encourage the separation and
treatment of organic waste at source in order to divert the waste away from the landfill
so as to prolong its lifespan and reduce municipal costs. This is part of Penang’s local
action towards a global commitment to mitigate the effects of global warming and
climate change [9].

The Penang State Government has formulated several long-term objectives and
strategies as shown below.
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Table 1 Strategies for reducing organic waste

No Stakeholders Approach Remarks

1 Hotels, hospitals,
restaurants and coffee
shops, food courts and
hawker centres

• Waste separation at source
• Onsite composting
• Collect food waste and
used cooking oil

Can use composting
machines

2 Community/residential area
committees/village
committees/highrise
dwellings/schools

• Waste separation at source
• Two-stream system
• Community composting
• Individual household
composting

Collection on alternate days

3 Households (individual
landed properties)

• Individual household
composting

4 Municipal level Large-scale composting Have smaller district-level
composting plants if possible

Source Integrated Solid Waste Management (ISWM) for Penang—implementation strategies [8]

Box 1: Penang Organic Waste Reduction Objectives and Strategies
OBJECTIVE 1:

To divert the amount of organic waste (putrescibles) from the Pulau Burung
Sanitary Landfill and moving towards a total ban in the long term.

Strategy 1.1: Impose separation of organic waste at source.
Strategy 1.2: Develop relevant policies for different waste generators.
Strategy 1.3: Increase community awareness and understanding of sepa-
rating organic waste at source.

OBJECTIVE 2:

To reduce the costs of collection, transfer and treatment of organic waste for
the local authorities by treating organic waste at source.

Strategy 2.1: Encourage treatment of organic waste into useful by-products
at source where possible.

OBJECTIVE 3:

To incentivise organic waste treatment by private and community efforts
through cost savings by local authorities.

Strategy 3.1: Develop incentive systems to reward efforts such as Neigh-
bourhood Watch (Rukun Tetangga) that treat and process organic waste at
source.
Strategy 3.2: Set the stage for future voluntary carbon offset schemes.



Agriculture and Food Circularity in Malaysia 111

OBJECTIVE 4:

To emulate nature and return all organic outputs to food production, parks and
gardens and energy production, thereby completing the nutrient cycle to ensure
a sustainable food supply and security.

Strategy 4.1: Develop and promote new linkages to return organic outputs to
the food production process in agricultural, horticultural and agro-forestry
sectors.
Strategy4.2:Encourage a foodwaste to foodpolicy tomaintain food security
through urban and peri-urban agriculture.

The success of these objectives and policies needs the cooperation and involve-
ment of the residential, commercial, industrial and institutional sectors in collabora-
tion with the state government.

Four case studies that are worthy of mention are shown in the list below:
Case Study 1: Food to Food Programme by VRM Biologik® (Waste food

slurry to soil enhancer and increased nutrient uptake for plants like probiotics)
and Groundswell® Continuous Fermentation Process (Organic/green waste to
via methane-free continuous static fermentation pile to high-content humic organic
media for soil improvement);

Case Study 2: From Food Waste to Farm Produce: Circular Economy by
Auto-City, Penang (Food waste from commercial F&B outlets is transformed using
in-vessel composting into compost for use in farming of organic produce);

Case Study 3: Green Hero—Social Enterprise Combatting Food Wastage
(Collection and discount selling of edible food from food outlets via apps by a Youth
Enterprise);

Case Study 4: Mutiara Food Bank—Saving Food, Feeding Lives (Diverting
edible food to the needy by the Penang State Government).

These four case studies will be individually elaborated in the sections below.

2 Case Studies

2.1 Case Study 1: Food to Food Programme
and Groundswell® Continuous Fermentation Process
by VRM Biologik® (vrm.com.au)

VRM Biologik® is an Australian company with a local Malaysian branch which
collaborated with the Penang Island City Council in 2011 to divert green waste, food
and market waste in Penang, Malaysia given the strong local interest organic waste
from the only landfill in Penang to help extend its lifespan.

https://vrm.com.au
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VRM has designed and implemented several programmes that provide a triple
bottom line impact and in doing so add significant value to organic residues.

Described below are two examples of their processes which resulted in two prod-
ucts called XLR8® which is a soil enhancer using their Bio-Regen® conversion
machine and the production of HumiSoil® using their Groundswell® process that
has engendered a circular economy.

The ‘Food to Food’ Programme developed by VRM Biologik® immediately
diverts food waste/organic waste away from the landfill at the source of generation.
VRM Biologik® is a leading provider of high-quality formulations that catalyse
natural biological reactions. These formulations are used in organic recycling,
advanced soil andwater remediation, agricultural support programmes and industrial
and domestic cleaning.

VRM Biologik® has also developed a food waste processing machine which is
used to collect organic/foodwaste fromwetmarkets, food courts and canteens. These
units are installed at the source of organic residues. Bio-Regen® conversion units are
installed on site and supplied with catalyst additive which is added to a resultant
slurry after grinding and mixing of the organic material. The slurry is fermented in
a patented perpetual fermentation process and converted to a soil enhancer which
carries significantly more nutrient and other values than were present in the organic
residue itself. The material is no longer a waste product when it leaves the site.
Ferment is collected byVRMBiologik® staff or licensees to be further processed and
bottled as a marketable product. This resulting product is a soil conditioner that stim-
ulates natural reactions which improve soil structure, unlock nutrients, manufacture
water and mobilise phosphorus.

VRM Biologik® has pioneered the manufacture and deployment of formulations
which stimulate bacterial photosynthesis as a way to energise depleted soils. An
important consequence of bacterial photosynthesis is hydrosynthesis or the manu-
facture of water! This means that by-products of the conversion of organic residues
are suitable for assisting growth in dry or arid soil conditions.

Use of these products helps build the basic biomass which, with good manage-
ment,will helpmaintainwater availability in soil.VRMBiologik®’sXLR8® products
deliver a range of micro-nutrients and biological substrates which combine to trigger
natural reactions in soil which help to feed plants. These reactions also help stimulate
carbon sequestration and nitrogen fixation (Fig. 2).

VRM’s XLR8 is used together with another product in another process pioneered
by VRM Biologik® called the Groundswell® process and its resultant product
HumiSoil®. Unlike composting, the Groundswell® process is a static continuous
fermentation process that utilises bacterial photosynthesis to generate energy needed
to convert organic material to humus and pre-humic substances rather than diges-
tion to CO2 and water vapour as happens in compost. The Groundswell® process is
designed to retain and enhance all nutrient available in the organic material and as
such does not have a net carbon emission during the process. The resultingHumisoil®

has a nutrient and catalytic value which makes it far more valuable than either the
original organic material or a comparative compost (Photo 1; Fig. 3).
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Fig. 2 Bio-Regen
food-to-food
flowchart—Graphics
Courtesy of Ken Bellamy,
Founder of VRM

Photo 1 VRM XLR8 sold
in 1000 litre
tanks—Graphics Courtesy of
Ken Bellamy, Founder of
VRM

The process is completed over 26 weeks and completes long-term pasteurisation
as well as conversion of organics without the requirement for mechanical turning or
other energy supply. Incoming feedstock is usually shredded, mixed with catalysts
supplied by VRM Biologik® and covered with large tarpaulins for fermentation to
occur. At 6 weeks, the pile is opened and resprayed, repiled, recovered and left for
another 20-week period. Incoming feedstock is not limited to green waste only but
also covers other types of materials such as animal carcasses and dung.

HumiSoil® is an organically based product inwhich the biological reactionswhich
result in the formation of humus have already been started. This pre-fostering of
humus manufacture allows farms to speed up the natural process of humus formation
in the soil. HumiSoil® is a fully matured topsoil enhancer made from totally organic
inputs which contains high levels of humic materials together with a range of other
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Fig. 3 Biomass-incubated bacterial photosynthesis process—Graphics Courtesy of Ken Bellamy,
Founder of VRM

biological substrates. It has the characteristics of a humus-rich topsoil. It contains high
levels of active humicmaterials, fosters carbon fixation and natural humus formation,
supports nitrogen fixation from air and allows reduced reliance on nutrient applica-
tion. The mobilisation of phosphorus and a higher sustained available phosphorus
are key tangible values offered by the use of Humisoil® on farms. The promotion
of beneficial fungi responsible for soil formation and nutrient transfer gives added
value. Importantly, when used with its companion product XLR8 Bio®, hydrosyn-
thesis is stimulated in soil. This manufacture of water via bacterial photosynthesis is
a significant value-add over the properties of the original material.

Reactions responsible for the fixation and mobilisation of additional carbon,
nitrogen, phosphorus and numerous trace elements from their environment through
bacterial photosynthesis thrive in the Groundswell® Process (Fig. 4).

Studies in China have shown that natural reactions stimulated in soil following the
regular application of HumiSoil® and its companion product XLR8 Bio® resulted in
the

• Manufacture of water in the soil;
• Fixation of nitrogen from the air;
• Mobilisation of phosphorus reserves in soil;
• Capture of CO2 from the air and use of it to make sugars and
• Manufacture of energy storage compounds like ATP.

All of these functions help build a healthy soil and can assist plant growth. Healthy
soil reactions have been linked with reduced incidence of disease outbreak as well
as with much more efficient nutrient transfer to plants (Fig. 5).



Agriculture and Food Circularity in Malaysia 115

Fig. 4 Groundswell static fermentation process—Graphics courtesy of Ken Bellamy, Founder of
VRM

Fig. 5 Improved soil phosphorus availability—Graphics courtesy of Ken Bellamy, Founder of
VRM
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Photo 2 Humisoil—Courtesy of Ken Bellamy, Founder of VRM

HumiSoil® also makes phosphorus up to 100% more available to plants and in
doing so reduces the need of chemical fertilisers which are in the long run detrimental
to soil health (Photo 2).

The use of VRM Biologik® catalysts made in place with local organic residues
can enhance the impact of chemical fertilisers and when used alone can provide
at least equivalent impact on phosphate availability as through the use of chemical
fertilisers. This reduces the amount and costs of chemical fertilisers required.

The two (2) VRM processes and the resultant products (XLR8® and Humisoil®)
close the circularity loop. This is a type of circular economy that utilises food waste
and then recirculates it back into the soil with a much greater tangible value to further
produce food. The Groundswell® process not only enriches soil but also increases
the soil phosphate content in turn reducing the need to apply chemical fertilisers.

TheVRMBiologik® processes have been applied tomany crop types and planting
circumstances including fruit, vegetables, root crops, rice and other grains, pasture
enrichment and plantation crops such as banana, successfully.

From its inception in August 2011 in the State of Penang, Malaysia to the end
of 2016, a total amount of 398,797 metric tonnes of food and organic waste have
been diverted from the landfill using this process. This translated to RM 93,222
(approximately USD23,305) savings in tipping fees alone and an estimated 358,908
tonnes of CO2-eq (conversion factor = 0.9 per tonne of food waste) prevented from
being released into the atmosphere from the landfill. Bio-Regen® units are also used
in Australia, China, USA, Great Britain, Papua New Guinea and Singapore.

2.2 Case Study 2: From Food Waste to Farm Produce:
Circular Economy by Auto-City, Penang (https://www.aut
ocity.com.my/)

Since 2014 the Management of Auto-City (Management) embraces the circular
economy whereby the Raw Food Waste (RFW) generated in Auto-City is no longer
regarded as waste but as raw material of value that is transformed into Matured Food

https://www.autocity.com.my/
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Fig. 6 Auto-City’s circular economy

Waste (MFW) compost which is used in farming of organic vegetables for human
consumption. This circular economy is shown in Fig. 6.

2.2.1 From Waste to Compost

The management uses a Natural Fermentation Method (NFM) of food waste
composting and a semi-automated system to transform the RFW comprising of meat,
bones, shells, skins, vegetables, fruit peels, oils, sauces and other organic matters into
MFW compost within days. The process flow from RFW toMFW compost is shown
in Fig. 7. The semi-automated system comprises several equipment: (a) a mixer
to evenly mix the RFW with coco peat and in-house cultured ‘Oommi’ beneficial
microbes, (b) a shredder to break down the RFW into smaller pieces so as to accel-
erate the composting process and (c) a rotary compost drum to continuously turn
and evenly transform the shredded RFW into MFW compost. From 2015 to 2018,
a total of about 105 tonnes of MFW compost is produced. The NFM is properly
documented and published in a technical paper entitled ‘Food Waste Composting:
Natural Fermentation Method’ in the International Journal of Recent Technology
and Engineering [6].
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Food Waste Compos ng 
Centre

            RFW Mixer to mix RFW with
Cocopeat and ‘Oommi’ 

Feeding shredded RFW into 
Rotary Composter Drum

MFW Compost from Rotary 
Composter Drum

Shredder located below 
Mixer 

Fig. 7 Process flow from RFW to MFW compost

2.2.2 Compost for Farming

The management uses the MFW compost for its organic soil-based farming to grow
six types of lettuces. It develops its in-house Hydrosoil (HS) beds and Standard
Operating Procedures (SOP) to grow vegetables: germinate seeds into seedlings,
transplant the seedlings onto the HS beds, grow the seedlings into mature vegetables,
harvest the vegetables, replenish the soil with MFW compost and prepare the HS
beds for replanting. The SOP to grow vegetables using HS beds is shown in Fig. 8.

2.2.3 From Farm to Consumers

The freshly harvested vegetables are sold to selected restaurants and at aGrowMarket
in Auto-City. Photo 3 shows the Grow Market which serves as a platform for local
farmers to sell their fresh organic produce directly to health-conscious consumers.
The local farmers use the organic soil-based farming method and the challenge they
face is that once they grow and harvest their vegetables and fruits, they need to
quickly find consumers to buy their fresh produce. Whereas the challenge faced
by the health-conscious consumers is to ensure the vegetables and fruits they buy
are farmed without chemical fertiliser and pesticide. Thus, the Grow Market is an
opportunity for the consumers to get to know and understand the farmers and this
helps to build good relationship and trust.
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Fig. 8 Growing vegetables in hydrosoil beds

2.3 Case Study 3: Green Hero—Social Enterprise
Combatting Food Wastage (www.greenhero.net)

This social enterprise was started by a group of young people who saw the need
to combat food wastage in the City of George Town, Penang Malaysia and has
expanded to Kuala Lumpur and soon to be in Johor. Green Hero redistributes food
by convincing merchants to go Happy Hour online to students who are on a tight
budget, the lower income group, orphanages, old folks’ homes and even charitable
organisations. Still edible food such as sushi, bread, cakes, pastries, bento boxes and
even groceries (Fig. 9).

It was started by Penang-born Calvin Chan who studied International Business
Management started off selling surplus food at F&B outlets in his college’s cafeteria
at discounted prices to students during breakfast and tea time. The online platform
had humble beginnings as a WhatsApp group of a bunch of students in DISTED
College and later spread to other colleges in Penang.

Chan was inspired by his research and found that France has legislation dealing
with this issue while United Kingdom has a food surplus app, and Hong Kong, a
group of food rescuers who use blaster freezer to freeze the food they save and bring
it back to their central kitchen to redistribute over the days.

http://www.greenhero.net
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Photo 3 AutoCity’s grow market

Together with five other friends, Chan launched social enterprise Food Plus Life
(recently rebranded as Green Hero) in mid-2017 as an online platform where F&B
businesses can channel edible food that remains unsold after operating hours and
which would otherwise go to waste. The young, enterprising team of college-goers
began their business with RM200 capital (Photo 4).

They insert the information about their food items onto the platform and a notifi-
cation will be sent to the youth’s customer base. From this platform, their customers,
in turn, can pick and choose what they want to buy and the selected items will either
be delivered or picked up at an agreed place. The online platform is only open to
customers at 8 pm daily back in 2017 and today due to more merchants they go as
early as 7 pm when most of F&B outlets are about to close in an hour time by going
Happy Hour online on a daily basis.
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Fig. 9 Examples of edible surplus food offered by Green Hero—Courtesy of Green Hero

Their customer base has currently expanded at least six WhatsApp groups in
Penang. Fast forward 2 years, and the social enterprise spread its wings to Kuala
Lumpur in April. With the number of merchants on the platform totalling to over
100. Green Heroes has launched a mobile app for beta tester first. It will then be
available for both Android and IOS by December 2019 (Fig. 10).

The process startswith participatingmerchants updatingGreenHero inWhatsApp
on the surplus they have or even in Google Sheets for the food they have. Once Green
Hero has been updated with the food surplus, Calvin and his admin team will then
start to post it out in the WhatsApp groups and Facebook page to collect order. After
collecting order and confirmation, the order details are then be given to a driver for
pick up. After picking up the food, every driver who start the trip with works with
Green Hero will have to share their live location with Green Hero so that they can
keep track on where the drivers are and keep customer updated on the time and
delivery status (Fig. 11).

The operational flowchart for Green Hero is as follows as shown in Fig. 12. It
involved the F&B outlets as the supply or food source at the consumption site which
is then resold at discounted prices or given free via the use of Internet technology.

Figure 13 shows that since April 2019, Green Hero has diverted around 600meals
from the landfill.
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Photo 4 Photograph of Calvin Chan (seated far right blue jumper) with his team—Courtesy of
Green Hero

Fig. 10 Examples of participating merchants updating their food surplus through WhatsApp—
Courtesy of Green Hero
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Fig. 11 Examples of participating merchants updating their food surplus through Google Sheets—
Courtesy of Green Hero

Fig. 12 GreenHero operation flowchart—Graphics byMs. Sawaras Thongkaew, STEAMPlatform
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Fig. 13 Number of meals diverted from landfill since April 2019—Courtesy of Green Hero

Most of the food items sold on this platform are without branding and even the
pick-up points are not at the outlets themselves. This is because most merchants
would prefer not to reveal the brand. They are worried that the food quality and taste
may deteriorate over time if the food is consumed on or too near to the date of expiry
may drive away customers.

Food outlets are also worried that less customers may want to buy for the full
price during other times.

Green Heroes also allows users to sponsor surplus food for children living in
shelter homes, in addition to arranging surplus food from events to be distributed to
those in need.

The last resort for any unsold food is to send the food to animal shelters that are
willing to accept them.

The innovative social enterprise also benefitted fromHongLeongBank Jumpstart,
the CSR platform of Hong Leong Bank, which played a crucial role in its rebranding,
media and public relation, as well as in developing the iOS version of the app. Their
plan is to achieve 30% of preventing good food from going to the landfill but feed
the tummy instead in Malaysia within the next 5 years with a sustainable model and
eventually go international. Green Hero also aims to work with other relevant parties
who shares the same vision so that the number can be achieved in 5 years’ time
because teamwork makes the dream work [3].
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2.4 Case Study 4: Mutiara Food Bank—Saving Food,
Feeding Lives (https://www.facebook.com/MutiarafoodB
ank/)

Malaysians are throwing away about 15,000 tonnes of excess food every day and all
this goes to the landfill [10]. In order to address this wasteful practice and avoid such
perfectly edible food from going to the landfills, the Mutiara Food Bank programme
in Penang was launched in May 2018. This excess food will provide sustenance for
the underprivileged, arrest methane emissions and slash carbon footprint.

Food collected from contributors would be transported to the central kitchen for
it to be reheated and packed before being distributed to the needy recipients on the
same day.

The Mutiara Food Bank programme has also grown through collaboration with
strategic partners such as TESCOHypermarket. The excess food such as bread, fruits
and vegetables from hypermarkets every day.

The Mutiara Food Bank’s central kitchen is based at Penang’s Caring Society
Complex and volunteer chefs from Penang Chefs’ Association who will inspect
cooked excess food delivered from resorts and hotels. The chefs will reheat or blend
the various deliveries intomeals,which are delivered every day to the poor throughout
the state.

Data from theMutiara Food Bank shows that Bakery products such as doughnuts,
cakes, pizzas and other pastries amounted to 154 tonnes since the programme was
launched in May 2017 up to October 2019. Fresh produce such as vegetables and
fruits totalled up to 259 tonnes. The total number of recipients amounted to (May
2017 to October 2019 since) is 35,276 needy people [8]. If each kilo is valued at
USD1.20 (RM5), it would mean that about USD500, 727 (RM1.06 million) worth
of food has been distributed [10] (Photo 5).

The Domestic Trade and Consumer Affairs Ministry impressed with the Mutiara
Food Bank project has also duplicated Penang’s good example and started the
Malaysia Food Bank programme nationwide starting from January 2019.

Photo 5 Mutiara Food Bank
delivery van

https://www.facebook.com/MutiarafoodBank/
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Photo 6 Vegetables for distribution to the needy—Co-Courtesy of Mutiara Food Bank

The Malaysia Food Bank Foundation is an extensive network of hypermarkets,
hotels, food producers and volunteers to make sure that excess food—from fruits and
vegetables to bread and even a five-star resort’s mutton curry—will go to the poor
(Photo 6).

The Malaysia Food Bank programme, under the purview of the Domestic Trade
and Consumer Affairs Ministry, coincides with the Government’s intention to reduce
financial burden of the people especially those in the bottom 40% of the low-income
group (B40) category. Food takes up about 30% of our living expenses so for poor
families and the recipients would be households.

The FoodBankMalaysia programmehas benefited 48,850 households nationwide
since its launch in January 2019 and during that period, 1,055metric tonnes of surplus
food were saved and channelled to deserving households including students at public
universities [13].

3 Summary

This chapter introduces the basics of what can be practised on the ground for both
agriculture and food economy circularity. It shows practical case studies of agri-
culture circularity from the Food to Food Programme by VRM Biologik® (waste
food slurry to soil enhancer and increased nutrient uptake for plants like probiotics)
and its complementing Groundswell® Continuous Fermentation Process (organic/
green waste to via methane-free continuous static fermentation pile to high-content
humic organic media for soil improvement) as an example of both green waste and
post-consumption food waste technologies.
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The Auto-City’ Commercial F&B outlets recycle their food waste for in-vessel
composting to grow organic vegetables and sells them at the Grow Market which
also provides a marketing venue for other farmers in the area.

The Green Hero which is a Youth Social Enterprise Combatting FoodWastage by
collecting and discount selling of edible food from food outlets via apps is an example
of young entrepreneurs using social media and to ensure circularity of edible food
which would otherwise go to waste.

TheMutiara FoodBankDivertingEdible Food to theNeedy programme is another
good example on how government collaborates with the private sector to ensure that
food is not wasted.

However, efforts by the non-government sectors are not sufficient without the
important role of government as the policymaker and facilitator in the whole circu-
larity system. This is to ensure correct policies and regulations are formulated to
ensure a sustainable environment. Ultimately, the policy should be able to bring
about a change in attitude of the public in attitude and behaviour on solid waste
management.

Good examples of government interventions are food banks and ‘Empty Plate—
Love food don’t waste it’ policies to curb over consumption and wastage especially
hotels, restaurants and other eating outlets as well as collection of waste food. A
good tie up would be the collection of fresh food or edible food from supermarkets,
fresh markets and food manufacturers for redistribution to the needy. The govern-
ment should allocate funds on an annual basis for public education and awareness
programmes for sustainability.

The management of Municipal Solid Wastes (MSW) still faces many chal-
lenges as the population grows. The current regulation system is not perfect and
the existing management system and the collection facilities need to be fine-tuned
towards mandatory waste separation at source. Most municipal solid wastes
are still collected without proper separation at the source, and treatment facili-
ties are limited and much of the collected wastes are still unrecovered. Govern-
ment, NGOs, Community-Based Organisations (CBOs) and private sectors must
continue to collaborate as there is still much needs to be done. The main manage-
ment strategies to remedy this should include amendment of current laws and regu-
lations, improve current management systems and introduce classified collections.
The effective implementation of these strategies will help to reduce the problem of
waste generation and divert waste from the landfill and through the effective and
widespread practice of the 3Rs.

There must be more aggressive resource recovery and diversion of putrescible
materials from the landfill. The rationale behind the objective is that removing
putrescibles from the waste stream will enhance recycling because it reduces the
co-mingled waste portion to the landfill.

There is a need to promote public education and also to raise awareness on SWM
issues on a sustained basis.
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4 Exercises

Questions
1. Can post-harvest agriculture waste or waste food be recycled instead of

disposing them?
2. What common technologies are available to process agriculture waste

products or green waste (roadside and garden trimmings)?
3. What can the commercial sector do on the agriculture and food circularity?
4. What can the government do to reduce food waste?
5. What circular economy is being practiced by the Management of Auto-

City?
6. How does the Management of Auto-City create value on the matured food

waste compost?

Answers
Answer 1: Post-harvest agriculture waste and waste food can be recycled or
processed into useful agriculture inputs such as compost, soil enhancers thus
completing the circularity.

Answer 2: Commonly used technologies include in-vessel processing or
open composting technologies. There are a variety technologies under each of
these technologies which are developed for appropriateness and adoptability
to the situation at hand.

Answer 3: The commercial sector can be encouraged to collect waste food
at source to produce useful products so that these waste can immediately be
diverted away from disposal sites.

Answer 4: Governments can come up with policies like starting food banks
to collect edible food for redistribution, have ‘Empty plate’ policies to curtail
excessive or over consumption especially in the food and beverage industry
such as eating outlets, hotels and restaurants.

Answer 5: The circular economy is ‘From Food Waste to Farm Produce’.
Answer 6: The Management of Auto-City develops its in-house hydrosoil

farming systemwhichuses thematured foodwaste compost for organic farming
to grow good quality and yield of vegetables for human consumption.
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Abstract A set of trusted information in the form of material passports is neces-
sary in order to understand the circular value of systems and materials in the built
environment. Innovations such as digital technologies and material passports are
useful circular economy transitional tools in managing the materials flows and decar-
bonizing the built environment. Material ppassports are datasets and reliable infor-
mation consisting of the entire value chain—specifications of the materials used,
and specific supply chains involved from the sources to producers, distributors and
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• Identify and utilize current global applications and material passports databases.
• Understand and implement material circularity indicators, within material pass-

ports.
• Be able to create a material passport of your own in the built environment as a

tool for transition towards a circular economy.

1 Introduction

Thomas Rau, a Dutch architect and pioneer had quoted: “Every building is a material
depot.” Keeping this in mind, if material passports are utilized, therefore, a building
about to be destroyed becomes a storage warehouse for useful materials or buildings
as material banks (BAMB) [15].

Material passports can serve as a tool to bring residual value back to the market,
using its value tracking capabilities. Imagine knowing the exact worth of every mate-
rial used in a building and importantly what can be recycled or re-used. Parts of
Europe, some of which are mentioned in Table 1 [17], have piloted the concept,
which will have a global effect in the years to come. This follows upon the Euro-
pean Union (EU) commission unveiled vision in 2015 to make the economy more
sustainable [23]. The full list of circular economy policies in EU countries can be
found in Ref. [7].

There are other initiatives in place in other sectors:
The food processing or manufacturing industries—Hazard analysis and critical

control points (HACCAP) is a preventative food safety approach to reduce risks and
hazards.More recently,Blockchain andArtificial Intelligence (AI) is being utilized as
a technique in the fourth industrial revolution (4IR), to track and solve issues such as
food fraud, safety recalls, supply chain inefficiency and food traceability. Therefore,
the record of a manufactured item’s journey, from the source to the consumer, is able
to be traced in real-time [29].

The health and environmental sectors—Life cycle analysis (LCA) or Life Cycle
Impact Assessment (LCIA) over cycles of cradle-to-grave or cradle-to-cradle is a
system that tracks processes and transport routes used for raw materials extraction,
production and waste management [27]. They also leverage other already available
instruments such as technical data sheets (TDS) and material safety data sheets
(MSDS), these contain information about product composition, applications, the
potential hazards of these products and how to work safely with them.

Passports have the potential to incorporate the above standards and more, but in
this case material passports would serve the built environment.
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Table 1 Circular economy and material passport examples by some EU countries

Countries Material passport
implementations

Circular economy policies Government websites

UK Queen Elizabeth Olympic
Park
An Asset Disposal scheme
was created to assist
contractors to re-use
materials after the games by
selling them or gifting them
to charities. Sustainability
was a standout feature as
the surrounding community
have benefited from the
complex

London’s circular economy
route map

https://www.lwarb.gov.uk/
what-we-do/circular-lon
don/circular-economy-
route-map/

Germany New office building in
Essen
Was previously a coal mine
industrial complex. The
project focused on
sustainable design,
especially on
cradle-to-cradle design.
Importantly this leads to a
material passport {in this
case the passport focuses on
the entire building
“Buildings’ Material
passport” (BMP)}, healthy
materials and recyclability
[4]

Resource efficiency https://www.bmu.de/en/top
ics/economy-products-res
ources-tourism/resource-eff
iciency/overview-of-ger
man-resource-efficiency-
programme-progress/

Netherlands 1. Brummen Townhall
Was the first building in the
world equipped with a
material passport. It served
as a raw materials depot, the
material passport made it
possible to re-use the
material after the building is
dismantled
2. Liander head office
It is the first building in the
Netherlands that is
sustainable and energy
positive. A material
passport was developed.
Less materials were used,
re-use of materials,
therefore, materials can
continue their full life cycle
and a reduction in carbon
emissions

The government-wide
circular economy program.
No more waste as resources
will be re-used across a
number of sectors. They
plan to achieve this by the
year 2050

https://www.government.
nl/topics/circular-economy

https://www.lwarb.gov.uk/what-we-do/circular-london/circular-economy-route-map/
https://www.bmu.de/en/topics/economy-products-resources-tourism/resource-efficiency/overview-of-german-resource-efficiency-programme-progress/
https://www.government.nl/topics/circular-economy
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2 Background

In 2017, the world resource use was approximately 20 tons/person/year. The building
sector produces the largest amount of waste and consumes the most resources. It is
estimated that these amountswill double by the year 2050.Not forgetting the environ-
mental impact such as CO2 emissions. For this, the European Union (EU)’s commis-
sion in 2015, planned to make their economy more sustainable by implementing a
circular economy approach.

What is circular economy?A circular economy basically entails materials being
kept in use for longer periods of time.

KenWebsterwho is the headof innovation at theEllenMacArthur Foundation, had
argued in the book publication, “The circular economy: A wealth of flows,” that our
linear economy (take–make and dispose) is a nineteenth-century heritage unmoored
in the twenty-first-century reality [33]. In previous years, building materials were
re-used when constructing new buildings, but in the last 70 years this has decreased.
This is due to the fact that newer material compositions make recycling or re-use
complex [18]. For this reason, material ppassport is a tool that can be used for a
transition from a linear model to a circular economy, both these models are depicted
in Fig. 1 a and b [26].

3 Material passports

Material passports? Material passports can be defined as a value tracking tool
and brings back residual value to the market. Material ppassports make information
available and relevant from production to purchase to use to maintenance. A single
material passport contains a set of information about a particular material, product
or system.

The process of generating a material passport may involve a number of persons or
companies. Therefore, they are able to contain information from a number of sources
and provide a number of stakeholders with this information, this structure of material
passports can be seen in Fig. 2, and for easy comprehension, we break down as each
section below, i.e. Materials, Information and Stakeholders [24].

Design Construct Use and 
operate

Demolition

Repurpose

a

Fig. 1 a Linear model. b Circular model
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Re-construct

Re-use

Re-operate

Demolision

Re-pupose

Re-design

b

Fig. 1 (continued)

DATA INPUTS 
OF MATERIALS 

FROM A 
NUMBER OF 

SOURCES/STAK
EHOLDERS

STORED 
INFORMATION 

ABOUT 
MATERIALS

DATA 
PROCESSING

DATA OUTPUTS 
CUSTOMIZED 

FOR 
STAKEHOLDERS

Fig. 2 The structure of material passports
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3.1 Materials

The materials spectrum is based on different levels of hierarchy, Fig. 3. This is
required in order to define the characteristics of a particular product/material and its
level of recovery.

One example using the above approach would be the lighting in a building [11]:

• The finished lighting assembly in a “Building” would fall under “Product” and
“System.”

• The parts of the lighting assembly would fall under “Component.”
• The chemicals needed to manufacture the components of the lighting assembly

would fall under “Material.”

Material passports in the built environment require large amounts of data, some
of which are already available in other sectors, a few examples were listed in the
previous sections. The idea is to centralize all this data. Some of the most impor-
tant product/material characteristics required for a material passport in the built
environment are [18]:

• Physical properties—Dimensions and weight, density, energy and strength.
• Chemical properties—Chemical composition, health and safety, is it recyclable

or not and lifespan.
• Biological properties—Renewable or not and is it recyclable or not.
• Health of materials—Emissions, what does the law say, certifications andMSDS.
• Design and production—MSDS, TDS, certifications, Bill of materials (BOM)

and logistics.

MATERIAL

COMPONENT

PRODUCT

SYSTEM

BUILDING

Fig. 3 Materials spectrum and hierarchy levels
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• Logistics—Weight, dimensions, traceability and correct documentation.
• Disassembly
• Recyclable.

The choice ofmaterials plays an important role in the design of amaterial passport
for a circular economy, and to ensure that they can be re-used and there’s safety for
humans and the environment. Let us look at the steps to follow in order to generate
one [12]:

1. Create a Bill of materials (BOM) or a full product/material list for the particular
project. Explore the properties of each product/material.

2. Assign a product/material type for each homogeneous product/material, e.g.
metal, plastic, textile, glass, etc.

3. Classify each product/material with a group or cycle. This can be done by desig-
nating each product/material either as biological or technical. Biological means
that the product can be returned to the environment whilst in use or after (wood,
cotton, paper, etc.), whereas technical implies that products/materials that cannot
be returned to the environment (metals and plastic, etc.).

4. Receiving information from suppliers about the chemical properties of the
product/material. Request for MSDS and TDS and other certifications about
the product/material as well as the supplier.

5. Understanding the hazards or health and safety of the product/material, as well
as finding a suitable replacement if any.

6. Check if the product/material was part of a previous circular process.
7. Check the lifespan of the product/material, can we recover value in the future.
8. Finally, is our product/material recyclable?

3.2 Information

The construction industry is one of the largest sectors in the world’s economy. It
employs approximately 7% of the world’s working population and spends around
$10 trillion on construction goods and services per year. One of these services and
goods are software-based design items. Computational thinking such as Building
Information Modeling (BIM) software and material databases allow engineers and
designers to create three-dimensional simulations and the ability to view the reality of
the structure. Unlike the traditional computer-aided design (CAD), which represent
flat shapes and two-dimensional representations.

Software models and databases allow us to create digital representations of real-
life structures. From thegeometry of the building, spatial andgeographic information,
and importantly, the exact quantities and the properties of the materials are required
[13]. In order to allow high recycling rates and low environmental impacts of build-
ings, detailed information databases of the construction materials, as well as their
building stock characteristics, are essential [20].
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We are living in an era of digitization which is ideal for analytical purposes.
Big data analytics enabled by machine learning using classification algorithms for
anomaly detection and time series forecasting, among others, would allow mainte-
nance predictions, how well the property may sell, modeling errors, recyclability,
and, importantly, life cycle analysis of materials [6].

There have already been software and database developments and prototype
models within the industry for the industry, some of which are mentioned in Table 2
[36].

3.3 Stakeholders

In order to complete a material passport and a transition toward a circular economy,
all relevant stakeholders in Fig. 4, need to play their parts. Data needs to be shared via
a material passport database, which allows for regular updates within a centralized
location which is accessible to all stakeholders. Some of these databases already
exist, namely BAMB and Madaster.

4 Goals and Benefits of Material passports

Below goals and benefits of material passports are summarized [18]:

• Resource for switching from a linear system to a circular economy
• Improving the importance, quality, and safety of material supplies
• Waste reduction
• Eco-footprint reduction
• Supply and demand management
• Managing resources rather than waste will lead to significant cost reduction
• An increase in residual value
• Sufficient data for all stakeholders.

5 Current Applications and Projects

In September 2015, 15 partners from seven European countries worked on a project
called Buildings as Material Banks (BAMB), under the Horizon 2020 research
programme, WASTE-1–2014 Moving toward a circular economy through indus-
trial symbiosis. It is led by Brussels Environment, with an approximate budget of 10
million Euros.

BAMB’s aim is to develop a circular model to the use of building, designs, and
materials, thereby increasing the value ofmaterials.Material passports and reversible
building designs are tools that are used in this shift to a circular economy [3].
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Table 2 Various databases and software, implementations and prototypes

Company and
software

Description Website

Substance flow analysis
(STAN)

Software which is available
online, analyses material flow by
importing material data into the
software, the software follows
the Austrian standard

https://www.stan2web.net/

OpenLCA Another freeware available and
still in development is openLCA
which can be used for
Sustainability and Life Cycle
Assessment of materials data

https://www.openlca.org/
https://nexus.openlca.org/dat
abases

TOMRA expert line TOMRA Expert Line in Canada,
have developed algorithms for
material recycling and waste
solutions

https://www.tomra.com/en

BigML Apply Machine Learning to BIM https://bigml.com/

OPTORO Have also developed algorithms
for material recycling and waste
solutions

https://www.optoro.com/

CEP-AMERICAS This Circular Economy Platform
(CEP) of the Americas is an
initiative powered by the
Americas Sustainable
Development Foundation
(ASDF). It fills the vacuum for
an easy-access one-stop-shop
portal where information about
Circular Economy from and for
the Americas is made available

https://www.cep-americas.com/

Eco invent Database for the Life Cycle
Assessment on energy supply,
resource extraction, material
supply, chemicals, metals,
agriculture, waste management
services, and transport services

https://www.ecoinvent.org/home.
html

Eco2soft Eco and recycling data https://www.baubook.info/eco
2soft/?lng=2

SimaPro Database for Life Cycle
Assessment

https://simapro.com/

USEtox Characterizing human and
Ecotoxicological impacts of
metals, calculation of emission
fractions, and characterization
factors

https://usetox.org/

(continued)

https://www.stan2web.net/
https://www.openlca.org/
https://nexus.openlca.org/databases
https://www.tomra.com/en
https://bigml.com/
https://www.optoro.com/
https://www.cep-americas.com/
https://www.ecoinvent.org/home.html
https://www.baubook.info/eco2soft/?lng=2
https://simapro.com/
https://usetox.org/
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Table 2 (continued)

Company and
software

Description Website

Thinkstep GaBi Life cycle assessments, product
and organizational carbon
footprints. This database spans
over multiple sectors

https://www.gabi-software.com/
international/databases/gabi-dat
abases/

Circularise An open, distributed and secure
communications protocol for the
circular economy. The platform
allows information exchange
between stakeholders
throughout the value chain,
creating transparency around
product histories and
material destinations

https://www.circularise.com/

Buildingone Efficient planning, management
and analysis for building life
cycle

https://www.onetools.de/en/

Buildings as material banks
(BAMB)

Material passport platform
basically is digitally marking
materials. It allows users to
monitor the building cycle, from
planning to construction,
occupancy, repairs, renovations,
repurposing and
decommissioning, and the
capacity to track materials
quality and changes and track
materials health

https://www.bamb2020.eu/

MADASTER Material passport platform for
the public, which acts as an
online library of materials in the
built environment. Madaster
utilizes 3D scans and building
information modeling (BIM) to
register or digitally mark the
parts of buildings, all this
information is put into a passport

https://www.madaster.com/en/our-
offer/Madaster-Platform

Circular economy toolkit
(CET)

An assessment tool, which
identifies improvements in
products circularity

https://circulareconomytoolkit.
org/

Material circularity indicator
(MCI)

Described by the Ellen
MacArthur Foundation as a tool
used to assess European products
in regards to a circular economy

https://www.ellenmacarthurfoun
dation.org/our-work/activities/
ce100/co-projects/material-circul
arity-indicator

(continued)

https://www.gabi-software.com/international/databases/gabi-databases/
https://www.circularise.com/
https://www.onetools.de/en/
https://www.bamb2020.eu/
https://www.madaster.com/en/our-offer/Madaster-Platform
https://circulareconomytoolkit.org/
https://www.ellenmacarthurfoundation.org/our-work/activities/ce100/co-projects/material-circularity-indicator
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Table 2 (continued)

Company and
software

Description Website

Circularity calculator Supports manufacturers in
product designs for a circular
economy

https://www.circularitycalculator.
com/

Stakeholders

Engineers Architects Builders Material 
suppliers Real estate Owners Fianancial 

partners Government

Fig. 4 Diverse stakeholders who would contribute to a material passport

BAMB’s Material passport platform basically is digitally marking materials. It
allows users tomonitor the building cycle, from planning to construction, occupancy,
repairs, renovations, repurposing and decommissioning, and the capacity to track
materials quality and changes and track materials health. BAMB has succeeded in
the goal of generating 300 material passports, materials are developed together with
a software solution, information is easily accessible by all stakeholders during each
process [8].

The approach was applied to the wood frame system in Brazil, in order to test
the application and feasibility of the system. The project had proved that stimulates
circular thinking [25].

A similar project was investigated in the United Kingdom in the steel industry.
Steel that is re-used is approximately 8–10% more expensive as compared to new
steel. This is due to the reconditioning process that is required. The project had shown
that, by utilizing material passports and the BAMB process, there was a reduction
in financial barriers ranging from 150 to 1000 £/t [31]. The re-use of metal in ships
have also come under the spotlight, with that in mind, Maersk Shipping Line had
implemented its own material passport called ‘cradle-to-cradle passport.’ Every nut
and bolt on a 60,000-ton ship can be identified using this passport, materials are
numbered, thereby separating the quality of metals. This creates better recycling
possibilities and safety [9].

The Ellen MacArthur Foundation (EMF) collaborates with global partners such
as Cisco, Google, H&M to name a few and The Circular Economy 100 (CE100)
Network. Its ultimate goal is to accelerate the transition to a circular economy.
The Built Environment Case Studies Co. Project is a collaboration between BAM,
BRE, cd2e, London Waste & Recycling Board, Ouroboros, Tarkett, and Turntoo to

https://www.circularitycalculator.com/
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provide the CE100 Network with relevant circular information with regards to the
built environment. The projects that were carried out are listed below [10]:

• Rehafutur Engineer’s House
• Olympic Park
• Resource Efficient House
• Brummen Town Hall
• Renovation offices, workshops and storage: Liander
• Bus Boarder
• Pôle de Police Judiciaire/Judicial Police Compound
• BioBuild
• Buildings as Material Banks (BAMB)
• Construction Re-use Platform: Bexleyheath
• ROC A12 School: Carpet Lease
• Reviva shelving.

Taiwan has increased its efforts toward a circular economy. In 2016, the govern-
ment initiated several measures to implement a circular economy. In a recent publi-
cation, there were a total of 66 circular implementations in Taiwan, where over 360
partners are involved. Taiwan being the leading supplier and manufacturer of elec-
tronic equipment, the stand out initiative was they developed a circular economy for
economic development with environmental protection [21, 32].

In 2017, at the real estate expo in Amsterdam, Madaster launched a material
passport platform for the public,which acts as anonline library ofmaterials in the built
environment. ThomasRaudescribedMadaster as being a ‘land registry formaterials.’
This project inspired others in the industry to follow suit, ABNAMROpartneredwith
CAD & Company, Rendemint and the architects’ (specialists in circular economy)
firm Architekten Cie to develop its own material passport [5]. Madaster utilizes 3D
scans and BIM to register or digitally mark the parts of buildings, all this information
is put into a passport.

There are other companies and organizations that have implemented or in the
process of implementing the circular economy, namely:

• Timberland—From tires to shoes.
• Johnson controls—Recycled batteries.
• Aquazone—Water waste into fertilizer.
• Schneider Electric—Increase product lifespan through leasing and pay per use.
• AB Inbev—Returnable glass bottles.

5.1 A Material passport Case Study

We use a case study published in 2019, by three researchers from TU Wien,
which is one of the major universities in Vienna, Austria. They had demonstrated
how to generate a material passport, as well as assess the recycling potential and
environmental impact of materials and an entire building [19].
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The material passport concept was tested using a concrete office building.
The building consisted of three stories. The following building components were
considered for the assessment:

• Exterior and interior walls
• Roof
• Flooring
• Ceilings
• Basement
• Glass facade
• Concrete columns.

The first step was to model the building using BIM software. The above-listed
components had to be inserted into the BIM software. Once the building has been
modeled, the second step is to utilize some of the databases or software mentioned
in Sect. 3.2. In this example, the modeled components were linked to BuildingOne
for data management and assessment, and Eco2soft was used to determine the eco
and recycling data of each component. Once all the suitable information had been
acquired regarding each component, a material passport is developed. A graphical
representation is depicted below in Fig. 5.

The case study had shown that Material passports can work together with current
software and prototypes, the building was recyclable to around 50%, and the main
environmental impact was caused by the concrete. This had proved that by utilizing
material passports in the early stages of project developments, the correct choices of
materials with regards to recyclability and eco-friendliness can be made. Which is
an important step toward a circular economy.

BuildingOne

Eco and 
recycling data

1. Material

2. Density

3. Lifespan

Materials 
passport

1. recycling 
potential

2. Global 
warming 
potential

3. Acidification 
potential

4. Energy rates

5. Mass rates

Building 
components

BIM

1. Material

2. Thickness

3. Volume

Fig. 5 A graphical representation of the development of a material passport, based on a case study
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6 Barriers and Solutions of a Circular Economy
and Material passports

In summary, most of our global economy is modeled around linearity rather than
circularity. Humanity and their habit of wasting and polluting have brought the prac-
tice of a circular economy into the spotlight, in all sectors. As much as we develop
tools such as material passports or digital marking of materials as well as many other
so-called ‘ingredients lists,’ there are still some hurdles. In order to get over these
hurdles, certain rules need to be put in place [35]:

• Stricter government policies and laws.
• Government support in form of incentives and funding to companies and public

and private partnerships.
• Production of products or materials in a more circular fashion with innovation.
• Development of better recycling technologies and waste management with the

introduction of 4IR.
• Finally, changing the mindset of humanity and consumption behavior.

7 Advances to Be Made in Terms of Digital Technologies
and Software to Fully Realize ‘Material passport’
in a Circular Economy

Digitization seems to be lagging within the built environment, particularly in the
construction sector. Implementation of this important aspect has been a challenge
in the past years. As we stand at the cusp of a new industrial revolution (4IR),
technologies such asArtificial intelligence (AI) andCloud IoT platform. The tools for
implementing material passports and a circular economy are now readily available,
the idea of digitally marking materials is now a reality. This would also allow for an
increase in profit for supply chains.

We are now able to integrate material passports within BIM, Geo-information
(GIS), and Unified building modeling (UBM) systems. This will allow for capturing
and accessibility of material data and their properties within a circular design.

With the use of AI, material properties can be viewed using automated methods.
Machine learning algorithms can analyze the abovematerial data patterns.Or imagine
material passports communicating with each other via wireless sensors, this can be
achieved using IoT platform. This would allow for smoother and faster data exchange
and input changes across different networks and stakeholders, lifespan monitoring
of materials, and early maintenance warnings.

Digitization,marking, capturing, storing, and analyzingmaterials data formaterial
passports allow for the introduction and implementation of a number of technology
applications and technological advancements in this research area within a circular
economy. We list some of the technologies below [18]:
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• Blockchain
• AI (Advanced Robotics and Machine Learning)
• Virtual Reality
• Augmented Reality
• IoT
• Big Data
• Radio-frequency Identification (RFID)
• 3D Printing and Scanning.

These technological advancements catalyze a circular economy implementation.
The construction industry will change drastically in the coming years as a number of
technologies will be adopted from the autonomous operation of construction equip-
ment to digital marking of products. Digital marking is a link between the physical
product and the performance of a product or material {Declaration of Performance
(DoP)}. It gives access to product or material information in a digital format in
a harmonized way. This info can be remotely accessed via cloud-based platforms
or applications. This contributes in reducing administrative burdens, traceability of
products or materials, and serves as a link between manufacturers and consumers
use of the product.

To date, there have already been applications and innovations from global leaders
in other sectors. Apple’s iPhone disassembly robot is capable of dismantling an
iPhone in 11s and sorts its components into re-usable materials. By doing this,
Apple has captured materials that are re-usable for future products to the value of
approximately $40 million [34].

8 Conclusion

Material passport will increase the value of materials and incentivize suppliers and
manufacturers to produce circularmaterials. It enables the easy acquisition of sustain-
able materials and reversed logistics. Given the number of ongoing initiatives glob-
ally, it is reasonable to say that there is room for possibilities in this research area. The
concept of circular economy in the built environment, as well as material passports
and digital marking tools, provide opportunities for innovation and value creation.

9 ANNEX: A Case Study

In this second case study, we used a student-oriented construction project report in
order to come up with a material passport, and demonstrate the quantitative benefits
before and after material passport analysis.

Step 1
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Identify a project: in this case, the project chosen was the Delft University of Tech-
nology, Faculty of Architecture, Urbanism and Building sciences, Track Building
Technology, where a student had worked on a project located in Rotterdam,
Netherlands. A typical old office building is refurbished into livable housing [1].

Step 2

Make up a list of thematerials used in the construction process or create a BOM, their
quantities and specific use in the construction process. In this case, we had selected
some of the most important components.

• Concrete
• Aluminium
• Glass
• Wood.

Step 3

Once all the components and their respective quantities are determined, develop a
BIM model using design software or acquire the building design. The site plans and
graphical BIM models of this project can be viewed in Fig. 6a before design and
Fig. 6b after design [1].

Step 4

Acquire each materials eco and recyclable properties, as well as the material-specific
fixed data such as MSDS, TDS, LCAs, etc., or whether it has been used in previous
cycles, all these data can be acquired from one of the databases in Table 2; in this
case, we had used Thinkstep Gabi Database.

Step 5

We create our own material passport in Table 3; this can be done by utilizing the
information in the previous steps. For the purpose of this paper, we had created a
tabular design. Since the material data is of large amounts, links have been provided
in the table. Newer trends are based on online material passport databases where
passport information can be accessed and adjusted accordingly by the building’s
stakeholders.

In order to see the benefits of this material passport, we will look at the circularity
index of the above-listed materials. Circular indicators are decision-making tools for
developers, it assesses how well a company or product performs in the transition
from a linear to a circular economy. Material circularity indicator (MCI) of a product
gives a value between 0 and 1 (or 0%–100% recirculated parts), a value that is
higher than 1 means a higher circularity. In order to calculate the indicator value,
complexmathematical calculations and input values are required, these involveMass,
Recycled feedstock, and Recycling efficiency.

Product Level Circulari t y = Economic V alue of Recirculated Parts

Economic V alue of All Parts
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MCI data requirements are as follows:

• Source of the material (virgin, recycled, re-used)
• Manufacturing process losses
• How the manufacturing losses treated?
• How is the waste of the product or end of life treated?
• Recycling process efficiency
• The mass of the product
• The lifetime of the product

a

Fig. 6 a A graphical representation of the construction project before design. b A graphical
representation of the construction project after design
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b

Fig. 6 (continued)

• Intensity of use of the product
• The average lifetime of the average product
• The average use intensity of the average product.

The same datasets are required for life cycle analysis (LCA), except for the last
two points, i.e., the average lifetime and average use intensity of the average product.

For the purpose of MCI calculations, online tools are available such as Circular
economy toolkit (CET), Circularity calculator, Ellen MacArthur’s Material circular
indicator (MCI) tool, OpenLCA, and GabI software, the links to these platforms and
many others are available in Table 2. In this case study, we used Ellen MacArthur’s
Material circular indicator (MCI) tool. Tables 4 and 5 shows the material circularity
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Table 3 Material passports

Materials Mass (kg) Life
expectancy
(years)

CO2 per
year

Fixed material data,
manufacturers,
LCA

Eco and recycling
properties

Concrete 33,600 100 2657 https://gabi-doc
umentation-2020.
gabi-software.com/
xml-data/proces
ses/606a5ad9-
3317-4311-91b7-
6c2147955729.xml

The concrete
structure and
brick work is
considered to have
a lifespan of
100 years and is
re-usable at end of
use phase of the
building. 1ton
concrete = 1ton
of CO2

Aluminium 810 50 145 https://gabi-doc
umentation-2020.
gabi-software.com/
xml-data/proces
ses/695f3519-ea45-
414b-9f18-a1dd92
00b765.xml
https://gabi-doc
umentation-2020.
gabi-software.com/
xml-data/proces
ses/76a28c07-f7d7-
40f9-8fcd-1f2323
7daf2e.xml

Aluminium and
steel are high
embodied, due to
the energy
required to
produce, mining,
heating,
manufacturing,
and
transportation.
The more they are
recycled their
embodiment
reduces making it
more recyclable
and eco-friendly.
Long-lasting,
durable, and able
to withstand
ambient
conditions

Wood for
balconies

89 100 70 https://gabi-doc
umentation-2020.
gabi-software.com/
xml-data/proces
ses/3e4bd27e-caa6-
42b4-8e4e-95da9a
96eed3.xml

Wood, just like
steel and
aluminium, is a
good recyclable
material but with
less strength.
Perfect for
structural framing,
flooring, furniture.
Cork and bamboo
are good
alternatives

(continued)

https://gabi-documentation-2020.gabi-software.com/xml-data/processes/606a5ad9-3317-4311-91b7-6c2147955729.xml
https://gabi-documentation-2020.gabi-software.com/xml-data/processes/695f3519-ea45-414b-9f18-a1dd9200b765.xml
https://gabi-documentation-2020.gabi-software.com/xml-data/processes/76a28c07-f7d7-40f9-8fcd-1f23237daf2e.xml
https://gabi-documentation-2020.gabi-software.com/xml-data/processes/3e4bd27e-caa6-42b4-8e4e-95da9a96eed3.xml
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Table 3 (continued)

Materials Mass (kg) Life
expectancy
(years)

CO2 per
year

Fixed material data,
manufacturers,
LCA

Eco and recycling
properties

Glass for
balconies

211 50 210 https://gabi-doc
umentation-2020.
gabi-software.com/
xml-data/proces
ses/6d58cca8-
213a-447e-942c-
89701a609005.xml

Recycling glass
reduces air and
water pollution.
Environmentally
and economically
friendly

Table 4 Material circularity indicator (MCI) before the implementation of the Material passports

Materials Virgin % Re-used % Recycled % Re-usable % Recyclable % Waste %

Concrete

Aluminium 0 8 0 3 0 0

Glass 7 0 35 0 28 28

Wood 56 41 0 60 13 9

MCI value of
building before
material
passport is
69%

Table 5 Material circularity indicator (MCI) after the implementation of the Material passports

Materials Virgin % Re-used % Recycled % Re-usable % Recyclable % Waste %

Concrete 0 69 0 95 0 0

Aluminium 0 0 0 0 0 0

Glass 7 1 35 0 6 7

Wood 56 1 0 3 1 1

MCI value of
building before
material
passport is
73%

indicator of the building in this case study, before and after developing the material
passport [1].

For further reading on materials circularity indicators, measuring and mapping
circularity, as well as the International Organization for Standardization (ISO) TC
323 on Circular Economy, refer to these references [2, 16, 22, 30].

The original glass can be broken down for recycling, the aluminium can be re-
used in the building renovation process or recycled, and glass and stone are recycled.

https://gabi-documentation-2020.gabi-software.com/xml-data/processes/6d58cca8-213a-447e-942c-89701a609005.xml


Material Passports and Circular Economy 151

Finally, the concrete which is 70% of the structure is expected to last for 100 years,
therefore re-usable. Based on this information, we were able to select the correct
materials and we had developed our material passport in Table 3 above. The new
MCI value is shown in Table 5.

We find that there is an increase in the MCI value from 69 to 73% based on the
selection of materials in this case study. This change in MCI is due to the fact that we
had kept the specific materials in a circular flow (re-used or recycled or recyclable)
for as long as possible, with a reduction in waste.

Material selection plays a huge role in circular design processes. In this case,
standardization of components, cleaner material flows, material cost factors, and
simpler disassembly or modular designs were taken into account when selecting
materials. By comparing the material indicators based on the selected components
for the renovation of this building,we can conclude thatMaterial passports generation
from the beginning of the building’s lifespan proves to be an important feature in the
construction process, and would assist in creating a perfect balance in selecting the
correct materials and their quantities in order to create a more circular economy.

10 Questions and Answers

1. Define a Material passport
Material passports can be defined as a value tracking tool and brings back residual
value to the market. Material passports make information available and relevant
from production to purchase to use to maintenance. A single material passport
contains a set of information about a particular material, product, or system.

2. Define a Circular economy
Materials being kept in use for longer periods of time.

3. What is the difference between a linear economy and a circular economy?
In a linear economy, raw materials are transformed into a required product and,
at the end of its life cycle, it is thrown to waste.
Whereas in a circular economy, the product is not thrown to waste, rather it is
recycled or re-used.

4. What is the basic structure of material passport?
Input material data.
A material database.
Output material data accessible by stakeholders.

5. What are the properties or characteristics one should look out for when
selecting materials?
Physical properties.
Chemical properties.
Biological properties.
Health of materials.
Production and design.
Logistics.



152 M. S. Hoosain et al.

Disassembly.
Recyclable.

6. List and explain the types of data we can get from the above Material
properties and characteristics
Life cycle analysis (LCA) or Life Cycle Impact Assessment (LCIA) is a system
that tracks processes and transport routes used for raw materials extraction,
production, and waste management.
Technical data sheets (TDS) and material safety data sheets (MSDS), these
contain information about product composition, applications, the potential
hazards of these products and how to work safely with them.
Bill of materials (BOM), list all the required materials, their quantities, and their
use.

7. List the steps to follow to generate a Material passport.

1. Create a Bill of materials (BOM) or a full product/material list for the particular
project. Explore the properties of each product/material.

2. Assign a product/material type for each homogeneous product/material, e.g.,
metal, plastic, textile, glass, etc.

3. Classify each product/material with a group or cycle. This can be done by desig-
nating each product/material either as biological or technical. Biological means
that the product can be returned to the environment while in use or after (wood,
cotton, paper, etc.), whereas technical implies that products/materials that cannot
be returned to the environment (metals and plastic, etc.).

4. Receiving information from suppliers about the chemical properties of the
product/material. Request for MSDS and TDS and other certifications about
the product/material as well as the supplier.

5. Understanding the hazards or health and safety of the product/material, as well
as finding a suitable replacement if any.

6. Check if the product/material was part of a previous circular process.
7. Check the lifespan of the product/material, can we recover value in the future.
8. Finally, is our product/material recyclable?

8. Name two current Material passport databases
BAMB and MADASTER.

9. Who are the typical stakeholders involved in the development of Material
passport? (Name five or more)
Engineers, architects, owners, builders, material suppliers.

10. Name three benefits of Material passports
Eco-footprint reduction.
An increase in residual value.
Sufficient data for all stakeholders.

11. What is digital marking of materials?
Digital marking is a link between the physical product and the performance of
a product or material {Declaration of Performance (DoP)}. It gives access to
product or material information in a digital format in a harmonized way. This
info can be remotely accessed via cloud-based platforms or applications.
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12. Which of the approach creates the highest value—Recycling, Re-use, or
remanufacturing?
Re-use.

13. What are Material circular indicators?
Circular indicators are decision-making tools for developers, it assesses how
well a company or product performs in the transition from a linear to a circular
economy. Material circularity indicator (MCI) of a product gives a value
between 0 and 1 (or 0%–100% recirculated parts), a value that is higher than 1
means a higher circularity.

14. True or false—Design for endless RECYCLING is a key principle in a
circular design?
False.

15. Develop a Material passport of your own, based on a construction project
you are currently busy with.
(Example: ANNEX: A Case Study)

16. Come up with a circular designed product of your own, not necessarily in
the built environment.
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A Sustainable Progression
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Abstract Extensive usage of plastics causes environmental deterioration, global
warming and health imperilments, costing the economy around $139 billion annu-
ally. Conversely, from childcare products to coffins manufactured with plastics, they
have become an integral part of our life. At this situation, banning the use of plastics
is not sustainable. Therefore, it is necessary to espouse circular economy (CE) in
plastic sector. Meaning, preventing waste by manufacturing products that are effi-
ciently reusable, recyclable or recoverable and gradually replacing non-degradable
with degradable plastics. This chapter focuses on the concept of CE in plastic indus-
tries, recycling and recovering methods of plastics, government frameworks and
challenges faced for implementation of circularity. From the case studies reported in
this work, though there are successful execution of circularity in few scenarios, it can
be noted that the implementation of CE is still at infant stages, as large proportion of
companies have yet not committed 100% circularity until 2025. This work also iden-
tifies that more advancements in research and technologies, more tax benefits and
funding allocation, need for collaborative business models, boosting and advertising
the demand for recovered products and increased awareness on social responsibility
of consumers and manufacturers are still necessary for achieving efficient circularity
of plastics.
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1 Introduction

In recent years, a number of products are being manufactured using plastics, mainly
due to it’s low cost, less weightness and ease of processing. It is estimated that
359 million metric tonnes of plastics were produced in 2018 alone to meet the global
demands [1]. In 2019, the value of global market for plastics is approximately $568.7
billion with an average increasing rate of 3.5% until 2027 [2]. The consumption
of plastics per person per year ranges from 9 to 108 kg. Figure 1 shows the per
capita consumption of plastics across various countries in 2015. Polyolefin (PO)
makes up the biggest share thereof, with low-density polyethylene (LDPE) being the
most prominent, followed by polypropylene (PP), high-density polyethylene (HDPE)
and polyethylene terephthalate (PET). Smaller shares are contributed by polyvinyl
chloride (PVC), polystyrene (PS), polyamide (PA) and other plastics. Figures 2 and
3 show the consumption of general plastics and usage of these common plastics
in different sectors. Most of the common plastics used in the industry are non-
biodegradable. With its extreme durability, the life span of plastics and polymers

Fig. 1 Per capita
consumption of plastics
(kg/person) [4–7]
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Fig. 3 Consumption of plastics by sector (%) [9–13]

is around some centuries. With increase in global usage of plastics, they often end
up in landfills after their consumption. The usage of plastics has become one of the
most pressing issues for the globe, as they are the leading source of global warming,
reduction in groundwater due to clogging of river/canal streams and health hazards.
Management of plastic waste (as they reach their end of life) has turned out to be so
omnipresent that it has triggered the efforts to frame a worldwide treaty under the
witness of United Nations. To tackle the issues, the stakeholders are also marching
towards the adoption of circularity of the plastics. Circularity is adopted through
developing and pursuing a concept of ‘circular economy’. Circular economy is briefly
defined by European parliament as ‘a model based inter alia on sharing, leasing,
reusing, repairing, refurbishing and recycling, where products and the materials they
contain are highly valued, and where waste is reduced to a minimum’ [3].

2 Circular Economy of Plastics

In recent trends, all the stake holders are moving towards more sustainable approach
of circular economy from linear economy, where the products are used and disposed.
‘Circular economy aims to keep resources in use for as long as possible, to extract
the maximum value from them while in use, and to recover and regenerate products
and materials at the end of their service life. It offers an opportunity to minimize the
negative impacts of plastics while maximizing the benefits from plastics and their
products, and providing environmental, economic and societal benefits’. The concept
of progression from linear economy to circular economy is represented in Fig. 4.

In short, three important principles to manage the circularity of plastics or circular
economy, in general, are as follows:

• Preserve and enhance the natural capacity by controlling finite stocks and
balancing the flow of renewable resources.
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Fig. 4 Progression of polymer usage from linear model to circular model

• Optimizing the raw materials and yield through product circularity and using the
materials with high value at all times.

• Make the system more effective by removing the negative externalities.

3 Recycling Rates, Policies and Initiatives for Circularity
of Plastics Undertaken in Various Countries

Recyclability and reusing are parts of initiatives taken for promotion of circularity
of plastics. In early days, many countries were exporting the plastic wastes to other
countries, which were equipped with state-of-the-art recycling technologies. Until
recently, China was the leading country to import the plastic wastes from various
countries. For instance,Australia alone exported around 1.25million tonnes of plastic
wastes during a period of 2016–2017.

In early 2018, China began enforcing its National Sword policy, where stringent
rules and regulations were imposed on the quality of plastic wastes to be imported.
Further, in recent years, China minimized the import plastic wastes from major
countries. Since the ban imposed by China, many countries started recycling of
plastics within its territory. However, the recycling rates are still quite lower. Figure 5
shows the recycling rates of plastic wastes across various countries in 2018. India,
South Korea, Japan and China are the leading countries in recycling of plastic waste.

From Fig. 5, it can be noted that the recycling rates of countries such as Singapore,
USA, Brazil, etc. are still only at very low rate of 4–20%. To fight against the waste
management, several governments and organizations are taking leaping steps towards
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Fig. 5 Recycling rates of plastic waste of different countries [12–19]

the adoption of circularity of materials. Taking the lead, China adopted the Circular
EconomyPromotion law in 2009. In the following years, several detailed action plans
(such as State Council 2013) have briefed the clear strategies and legal frameworks
for the successful execution of CE in China [20].

Down the timeline, in 2012, Germany enforced Circular Economy Act also called
as ‘kreislaufwirtschaftgesetzKrWG’ or German Circular Economy Law. Further, in
December 2015, European Union came forward in adoption of CE. The ‘Circular
Economy Package’ of European Union emphasizes on the new path of closed-loop
cycle for production, usage and recycling of plastics. The framework also serves as a
reference point for drafting of circularity principles for the countries, which focused
on CE in later years. With respect to strategies for plastics in focus, the framework
came into force from 2018. Later, Netherlands, in September 2016, passed on new
legislation called ‘A Circular Economy in the Netherlands by 2050’. Apart from
this, several other programmes and initiatives such as Green Growth, From Waste
to Resource (VANG) and the Bio-based Economy are also encouraged to embrace
circularity of plastics. Later, the government of Spain elaborated a new initiative
in 2017 for reduction of landfills and to promote CE. It is stated that around 300
signatories and stakeholders have indulged in the new pact of Government of Spain.
The Government of India has recently drafted a National Resource Efficiency Policy
in 2019, aiding the country to move towards the circular economy and approach zero
landfill strategy.

Apart from government institutes, several non-governmental entities have come
forwardwith amission to progress towards circularity of plastics. For instance,Amer-
ican Chemistry Council’s (ACC) Plastics Division has released a new obligation for
itsmembers. The new proposal has set a target to recycle and recover the plastics used
in packaging sector, completely by 2040. In addition, the plastic pellet stewardship
is to be encouraged by 2022. Further, in 2018, around 200 leading companies and
business organizations, 16 governments of various countries, 26 financial institutes
and 50 academic and research institutes have collaborated in a program called ‘New
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Plastics Economy Global Commitment’ to make the virtual vision of CE into reality.
The Ellen MacArthur Foundation heads this new initiative in collaboration with UN
Environment [21].

4 Challenges Faced in Embracing Circularity of Plastics

In the holistic progression from open-loop/linear usage of plastics to implementa-
tion of close-loop/circularity of plastics, all the participants from industrialists to
consumers need to face a significant challenge. Several strategies are reviewed and
available for implementation of circular economy, especially in packaging industries.
Researchers and analysts have constructed a database of the key factors and chal-
lenges that are to be considered in successful operation for adoption ofCE [22],which
is briefly summarized in Fig. 6. A number of important challenges are discussed as
follows.

4.1 Finding Value

The recycled plastics are sometimes expensive than the virgin plastic raw mate-
rials. Though recycled plastics are up expensive, the quality is often questionable.
Therefore, there is a need to find the addition of value to the recycled plasticmaterials.

4.2 Redesigning

Many goods are manufactured such that plastic content is made complicated to
recycle. Many products such as bottles, packaging covers etc., in order to meet
the market needs, are often produced with other additives and materials such as
glues and bonds. However, these lead to difficulty in dissembling the products into
waste separates. Therefore, a sustainable approach must be adopted to design the
products with focus of easy recycling. In addition, new eco-based materials should
be designedwhich not only offers recyclability but also are eco-friendly. For instance,
polyethylene furanoate (PEF), a new bio-based plastic, is being developed, which
serves as an alternate to existing PET bottles. In 2016, AVANTIUM, BASF with
partnership of other leading companies such as Coca-Cola Company, Danone and
ALPLA came forward to start a joint venture called ‘Synvia’. They established a
manufacturing unit in Belgium for the production of these bio-based materials which
also offer opportunities to be recycled [24].
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Fig. 6 Challenges and key indicators in implementation of circular economy [23]
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4.3 Increasing Availability

Finding an alternate sustainable material is a key aspect in implementation of CE.
Further, it is also equally important to make sure that new raw materials need to
possess a stable supply, for uninterrupted manufacturing process.

4.4 Respecting Manufacturing Processes

Redesigning and usage of new alternate materials may affect the existing manufac-
turing process. Therefore, it is also necessary to find efficient approaches that do not
interfere with the existing production processes and cost.

4.5 Sorting

Since different plastic goods have variable attributes such as shape, design, structure,
different chemical properties and colour, it becomes very difficult for the recycling
units to sort and categorize them to retrieve a good yield of recycled plastics. Manual
sorting, induction sorting, eddy current sorting, sink float separation, tribo-electric
separation and speed accelerators are someof the state-of-the-art sorting technologies
used in current recycling facilities. X-ray, infrared and laser-induced breakdown
spectroscopy are some of the technologies used for quality control of the sorting
process.

4.6 Recycling

Recycling is one of the important aspects inCE to curb the leakage of plastics from the
loop. The plastics are generally recycled either by mechanical or chemical recycling.
A brief note on the types of plastic recycling is explained in the following sections.

4.6.1 Mechanical Recycling

Usingmechanical recycling, the plasticwastes are processed into secondary/recycled
raw materials without altering the chemical structures of the polymer. Mechanical
recycling is more suitable and limited to thermoplastic polymers. It is often not
suitable for thermoset polymers mainly due their cross-linked structures. The steps
involved in mechanical recycling include collection, sorting, chipping, washing and
pelletizating. The main challenge faced in mechanical recycling is that the plastic
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wastes need to be sorted, as they are susceptible to contamination. Another drawback
is that the heat occurred during the process tends to soften the polymer or even cause
degradation resulting in poor properties of the recycled yield.

4.6.2 Chemical Recycling

Chemical recycling (also called as feedstock recycling) is used for converting the
larger polymeric chains into smaller units that can be further used into a variety of
valuable resources. For instance, the plastic wastes are converted into gases, fuels
and other chemicals through a number of processes such as pyrolysis, gasification
and hydrogenation. On other hand, chemical depolymerization or chemolysis tech-
nology is used to convert the plastic wastes into monomers, oligomers and higher
hydrocarbons that can be used to reproduce plastics that has been recycled or can
be used for producing new plastic materials. The processing conditions, advantages
and challenges of the process and examples of plastic treated and their yield are
summarized in Table 1.

4.7 Collaboration

The adoption of circularity of plastics is a tedious progression, which is often not
possible by a single stakeholder. It is necessary that all the stakeholders involved in
the product and supply chainmust corporate and collaborate for a smooth progression
from linear to circular economy.

5 Case Studies of Circularity of Plastics

With the above-mentioned challenges, there are many designers, economists,
activists, industrialists and manufacturers coming up with novel solutions to design
the circularity of consumer used plastic products. Many smarter solutions for recy-
cling, redesigning and minimal disposal of plastic wastes are being implemented in
the day-to-day life. Figure 7 summarizes the consumption of some of established
consumer brands, packaging companies, retail and hospitality companies. In addi-
tion, the organization’s commitment to recycle and use the post-consumer recycled
plastics by 2025 are listed in Fig. 7. A few examples of plastic waste circularity with
respect to both upcycling and downcycling are briefed.
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5.1 Plastic Wastes in Construction and Maintenance of Roads

As an initiative to adopt CE, a new trend towards using the recycled plastics in laying
roads and pavements has been tested and implemented across various countries.
In general, the collected plastic wastes are first segregated into thermoplastic and
thermosetting plastics. Mostly, thermoplastics are preferred because for this concept,
as the softening point of thermoplastics is in acceptance level with the processing
temperatures of bitumen and tar (155–165 °C). Further, plastic waste is melted and
mixed with bitumen in a prescribed ratio (from 5 to 20%) based on the quality of tar
or asphalt. Normally, blending takes place when temperature reaches 45.5 °C [29].
The mixture is then heated to higher temperatures of 155 °C, for enhancing better
bonding between the bitumen and plastics. These heated mixtures are used for laying
roads.

Other benefits of plastic roads include [30–32] the following:

• Approximately, cost of laying up roads reduces up to Rs. 45,000 per kilometre.
• The strength of the roads is almost doubled with respect to conventional roads.
• Since seepage during rainwater stagnation is reduced, the problems of frequent

potholes occurrence are most likely reduced.
• The problem of bleeding that occurs in hot weather is also reduced.
• The use of plastic roads does not need any additional or specialized machineries

and technologies. Hence, no significant change in the operation cost.
• Reduces the usage of initial raw materials such as bituminous, tar or asphalt

leading to reduction of procurement cost.

India is one of the pioneer countries to have laid roads made up of plastic waste.
It all started in 2015, when the government of India made it compulsory for all the
road builders to implement the plastic wastes in roads. So far, the country has around
1 lakh kilometres of road laid using plastic across 11 states [33]. Further, the roads
are being laid in UK, Canada, Australia, New Zealand and gulf nations using the
patented product MR6, which consists of pellets manufactured with the blends of
plastics and 20% bitumen. These patented plastic waste/bitumen blends are supplied
by a road product specialists, Macrebura. These specialized products were also used
as pot hole fillers during the repairing and maintenance of roads [34].

Apart from construction of roads and repairing potholes, the plasticwastes are also
being used in manufacturing tools for reducing the cracks and buckling of the roads.
For instance, in Texas (USA), the frequency of occurrence of cracks and buckling
is higher due the nature of the soil, which often contacts or expands at different
climatic conditions. To combat the issue, Dr. Sahadat Hossain, University of Texas
at Arlington has projected a new technology of using ‘pins’ manufactured using
plastic wastes, drilled into the roads. These pins keep the materials in contact and
reduce the occurrence of cracks and the buckling. Approximately, 500 used plastic
bottles are used in producing one such pin [35].

Key points: (1) Plastic roads not only offer an alternate for reducing the plastic
wastes to landfill, but also the value of the plastic waste is upcycled as plastics in
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form of roads stay longer in the circular loop. (2) Use of plastic waste reduces the
cost of roads thus adding potential contribution to the circular economy. (3) Plastic
in roads increases the lifespan of the roads.

5.2 Circularity of Plastic Bottles and Liners

Procter & Gamble (P&G) collaborates with Purecycle™ to reuse the PET bottles.
A recycling plant has been set up in Ohio, USA to have a commercial capacity to
recycle 105 million pounds of PET and PP bottles with operation resuming in 2020.
They use a patented depolymerization technology, which is less energy consuming
to make the recycled materials economically viable [36]. P&G has also collabo-
rated with other recycling specialists such as TerraCycle and SUEZ to make use of
ocean/beach recycled plastics in manufacturing of shampoo bottles. The companies
have committed to use up to 25% of beach plastics in manufacturing of shampoo
bottles [37].

Coca-Cola European Partners (CCEP) along with Avery Dennison, Viridor and
PET UK have collaborated with a mission to recycle the PET bottle liners rather
than incinerating. In 2016, they upcycled 70 tonnes of PET bottle liners. The liners
were shredded mechanically and reused into PET staple fibres and strappings. Also,
thermo-foam sheets are produced from these plastic wastes which will be used in the
production of trays [38].

Key points: (1) Collaboration between the manufacturers and plastic recycling
experts is more efficient for adopting circularity. (2) New product design and mate-
rials must be implemented in order to avoid contamination caused by labelling, glues
and so for easy processing during recycling.

5.3 Circularity of Plastics Used in Absorbent Hygiene
Products

Single use disposable absorbent hygiene products such as nappies, diapers and sani-
tary napkins are often manufactured using absorbent pads covered with plastics such
as polypropylene and polyethylene. Polyester fleeces are also used in manufacturing
of the cloth diapers. It is estimated that around 300,000 tonnes of used diapers end up
in Netherlands and 900,000 tonnes in Italy. Around 5% of landfills in U.S.A consists
of absorbent hygiene products (AHP) [39]. Most commonly, these wastes are steril-
ized and incinerated for energy recovery. However, recently many novel ideas have
been developed to recycle and reuse the plastics recovered from such wastes. P&G
in Russia has started an initiative to use the recycled plastics from such product in
cement applications. Further, the company has also collaboratedwithAngeliniGroup
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and Fater Spa to develop more circularity options. The plastics recovered from these
wastes is proposed to be recycled into various applications such as bedding pads for
pets, automotive, bottle caps and plastic park benches [40].

Key points: (1) Separate collection of these AHP wastes, separate sterilization
process and quality control are serious challenges involved in developing circularity
ideas for such wastes. (2) New disposal system and specialized collection must be
implemented.

6 Conclusion

With respect to the increasingpressure of plasticwastemanagement, there is anurgent
need for the implementation of plastics circular economy. To help all the stakeholders
move towards execution of CE, several government and non-governmental agencies
have put forward new legislations and framework. Nevertheless, it is to be noted that,
not all the leading industrialists, companies and even some smaller countries have
yet committed for endorsement of complete circularity of plastics. These could be
mainly because of the challenges such as

(a) lack of more evidence on the merits and demerits of recycled plastics,
(b) lack of more specialized waste collection and processing infrastructure, low

progress in setting eco-design requirements,
(c) lack of advanced technologies, high cost of recycled plastics in comparison to

virgin plastics and uncertainty in addition of value to recycled plastics.

In spite of these challenges, a few case studies have shown that circularity of
plastics is possible. However, the implementation has not reached its maturity. From
the market study, it can be noticed that all the entities are focusing on dealing with
the challenges mentioned. However, the effect of absolute transformation is time-
consuming and needs to be assessed regularly down the time. Focusing more and
addressing the following priorities can make a significant progression from linear
economy to circular economy of plastics easier:

(a) accessing ways to provide better transportation/collection/sorting of plastics,
(b) expanding the eco-design rules,
(c) facilitating and boosting the demand for circular products,
(d) providing funds for research advancements and
(e) use of new materials and providing more tax benefits.
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From the case studies, it can also be seen that encouraging and developing more
effective business models for collaboration between the companies, experts and
speciality commodity manufacturers will also help the progression to be better and
faster. Moreover, the concept of plastic circularity should not be burdened on the
shoulders of established companies and government alone, but should be cultivated
as a social responsibility from the grass root levels of every entity.

Questions

(Q1) What is the feasibility of chemical recycling methods for recycling plastic
waste?

(Q2) Is plastic waste recycling energy efficient when compared to incineration?
(Q3) Is chemical recycling better than mechanical recycling?
(Q4) Can 100% circularity of plastics be achieved by enforcing government

legislations?

Answers

(A1) With chemical recycling methods, the long polymer chains of the plastics
into small units when subjected to high temperatures and with presence of
solvents or catalysts. Chemical recycling in most cases is used for converting
plastic wastes into fuels and energy. Except for chemolysis technique of PS
and PET where the raw materials can be produced through repolymerization
of monomers produced through chemical recycling. In general, the opera-
tional costs are higher. However, successful development of these technolo-
gies can help the plastic slowly decouple from petroleum dependence and
self-potentially close the circular loop.

(A2) Plastic waste is commonly incinerated to tackle the problem of plastic waste
management. However, new technologies are being developed to recover the
raw materials through various recycling methods. On the other hand, it is
speculated the recycling methodologies are very energy consuming making
the process not sustainable. But in reality, for incineration the heating value for
plastics is ~36,000 kJ kg−1,whereasmechanical recycling conserves ~60,000–
90,000 kJ kg−1. Therefore, recycling plasticwaste ismore energy efficient than
incineration.

(A3) Though both methods have its own pros and cons, the waste recycled using
chemical methods can recover raw materials repeatedly for a number a times.
In chemical recycling methods, the plastics are broken down into their molec-
ular level and repolymerized from the monomers yielded from the process.
The loss of integrity of the properties of plastics is lesser when compared to
mechanical recycling. As in mechanical recycling, the heat and shredding of
plastics causes an impact on the properties of the materials recovered.

(A4) Several governments have enforced the frameworks for implementation of
circular economy of plastics. Nevertheless, these legislations more often
provide a detailed framework and monitoring process for encouraging the
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plastic sector to progress towards CE. They have also provided tax benefits
and funding opportunities for development of technologies and materials for
improving plastic circularity. However, they do not impose fines or any other
legal punishments for not adopting 100% circularity of plastics. From market
study, it can be seen that not all the companies and brands have committed to
100% plastics circularity for a period until 2025. Hence, these rules and legis-
lations cannot help achieve complete circularity of plastics but they encourage
and push the economy to progress towards circularity.
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Abstract Electricity is at the heart of modern economies and it is providing a rising
share of energy services. Global demand for electricity is set to increase further as a
result of rising household incomes, with the electrification of transport and heat, and
growing demand for digital connected devices and air conditioning. Rising electricity
demand was one of the key reasons why global CO2 emissions from the power sector
reached a record high in 2018. In fact, as per the projections of International Energy
Agency (IEA), electricity’s share in total final energy consumption is expected to
increase from 19% in 2018 to at least 24% in 2040. One of the potentially effective
approaches for providing universal access to electricity is community microgrids
built on distributed energy resources (DER) such as photovoltaic (PV) systems and
batteries. As DER can generate and store electricity locally, they can power micro-
grids. Amicrogrid is a group of interconnected loads and distributed energy resources
within clearly defined electrical boundaries that acts as a single controllable entity. A
set of microgrids can be interconnected together to form community microgrids. In
a community microgrid (CM), prosumers and consumers can cooperate to generate,
share and consume electricity. Such CMs minimise the use of fuels required by con-
ventional power plants, reduce creation of waste, pollution and carbon emissions.
Additionally, DERs such as solar panels reduce the need for fuels and manufactur-
ing supplies for long periods as their expected lifetime is about 20years. Moreover,
in a CM, the excess energy generated by a producer can be shared with the other
members of that CM thereby recycling the excess energy. In summary, community
microgrids incorporate the principles of circularity or circular economy to enable
universal access to electricity while reducing air pollution and thereby addressing
the climate change.
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1 Introduction

Electricity1 is one of themost widely used forms of energy, and it has been adapted to
power a huge and a growing number of applications. Electricity is a practical energy
source for many residential, commercial and industrial use cases such as lighting,
heating, cooling, telecommunications and transportation. As described by the Inter-
national Energy Agency (IEA) report, electricity is at the heart of modern economies
and it is providing a rising share of energy services. Demand for electricity is set
to increase further as a result of rising household incomes, with the electrification
of transport and heat, and growing demand for digital connected devices and air
conditioning. Rising electricity demand was one of the key reasons why global CO2

emissions from the power sector2 reached a record high in 2018 [2].
The IEA analyses the future of electricity and electricity-related emissions under

two scenarios:

1. Stated policies scenario—The aim of the stated policies scenario is to provide a
detailed sense of the direction in which existing policy frameworks and today’s
policy ambitions would take the electricity sector out to 2040. In this scenario,
global electricity demand grows at 2.1% per year to 2040, and this raises elec-
tricity’s share in total final energy consumption from 19% in 2018 to 24% in
2040 [2].

2. Sustainable development scenario—The sustainable development scenario
takes its inspiration from the UN sustainable development goals (SDGs) most
closely related to energy: achieving universal energy access, reducing the impacts
of air pollution and tackling climate change. In this scenario, electricity plays an
even larger role, reaching 31% of final energy consumption. That is, the share of
electricity in final consumption, less than half that of oil today, overtakes oil by
2040 [2].

One of the potentially effective approaches for achieving SDGs in power sector
is by generating electricity using distributed energy resources (DER) (such as solar
photovoltaic (PV) systems and batteries), and by distributing and sharing electric-
ity locally using the principles of circular economy. As DER can generate and store
electricity at the premises of consumers, they can power microgrids. Amicrogrid is a
group of interconnected loads and distributed energy resources within clearly defined
electrical boundaries that acts as a single controllable entity. A set of microgrids can
be interconnected together to form a community microgrid. In a community micro-
grid (CM), prosumers and consumers can cooperate to generate, share and consume

1A prosumer is a person (or entity) who consumes and produces a product [1].
2The phrases ‘electricity sector’ and ‘power sector’ are used interchangeably in this chapter.
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electricity. Such CMs minimise the use of fuels required by conventional power
plants, reduce creation ofwaste, pollution and carbon emissions. Additionally, DERs
such as solar panels reduce the need for fuels and manufacturing supplies for long
periods as their expected lifetime is about 20years. Moreover, in a CM, the excess
energy generated by a producer can be shared with the other members of that CM
thereby recycling the excess energy. Thus, community microgrids incorporate the
principles of circularity or circular economy to enable universal access to electricity
while reducing air pollution and thereby tackling climate change.

Given the importance of circular economy to electricity systems, there is consid-
erable interest in applying circularity to energy systems [3]. However, the main focus
has been on recycling material and reusing assets. To list a few such efforts:

1. Reusing facilities—for example, Enel, an Italian multinational energy company,
has started Futur-e [4] to repurpose 23 thermoelectric power stations and a disused
mining site. For instance, Porto Tolle, a decommissioned thermoelectric power
plant, is being transformed into an open-air tourist hub; Carpi, a retired power
station, is being converted into an innovative logistics hub.

2. Recycling material—for instance, TransAlta, Canada’s largest publicly traded
power generator and marketer of electricity and renewable energy, decommis-
sioned Canada’s oldest wind farm and recycled about 90% of the wind farm
equipment by weight [5]. That is a total of approximately 1,250 tonnes of metal
from gearboxes, generators, nacelles, towers, wiring and pad-mount transformers,
plus 44,600 litres of oil.

3. Reusing assets—Circusol, an innovation action project from the European Union,
has developed a novel business model known as product-service system (PSS)
business model. In a PSS model, a supplier provides solar power generation and
storage to a user as a service. The PV and batteries are installed at the user’s
site, but the supplier remains as the owner and is responsible for their optimal
functioning. When the equipment reach their end of life at the sites, the supplier
takes themback anddecideswhether they can be given a second life and reinstalled
somewhere else, or must be sent for recycling. The importance of this business
model can be understood given the fact 8 million tonnes of used PV units and 2
million old electric vehicle batteries are expected to be discarded by 2030.

Compared to the aforementioned initiatives that focus on reusing/recycling of
physical assets, community microgrids primarily focus on operational efficiency—
efficient generation, consumption and sharing of clean electricity. This chapter
describes how principles of circular economy can be applied to community micro-
grids. The rest of the chapter is organised as follows. First, Sect. 2 presents a quick
overview of conventional power grids. Next, Sect. 3 provides an overview of dis-
tributed energy resources (DER). It is a followed by Sect. 4 that discusses microgrids
built using DER, and the corresponding operational challenges. Section5 describes
how community microgrids work and address some of those challenges with the
contributions from prosumers, producers and consumers. Section6 discusses a few
case studies of community microgrids. Section7 summarises the key points covered
in this chapter.
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Fig. 1 Simplified diagram of the topology of electricity grids in North America. (Source https://
www.ferc.gov/industries/electric/indus-act/reliability/blackout/ch1-3.pdf)

2 Power Grids

As shown in Fig. 1, traditional power grids are based on centralised architectures3

in which large-scale power plants (nuclear, thermal, hydroelectric, etc) generate
electricity. For example, in the USA, about 20% of electricity is generated by 61
large (capacities ranging from 582 MW to 3,937 MW [6]) nuclear power plants [7].

The electricity generated by such large plants gets transported to the loads
(consumption points) by transmission and distribution networks. Former transports
energy over long distances at hundreds of Kilo volts, and the latter, using distri-
bution transformers, steps the voltage down (and correspondingly steps the current
up) to deliver electricity to end consumers. Most of the residential and commercial
consumers connected to distribution networks at about 120 V or 240 V.

Although such centralised AC power systems have been effective for more than
a century, they suffer from certain distinct disadvantages as explained below.

– Energy losses—As electrical energy must be transmitted from power plants to
the consumers via extensive networks, about 8–15% of energy is lost as heat
in transformers and power lines due to Joule effect4 [8]. Based on the quality
of grid construction, ambient temperature, cable length and the effectiveness of
maintenance procedures, these losses can be higher or lower. As per the World
Bank’s analysis [9], in 2014,5 these losses were amounting to 5% in China, 19%
in India, 9% in Indonesia and 6% in Thailand.

3As this AC power system architecture is proven to be robust and reliable, power grids across the
world are built based on this exactly same or similar architecture.
4When electric current flows through a material with finite conductivity, electrical energy is con-
verted to heat. Joule’s first law states that the heat generated by such a material is proportional to
the product of its ohmic resistance and the square of the current.
5Most recent data available is from the year 2014.

https://www.ferc.gov/industries/electric/indus-act/reliability/blackout/ch1-3.pdf
https://www.ferc.gov/industries/electric/indus-act/reliability/blackout/ch1-3.pdf
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– Peak capacity under utilisation—Unless grid-scale storage is deployed, elec-
tricity must be generated and transported, in real time, as and when required by
consumers. So if the magnitude of peak load is much higher than the magni-
tude of average load, then the peak capacity (for generation and transportation)
will be be underutilised during the off-peak hours. For instance, during 2006,
in the New England region of the USA, 15% of all capacity ran 0.90% of the
time or less, 25% of all capacity ran 2.92% of the time or less. Furthermore, the
peak-to-average ratio has been rapidly increasing over the last 4 decades [10].
Environmental impact of centralised generation—Based on the source of gen-
eration (fossil fuel or renewable resource), centralised power plants can contribute
to large-scale regional environmental concerns as well as localised concerns that
affect the area directly surrounding a power plant. They can affect the environment
in the following ways [11]:

– Air pollutant emissions:

• The amount and type of emissions will vary by fuel burned and other plant
characteristics.
• Air pollution from burning fuel often includes carbon dioxide, sulphur
dioxide, nitrogen oxides, mercury and particulate matter.

– Water use and discharge:

• Water used for steam production or cooling may be returned at warmer
temperatures to water bodies and may contain contaminants.
• Some water may also be lost to evaporation.

– Waste generation:

• Burning certain fuels results in solid waste such as ash, which must be
stored and eventually disposed of properly.
• Some wastes contain hazardous substances. For example, nuclear power
generation produces radioactive waste, while coal ash can contain heavy
metals like mercury.

– Land use:

• Large power plants require space for their operations.
• Centralised generation requires transmission lines, which also use land.

In many countries, due to aforementioned disadvantages, conventional power
grids are being rapidly replaced by decentralised energy systems built from dis-
tributed energy resources (DER) that can generate and store electricity near the
points of consumption.
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3 Distributed Energy Resources

Distributed energy resources (DER) are small, modular, energy generation and stor-
age technologies that supply electricity where needed. Typically producing less than
10 megawatts (MW) of power, DER systems can usually be installed in the premises
of consumers and can be sized to meet their particular needs [12].

3.1 Solar PV Systems

Although there are many different types of DERs such as back-up generators, wind
turbines and combined heat and power (CHP) systems, we would mainly focus on
photovoltaic (PV) generation systems—both roof-mounted and ground-mounted—
installed in premises. As they are clean and do not generate any noise, they can be
conveniently installed within the premises of consumers. They have the following
attractive properties:

– Scale-free—As solar panels come in a wide range of capacities such as 10W, 20W,
100W, 250W, 300W, etc., generation units of arbitrary capacities can be created
by assembling the required number of solar panels.

– Falling prices—As illustrated in Fig. 2, the prices of silicon PV cells and the prices
of installed solar PV systems have been falling. Further, as per Swanson’s law,6

Fig. 2 Plummeting prices of
solar PV cells. (Source
https://commons.wikimedia.
org/wiki)

6Swanson’s law is the observation that the price of solar photovoltaic modules tends to drop 20%
for every doubling of cumulative shipped volume [13]. It is important to note that Swanson’s law
does not address the other costs such as labour costs and equipment costs.

https://commons.wikimedia.org/wiki
https://commons.wikimedia.org/wiki
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Fig. 3 Falling prices of
solar panels in India. (Source
https://saysolar.in/home-
solar-system/)

based on the current volume of panels shipped, costs are expected to decrease by
75% about every 10years. For instance, as shown in Fig. 3, price per watt of solar
panels in India has fallen by almost 600%.

– Relatively long expected life—Once installed, solar panels can operate and pro-
duce electricity for more than 20years. In fact, some of the panel manufacturers
assure that generation capacity will not reduce by more than 20% for the first
20years of operation.

– Relatively low maintenance—As they do not include any moving parts, the in-
premise installations do not require any regular maintenance other than periodic
cleaning of solar panels and tuning of inverters.

As a result of such attractive properties, solar PV systems are becoming popu-
lar across the world. As shown in Fig. 4, the installed capacity of PV systems has
increased by more than 500-fold since the early 1900s and is continuing at a robust
pace. More importantly, the cumulative installed capacity of smaller PV systems that
are installed on premises forms one-third of the total installed solar capacity.

3.2 Batteries

As solar is an intermittent (generated energy fluctuates due to cloud movements,
weather changes, etc) energy source, solar PV systems, to smooth out the fluctuations,
usually are either connected to power grids and/or augmentedwith batteries. Batteries
are an integral component of off-grid systems.While selecting a battery, the following
critical characteristics7 must be considered.

– Capacity or nominal capacity—the total ampere hours available when the battery
is discharged at a certain discharge current (specified as a C-rate) from 100% state-
of-charge to the cut-off voltage (point at which a battery cannot supply any more

7The comprehensive details of these and other characteristics are presented in the guide from MIT
[14].

https://saysolar.in/home-solar-system/
https://saysolar.in/home-solar-system/
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Fig. 4 Exponential growth curve on a semi-log scale of worldwide installed photovoltaics in
gigawatts. (Source https://commons.wikimedia.org/wiki)

current). Capacity is calculated by multiplying the discharge current (in amperes)
by the discharge duration (in hours). Capacity decreases with increasing C-rate.8

C-rate is used to indicate the maximum current that a battery can safely deliver on
a circuit.

– Depth of discharge (DoD)—the percentage of battery capacity that has been dis-
charged expressed as a percentage of maximum capacity. A discharge to at least
80% DoD is referred to as a deep discharge. A deep-cycle battery is a battery
designed to be regularly deeply discharged using most of its capacity.

– Cycle life—the number of discharge-charge cycles a battery can experience before
it fails to meet specific performance criteria. Cycle life is estimated for specific
charge and discharge conditions. The actual operating life of the battery is affected
by the rate and depth of cycles and by other conditions such as temperature and
humidity. The higher the DoD, the lower the cycle life.

– Cost—in addition to the initial investment, the operating cost—cost per kWh—as
a function of the upfront investment and all the electricity stored in and discharged
from that battery can be analysed using the following formulas:

8It is defined as the current through the battery divided by the theoretical current draw under which
the battery would deliver its nominal rated capacity in 1 h. The capacity of a battery is commonly
rated at 1C, meaning that a fully charged battery rated at 1Ah should provide 1A for 1 hour. The
same battery discharging at 0.5C should provide 500 mA for 2 hours, and at 2C it delivers 2A for
30min.

https://commons.wikimedia.org/wiki
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total − kWh = (C ∗ V ∗ D ∗ CL)/1000 (1)

cost/kWh = Battery − Price/total − kWh (2)

where
C—capacity of battery expressed in ampere hours,
V—operating voltage of the battery,
D—recommended depth of discharge
and CL—number of charge/discharge cycles supported by the battery.

The following two types of batteries are commonly used with solar installations
[15]:

1. Lead-acid batteries—they have been used in energy storage applications for
more than 150years. Their main benefit is their lower cost compared to other two
types of batteries. However, their cycle life is usually lower and can support only
shallow (about 50%) DoD.

2. Lithium-ionbatteries—these batteries havemany advantages over lead-acid bat-
teries. First, their energy density (kWh/Litre) is much higher, allowing lithium
batteries to be smaller and lighter than lead-acid batteries with similar capac-
ity. Secondly, and more importantly, they have long cycle lives (3,000–10,000
cycles) at a high DoD (80%). However, these batteries are routinely 500–700%
costlier than similarly sized lead-acid batteries. Fortunately, as seen in Fig. 5, as

Fig. 5 Lithium-ion battery prices
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per Bloomberg New Energy Finance [16], the prices of lithium-ion batteries have
been rapidly falling.

The use of batteries must be carefully considered as both the aforementioned
batteries (are based on electrochemical cells9) can severely impact the environment,
if they are not carefully recycled and/or disposed [17].

4 Microgrids

A Microgrid is defined as a group of interconnected loads and distributed energy
resourceswithin clearly defined electrical boundaries that acts as a single controllable
entity with respect to the grid. A microgrid can connect and disconnect from the grid
to enable it to operate in both grid-connected or islanded modes [18].

Microgrids are broadly categorised as grid-connected (on-grid) and isolated
microgrids (off-grid).

– Grid-connected microgrids—the entities which are equipped with one or more
of DERs (such as solar, batteries or wind turbines) in their premises but are also
connected to the central grid are examples of grid-connected microgrids. Based on
the availability of locally generated energy, the loads can be either served by the
electricity drawn from the grids or from the locally generated electricity.Moreover,
if local DERs generate more electricity than required by the local loads, the excess
energy can be exported to the grid.

– Isolated microgrids—the microgrids which are totally disconnected from central
grid and work as independent and self-sufficient systems. They are often found in
remote areas without access to reliable power grids.

Figure6 shows the exemplary structure of grid-connected and isolatedmicrogrids.
In last few years, microgrids are becoming popular in southeast Asia [19, 20], India
and Africa [21, 22]. These microgrids not only provide energy for a community that
currently has no access to power grids, but they also can function as a reliable and
economic source of electricity to urban and rural populations.

The microgrids, based on on-premise solar installations, avoid the disadvantages
of conventional power grids since they supply clean energy without network losses,
fuels and emissions. However, they have the following shortcomings:

– Intermittent generation:

– Solar panels can generate electricity only during the daytime. Further, the gen-
eration follows a bell curve pattern that peaks when the sun is close to its local
zenith. This pattern could lead to a timing imbalance between peak demand and
solar production. For instance, in many energymarkets, the peak demand occurs
after sunset, when solar power is no longer available [23].

9An electrochemical cell is a device capable of either generating electrical energy from chemical
reactions or using electrical energy to cause chemical reactions.
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Fig. 6 Grid-connected and isolated microgrids

– Solar energy generation can also fluctuate on a minute-by-minute basis due to
various environmental factors such as cloud movements, smog, fog, etc.

– Low-generation power density10: After the atmospheric absorption and the
Earth’s albedo,11 the total solar radiation that reaches the Earth’s surface can be
prorated to about 170 W/m2, and ranging from less than 100 W/m2 in cloudy
northern latitudes to more than 230 W/m2 in sunny desert locations [25]. As a
result, the specific yield (kWh/kWp) is different in different parts of the world.
For instance, a one kW solar installation inWindhoek, Namibia, would yield about
5.4 kWh per day, and the same installation in Stockholm, Sweden, would yield
only 2.8 kWh per day [26]. Due to low power density of PV systems, even the
largest solar PV parks generate electricity with power densities that is at best 1/10
and at worst 1/100 of the power densities of coal-fired electricity generation [25].

From these shortcomings, it can be seen that standalone microgrids may not be
adequate to satisfy the demands of electricity consumers. Moreover, some of the
consumers may not be able to adopt solar due to unavailability of suitable (orienta-
tion, shadow-free, etc) space and/or initial capital funds. To support such resource-
constrained consumers, it is important to implement ‘Community Microgrids’ in
which producers, consumers and prosumers can cooperate to address the collective
economic objectives and energy requirements of the community. Further, given the
inherent intermittent nature of solar energy, CMs must be augmented with energy
storage systems to smooth out the fluctuations. In the next section, we shall discuss
community microgrids in detail.

10Power density is the amount of power (time rate of energy transfer) per unit volume [24].
11Fraction of radiation reflected to space by clouds and surfaces.
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5 Community Microgrids

As discussed in earlier sections, community microgrid provides energy to a com-
munity or a group of customers.

As shown in Fig. 7, a community microgrid can be constructed by electrically
interconnecting the participants. A participant in a CM will possess some or all of
the following: (i) Solar PV (source), (ii) rechargeable batteries (storage) and (iii) local
loads. The sources always provide energy, the loads always consume energy and the
batteries, on demand, can either supply (discharge) or consume energy (recharge).
So, a participant can be classified as a producer (owns only the source and optionally,
batteries) or as a consumer (owns only the loads) or as a prosumer (has both source
and loads, and, optionally, storage).

Based on the consumption and generation of these participants, the net current
in a CM, at any instant, can be positive or negative or zero. However, for a CM to
be self-sufficient and stable, the amount of electricity supplied and consumed in that
microgrid must be continuously matched, as stated in Eq.3.

n∑

i=1

(Eig + Eid) −
n∑

i=1

(Eic + Eic) ≈ 0 (3)

n− number of premises
Eig−electricity generated by the i th premise,
Eid−electricity discharged by batteries at the i th premise,
Eil−electricity consumed by the loads at the i th premise and
Eic−electricity used for charging batteries at the i th premise.

A CM controller can coordinate with microgrid controllers within each premise
to increase/decrease generation, alter charging/discharging patterns and adjust con-
sumption levels and schedules. The following subsections describe how different
types of participants can contribute to continuous balancing of a CM.

5.1 Consumer

A consumer can use electricity for powering loads (lighting, cooling, heating, com-
puting, etc.) and/or for charging energy storage systems (batteries, electric vehicles,
etc.).

5.1.1 Powering Electrical Loads

Theoretically, CMs must be able to power all the loads concurrently operating in the
network. However, the total generation capacity required for achieving that can be
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Fig. 7 Flow of energy with different types of participants
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Table 1 Types of electrical loads

Schedule Level

Inflexible Lighting, fans, Incandescent bulbs, conventional

Entertainment centres, etc. Water heaters, etc.

Flexible EV chargers, water heater, etc. Air conditioners, EV chargers,

Fans, LED lights, etc.

expensive. So, the total concurrent consumption can be reduced, if there is flexibility
in schedules and/or operating levels of those loads. As illustrated in Table1, while
loads such as incandescent bulbs are completely inflexible, electric vehicle (EV)
chargers can be operated at different charging rates and can be scheduled when the
CM is not heavily loaded.

An entity that does not have the capacity to store or generate electricity can also
contribute to CMs by participating in demand response (DR) programmes. That is,
when the total generation of a CM is high, they can increase their consumption, and,
conversely, when the generation is low, they can decrease.

As presented by Zhang et al. [27], several different types of DR programmes
have been designed and deployed. In these programmes, DR messages are sent to
consumers to decrease (or increase) their consumption in response to grid conditions.
The authors classify DR programmes into two types based on the economic means
employed by utilities to effect such a change:

1. Price-based DR—consumers are induced to minimise their consumption during
peak hours by offering time-varying prices12 that charge higher electricity rates
during peak load hours and lower rates during other times.

2. Incentive-based DR—consumers are encouraged to reduce their consumption
during peak hours by offering incentives such as discounted retail rates or separate
payments13 for pre-contracted and/or measured load reductions.

DR programmes can also be classified as manual or automated depending on
whether consumers must manually control the loads. While the conventional appli-
ances require consumers to turn them off/on or down/up, there have been initiatives
such as OpenADR [28] and DRED [29] to standardise so that DR messages can be
directly processed by communication-enabled electrical loads themselves.

In the aforementioned programmes, the balancing authorities centrally decide
and execute DR events. Researchers have also proposed decentralised DR systems
such as nPlug [30] that autonomously identify grid load conditions and appropriately
schedule the loads to avoid peak grid load hours.

12A few illustrative tariffs are time-of-use (TOU) pricing, real-time pricing (RTP) and critical peak
pricing (CPP).
13A few illustrative ones are direct load control (DLC), interruptible/curtailable (I/C) service,
demand bidding/buyback (DB), emergency demand response programmes (EDRP), capacitymarket
programmes (CMP) and ancillary services market programmes (ASMP).
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Thus, demand in microgrids can be altered, either automatically (while respect-
ing user preferences) or manually, in response to the available supply by increas-
ing/decreasing the consumption levels and/or by advancing/postponing the use of
electrical loads.

5.1.2 Charging Energy Storage Systems

Energy storage systems (abbreviated as storage) such as batteries form a special class
of loads because of the following reasons:

– The difference is that electricity stored in batteries can be reused latter. However,
some of the energy may be lost due to round-trip losses associated with charging
and discharging of batteries, and through self-discharge [31].

– Batteries must be charged using prescribed charging methods. So their current
consumption can follow complex patterns. For instance, charging a lithium-ion
battery must follow the sequence of constant-current charging, saturation charg-
ing, and finally trickle or top-up charging. Within the prescribed method, the
aforementioned demand management methods can be employed [32].

Batteries can be charged depending on the availability of electricity and future
energy requirements while respecting the charging methods (rate and sequence)
prescribed by the manufacturers.

5.2 Producer

A participant can supply electricity to fellow participants in a CM by sharing either
the energy generated by solar PV and/or the energy stored in the batteries in their
premises.

5.2.1 Local Energy Generation

As explained before, solar PV systems are intermittent energy sources that cannot
be dispatched. That is, the amount of electricity they produce cannot be turned
up or down to match the demand. However, it can be adjusted (by controlling the
output current): decreased (decreasing is known as curtailment) all the way to zero
or increased to a level constrained only by available DC power output of the solar
array14 at that point in time.

In fact, multiple utility companies across the world curtail solar energy to dif-
ferent levels. The report [33] from NREL provides a comprehensive survey of such

14A set of solar panels connected in series is called a string, and a set of strings connected in parallel
is called an array.
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curtailment practices and experiences in the USA. Similarly, in CMs, the output from
solar PV installations can be adjusted to match the load and storage requirements.

5.2.2 Discharging Energy Storage Systems

When there is a shortfall in energy generation, batteries can be discharged to service
the load requirements. However, as discussed above, batteries can only support a
limited number of charge and discharge cycles. The total number of such cycles a
battery can withstand depends on how deeply the battery is discharged each time and
the rate at which it is discharged. Manufacturers commonly rate lead-acid batteries
at a very low 0.05 C, or a 20-hour discharge.

Batteries are seldom fully discharged, and manufacturers often use the 80% DoD
and 50% DoD to rate a lithium-ion battery and a lead-acid battery, respectively. This
means that only 80% of the available energy is delivered and 20% remains in reserve.
As discussed before, cycling a battery at less than full discharge increases service
life [34].

In addition to conventional battery storage systems, batteries in electric vehicles
(EVs) can also serve as energy storage systems. For instance,Mahindra e-Verito [35],
an electric car manufactured in India includes 21.2 kWh lithium-ion battery. An EV,
connected to a bi-directional converter, can control the flow of energy from and to
the grid depending upon the requirement. Hence, vehicle-to-grid (V2G) or vehicle-
to-home (V2H) policies could also be deployed to address the energy shortfall in
community microgrids.

Asdescribed, communitymicrogrids can continuously balance supply anddemand
with contributions from producers, consumers and prosumers.

6 Case Studies: Community Microgrids

In this section, we describe two case studies that demonstrate the feasibility and
value of community microgrids. First one is from Bangladesh and the second is from
Australia.

6.1 SOLshare—Community Microgrids in Bangladesh

SOLshare [36] offers peer-to-peer community microgrids which deliver solar
power to households andbusinesses, and enable them to trade their (excess) electricity
for profit. In rural areas of Bangladesh, approximately 3million homes that are cut off
from central electric grid mainly rely on energy from domestic solar generation units
called solar home system (SHS). SOLshare installs micronetworks, similar to the one
illustrated in Fig. 8, that allow individual homes to share the electricity generated in
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Fig. 8 SOLshare community microgrid in Bangladesh

their homeswith roughly a dozen other homes, ofwhich some are equippedwith solar
panels and others not. Every home in a community microgrid would choose to be a
prosumer (seller) or a consumer (buyer). The company has built a peer-to-peer energy
trading platform based on distributed ledger technology. By creating a community
microgrid of interconnected SHS, SOLshare enables a consistent, inexpensive and
reliable energy network for an entire village. Additionally, the homes equipped with
SHSget a new source of incomeby selling excess energy to the community. SOLshare
envisions setting up 10,000 community microgrids by 2030, reaching a total of over
one million users and expanding outside Bangladesh as well.

6.2 Totally Renewable Yackandandah—Community
Microgrids in Australia

Totally renewable Yackandandah (TRY) [37] is a 100% volunteer run community
group, with the goal of powering a small Victorian town, Yackandandah, with 100%
renewable energy and achieving energy sovereignty by 2022. The primary objectives
for TRY are reducing energy consumption and adopting renewable energy sources,
storage and energy sharing.

In December 2017, the community microgrid shown in Fig. 9, a first of its kind
in Australia, was launched at Yackandandah with a partnership among TRY, Mondo
Power and AusNet Services. The first phase of deployment included a community
microgrid involving 169 households with a cumulative battery capacity of 110 kWh
installed in 14 households and solar panels with a total generation capacity of 550
kWp installed in 106 households. In February 2019, Yackandandah achieved the
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Fig. 9 Yackandandah community microgrid in Victoria, Australia

important milestone of generating 1 GWh of their own renewable energy. The same
model is being considered for deploying community microgrids at other townships
in Australia.

7 Summary

From the previous sections, it can be seen solar PV-based community microgrids
(CMs) enable circular economy through the following means:

– Minimise land usage—as solar panels can be installed on roofs, no separate land
is required for power plants.

– Minimise wastage—as energy is distributed locally, network losses are min-
imised.

– Minimise impact on the environment—as no fuel is used for generating elec-
tricity, neither greenhouse gases are emitted nor waste products such as ashes are
produced.

– Optimise resource usage—since generated energy is shared among the partici-
pants and demand is made to follow supply, resources get optimally used.

More importantly, as described in the case studies, community microgrids can func-
tion as a reliable alternative and/or an augmentation to conventional power grids.
In essence, community microgrids are emerging as an effective solution to address,
arguably, the most important problem—access to clean and cheap energy [38]—
currently faced by humanity.
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Exercises

1. Find out the name of the distribution company and/or retailer that supplies power
to your household/school. Find out what proportion of electricity supplied is from
renewable energy resources.

2. Use Global Solar Atlas [26] to determine solar energy generation potential for
your location during different seasons of a year.

3. Check your monthly electricity bills for the last 3months and try to identify major
sources of energy consumption at different times of day on different days of the
week.

4. Based on solar energy generation potential for your location and based on energy
demand of your household/school, verify howmuch of the demand is coincidental
with solar energygeneration, and if a solar PVsystemcanoffset someof the energy
demands directly. If so, how much solar capacity installation would be required
to completely fulfil the demand?

5. If most (say, more than 75%) of the energy demand from your household/school
does not coincide with solar generation times, determine if battery storage can
be added to store electricity generated by solar PV to offset the demand during
evenings/nights. Compute the size of battery required to implement this system.

6. Gather information about your local government policies and subsidies for solar
PV systems and about total costs from your local solar PV installers. Combine
those details with the answers for the previous two questions to compute the total
capital investment required for installing solar PV in your household/school.

7. Perform a cost-benefit analysis of installing solar PV considering the capital
investment, interest rate, potential increase in electricity rates, reduced electricity
bills and expected life of solar PV equipment, etc.
Hint: Bijli Bachao [39] has published a number of articles that could help in
completing these exercises.
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Abstract This chapter seeks to provide a representative example of Life Cycle
Costing (LCC) for building-integrated solar energy systems in Singapore. First,
renewable energy is introduced from the circular economy perspective, to better
understand its significance in promoting sustainability. Solar energy amongall renew-
able energy sources is the most promising for resource-stressed tropical cities such
as Singapore. For such densely populated built-environments, innovative energy
systems such as the building-integrated photovoltaic (BIPV) systems serve as good
options to capture and use renewable energy incident on large facade areas. To
estimate the financial feasibility of implementing BIPV systems and the cost-
competitiveness in comparison with conventional building materials, the LCC serves
as an enabling tool to evaluate the viability of these energy systems as per the market
need. A step-by-step illustration of the LCC analysis, based on the tool developed by
the BIPV Centre of Excellence at the Solar Energy Research Institute of Singapore
(SERIS), is provided as a case study. This highlights the significance of LCC in
evaluating the economic benefits of a practical application of a BIPV system for a
representative high-rise building in Singapore. The benefits of transiting toward such
sustainable and clean energy systems fromaconsumer and environmental perspective
are summarized as the conclusion of the chapter.
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Learning Objectives

• To understand and quantify the impact of renewable energy sources such as
building-integrated solar energy systems for resource-stressed countries such as
Singapore.

• To understand the application of LCC calculation for BIPV systems in the
Singapore building sector.

• To understand the significance of LCC in transition to renewable energy sources.

1 Renewable Energy and Circular Economy

The circular economy (CE) is often understood by novices as a concept related
to materials circularity and zero-waste ecosystems, with somewhat subdued focus
on energy sources [1]. However, CE also emphasizes optimizing the performance
of an economic system (conceptually understood as a system involving resource
allocation, and production, distribution, and consumption of products and services
within a given area) by consciously transiting to renewable energy (RE) such as
solar, wind, hydropower, tidal, and geothermal energy, and decoupling fossil fuel
utilization for energy generation [1]. The optimization of energy performance in an
economic system and transition to renewable energy sources is generally a gradual
process and can be realized by embracing the following modifications:

1. reducing the production and consumption of non-renewable energy sources such
as crude oil, coal, and natural gas

2. improving the energy efficiency of industrial processes and electrical/electronic
products

3. reducing energy wastage (due to transmission losses and/or overuse) and
recycling energy generating systems (after end-of-life).

At the core of such a transition, two objectives influence the reduction in the
use of fossil fuels as energy sources: (i) separating economic growth from the
use of scarce resources such as fossil fuels and (ii) reducing the carbon footprint
or in other words decarbonizing the current energy production and consumption.
Advances in technology for energy generation and storage, evolving environmental
and social consciousness, and governance initiatives such as the carbon tax are
providing impetus to this transition to renewable energy sources. This development
is a game-changer for the energy industry and the market, and the consumers as well.

To appreciate the role and the importance of RE in the context of the CE, its
imperative to first understand the concept of RE. RE can be defined as the energy
produced from sources that do not deplete over time or can be replenished within
one’s lifetime [2]. Various forms of RE exist that can be harnessed using established
technologies. For example, the energy in the wind currents (driven by the heat from
solar energy [3]) can be captured using wind turbines. Hydropower that depends on
the flow of water (another form of solar energy, as the sun powers the hydrologic
cycle [4]) can also be harvested using turbine technology. The bioenergy stored in the
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plant biomass is eventually derived from solar energy. Innovative technologies such
as photovoltaic (PV) cells that make up solar panels can capture the incident solar
energy to generate power. When all these derived energy sources are collectively
considered, it is evident from a common viewpoint, that the incident solar energy is
the main source of most forms of renewable energy [2].

This chapter presents a discussion on how harnessing renewable energy such as
solar energy can be beneficial both financially and environmentally in the long run
(Fig. 1). Such a study provides key insights into the transition dynamics involved in
incorporating renewable energy systems. For the purpose of illustration, we present
a real-world example of the PV technology, that has seen tremendous progress in
recent years. This technology is based on the photovoltaic effect—a well-known
method for generating electricity by using solar cells to convert incident sunlight
into a flow of electrons (Fig. 2). The electricity generated by solar PV cells can be
connected to the grid or stored using a battery. As the PV technology advanced in
the recent decade, it has been possible to integrate the solar energy systems with the
building facades, making the technology more feasible for the built environment.

Currently, the deployment of solar PV systems is growing globally due to the
significant reduction in the production costs of PV panels. These PV deploy-
ments include both grid-tied and off-grid installations. According to the Interna-
tional Renewable Energy Agency (IRENA), the globally installed solar capacity had
reached nearly 480 GW by the end of 2018 [5]. IRENA also estimates that solar
PV power installations could grow almost six-fold over the next 10 years and reach
a cumulative capacity of ~2,840 GW globally by 2030 and rise to ~8,520 GW by
2050 [5]. These projections show that in the coming decades, solar energy harnessing
systems will be a major contributor to the global energy output. This transformation

Fig. 1 Schematic illustration of the link between circular economy, renewable energy, and LCC
analysis for BIPV systems. Renewable energy as an integral part of the circular economy is first
discussed followed by a case study on the capture and use of solar energy using BIPV systems and
its LCC. Design adapted from a template; Copyright PresentationGO.com
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Fig. 2 Schematic illustration of the photovoltaic effect in solar cells that converts incident sunlight
into electricity. Reproduced with permission from [6]; Copyright 2018, Elsevier

will facilitate in contributing to a circular economy1 as well as the Paris Agreement
requirements2 for mitigating climate change.

The discussion in the next section focuses on the transition dynamics of incor-
porating a solar energy system such as the building-integrated photovoltaic (BIPV)
system suitable for urban built environments. The economic analysis and overall
competitiveness of solar energy system are usually expressed in form of the levelized
cost of electricity (LCOE). It is a well-established method to evaluate various power
generation options [7]. The LCOE approach considers the entire lifecycle cost of
a solar energy system over the duration of the project and the associated elec-
tricity generated. However, for the case of a BIPV system, the economic viability is
evaluated differently, as it typically replaces conventional construction materials of
the building envelope. Therefore, the cost competitiveness is evaluated against the
conventional construction materials per square meter rather than the cost of conven-
tional electricity generated, expressed in form of life cycle costing (LCC). LCC can
be understood as an evaluatory study that succinctly captures the cost associated
with the project (in this case, the incorporation of BIPV system) from the beginning
of the project to the end of its useful life (generally, the useful lifetime of the solar
panels). The LCC study includes the initial costs that include realizing the project
(e.g., acquiring the solar panels and cost of installation and integration with the
existing building-related energy network/grid) and operating the renewable energy
system till the end of its useful life. The LCC provides a clear cost picture of the
project to compare with other alternatives with respect to the long-term benefits and
the impact on running costs. It can thus be understood that LCC assists in decision

1https://www.ellenmacarthurfoundation.org/circular-economy/what-is-the-circular-economy.
2https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement.

https://www.ellenmacarthurfoundation.org/circular-economy/what-is-the-circular-economya://www.ellenmacarthurfoundation.org/circular-economy/what-is-the-circular-economy
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
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making regarding the necessity of the project by providing critical economic anal-
ysis that compares initial investment options and assists in identifying the least cost
alternatives, and economic benefits in the long run.

First, we briefly provide a background on the relevance of building-integrated
solar energy systems to the urban settlements in the tropics such as Singapore and
the need for its LCC for the Singapore market. An illustrative application of LCC
to the BIPV system in Singapore then follows as a representative real-world case
study on incorporating renewable energy systems in the built environment. The take-
away message from such a study would be a basic understanding of the decision
process involved in transitioning to renewable energy systems that can contribute to
circularity in energy in the years to come.

1.1 Building-Integrated Solar Energy Systems in Singapore

Building-integrated solar energy system refers to the deployment of photovoltaic
systems as a structural and/or esthetic component of the exteriors of buildings such
as the facade curtain walls, cladding, windowpanes, and rooftops to cater to the
energy requirements of the building without utilizing extra space [8]. Here, it should
be noted that the BIPV systems installation differs from the BAPV (BuildingApplied
Photovoltaics) type, a traditional approach of fitting modules to the existing surfaces
by superimposing (such as installations on rooftops), once the construction has been
completed. BIPV systems are very suitable for densely built-up cities with limited
land and often competing for roof usage (e.g., with mechanical and electrical equip-
ment such as air conditioners), but abundant solar irradiance. One such example is
Singapore, which is packed with high-rise buildings and where BIPV technology
could help to greatly expand the possible areas for deployment of solar PV modules
(see sample installation in Fig. 3).

Currently, around 95% of Singapore’s energy requirement is sourced from
imported natural gas3 and, hence, the country is moving towards embracing sustain-
able energy. In this context, transiting to a BIPV system comes with an initial finan-
cial investment but also offers environmental benefits in the long run. To facilitate
such a transition, the LCC for BIPV systems provides a practical estimate of the
cost-competitiveness and financial viability of BIPV technology in the Singapore
market.

3Singapore’s Energy Story, Energy Market Authority. https://www.ema.gov.sg/ourenergystory

https://www.ema.gov.sg/ourenergystory
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Fig. 3 Photographs of sampleBIPV installations on the facade at the School ofDesign andEnviron-
ment, National University of Singapore (NUS). (From left) Non-transparent colored BIPV panels,
semi-transparent modules, and all-black modules. Reproduced from the BIPV brochure; Copyright
2014, SERIS

2 Case Study: Applying LCC to Singapore’s BIPV Systems

This case study4 will focus on illustrating the LCC tool application for BIPV
systems considering the Singapore market and climatic conditions for evaluating
the economic dimensions of this sustainable energy option [9]. A step-by-step
illustration of the LCC analysis is provided below and such an analysis is suit-
able for consumers/real estate developers investing in BIPV systems to arrive at an
economyically sound decision.

2.1 LCC Parameters

Before moving to the actual calculation, there is a need to understand the different
technical and financial parameters [10] involved in/influencing the LCC calculation
and know their practical value range. These parameters are briefly explained and
relevant values for each of them are given below.

1. Discount Rate: In general, the discount rate is defined as the rate of return used
to discount future cash flows back to their present value. In this case, it is a part
of the overall general financing cost for the real estate project. Here, the cost of
BIPV facades should be included in the total cost of the real estate investment

4Building Integrated Photovoltaics (BIPV) Life-Cycle Cost (LCC) Calculator by Solar Energy
Research Institute of Singapore (SERIS), NUS (program administrator for National Solar Reposi-
tory (NSR)). Copyright 2014, SERIS. https://www.solar-repository.sg/lcc-calculator/index.cfm

https://www.solar-repository.sg/lcc-calculator/index.cfm
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as the BIPV installation replaces the conventional construction material for the
façade.
The BIPV LCC tool recommends setting a discount rate of 5% of the total real
estate investment for the BIPV installation as a default number, which may be
modified based on the country [9].

2. Power/Unit area: The power generated per unit area of a BIPV module varies
with the module technology, type, transparency, and color (as the energy
absorbed by the color varies). It is computed by dividing the total power (in
Watts) output of the BIPV installation by the total module area (in m2) of the
BIPV installation.
The BIPV LCC tool recommends the following values for different types
of BIPV technologies: non-transparent black BIPV’s output is approximately
165W/m2 and other non-transparent colormodules such as gray-blue, light blue,
and golden provide a power output of nearly 135 W/m2. The semitransparent
modules provide the least power output of around 50 W/m2 [9].

3. System Price:This includes the cost of each unit system, for instance, the BIPV
module price, inverter price, cabling cost, installation fee, and framing cost in
case of curtain walls.
In Singapore, a colored BIPV system per unit costs around 500 SGD (at May
2020 module cost) [11].

4. Operating & Maintenance Cost:Operating andmaintenance cost for activities
such as facade cleaning depends on the total area of the system installed and is
slightly higher than the maintenance cost for conventional rooftop photovoltaic
systems.
The BIPV LCC tool recommends a conservative operating and maintenance
cost of 4–6 SGD/m2 [11].

5. Annual Reserve for Inverter Replacement: This is computed based on a
warranty extension cost every fifth year with escalating premiums (i.e., 25%,
40%, 60%, and so on). It is assumed that inverter cost per BIPV module power
output (Wp) will reduce to around 0.07 SGD/Wp within the next 13 years and
remain stable thereafter.
The BIPV LCC tool recommends to utilize a value of 5.5 SGD/kWp for annual
reserve charge for inverter replacement based on assumptions in the case of
Singapore: 4.8 SGD/kWp for 20 years, 5.5 SGD/kWp for 25 years, and 6.0
SGD/kWp for 30 years [9].

6. Inflation:The inflation rate is used to escalate operating andmaintenance costs,
inverter replacement cost, and residual value cost.
It is recommended to set the annual inflation rate in Singapore to be 2% for
calculation purposes [9].

7. System Lifetime: A value for the system lifetime can be approximated based
on the building’s life expectations or in-line with the output warranty of the
BIPV module manufacturer.
The BIPV LCC tool recommends to set 25–30 years as the system lifetime [9].
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8. System Performance Rate: The performance rate is an indicator of how well a
solar PV system converts available sunlight into electricity. In practical applica-
tions, there are losses due to DC to AC conversion, cabling or mismatch issues,
temperature effects, shading caused by nearby buildings, soiling, reflections,
all of which will decrease the system performance.
A well-designed system for Singapore’s weather conditions can achieve a
performance rate of > 80%. The BIPV LCC tool recommends to consider the
system performance rate to be 75% [9].

9. System Degradation Rate: After the first year’s specific energy yield (i.e.,
available irradiance multiplied by the system’s performance rate), the system
degrades by a certain percentage from year to year. For temperate climates, the
degradation rate is usually assumed at 0.5% and for tropical climates (such as
that of Singapore), the BIPV LCC tool recommends to use a degradation rate
of ∼1% [9].

10. Residual Value: This refers to the amount of value (in SGD) that can be recov-
ered at the end of the system’s operational life after subtracting the dismantling
and recycling costs.
The BIPV LCC tool recommends using 0 SGD for the residual value in
calculations [9].

11. Reduced Solar Heat Gain Coefficient (SHGC): The SHGC is a fraction of
solar radiation entering through awindow, door, or exterior glass walls/skylight,
either transmitted directly and/or absorbed, and subsequently released as heat
into the building interior. Replacement of exterior glass panels byBIPVmodules
that absorbs some parts of the solar radiation leads to potential energy savings
as a result of cooling load reduction in air-conditioned environments which is
expressed as reduced SHGC.
The SHGC reduction can be as high as 0.4 by using glass–glass BIPVmodules,
or 0.2 by using see-through BIPV modules (calculation is based on a common
air-conditioning coefficient of performance of 3.7).
The reduced SHGC is considered to be 0 in conservative calculations [9].

12. Electricity Grid Emission Factor: The grid emission factor measures the
average CO2 emission per kWh of electricity. It is calculated using an average
operating margin (OM) method which is a generation-weighted average CO2

emissionper unit net electricity generationof all generatingpower plants serving
the system.
Singapore’s average operating margin-based grid emission factor (OM-GEF).
is 0.4188 kg CO2/kWh in 2018 (EMA 2018). When the multi-silicon PV tech-
nology’s emission rate of 28 g is subtracted from the GEF, the updated value is
390.8 gCO2/kWh.

13. Carbon Tax Savings: Carbon Tax refers to the carbon pricing of per tonne
of CO2 emissions levied by the government. Carbon Tax Savings of the BIPV
system coupled with avoided CO2 over the system’s lifetime will be estimated
for LCC.
Carbon Tax Charge (levied on consumers) = Electricity Consumed based on.
metered values x OM-GEF x Carbon Tax Price.
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Table 1 List of parameters’
values considered for LCC
calculation

Parameter Value

Discount Rate 5%

Power/Unit area 135 W/m2

System Price 500 SGD/unit

Operating & Maintenance Cost 5 SGD/m2 (mean)

System Lifetime 25 years (lower end of the
range)

Annual Reserve for Inverter
Replacement

~5.5 SGD/kWp

Inflation 2%

System Performance Rate 75%

System Degradation Rate 1%

Electricity Grid Emission
Factor

390.8 g CO2/kWh (EMA
2018)

Electricity Arrangement NCC

Carbon Tax Price 5 SGD/tCO2

The BIPV LCC tool recommends to set carbon tax price to 5 SGD/tCO2 as per
Singapore regulations in 2019 [9].

14. Energy Economics: The electricity price payable to the utility provider (in
SGD cents/kWh) for either the non-contestable client (NCC) or contestable
client (CC) is decided based on the average values of the respective customer
group with future electricity price progression. Hence, opting to be CC, buying
from a sustainable source and adopting BIPV options is more economical and
environmentally friendly in Singapore.

The parameter values considered for the step-by-step LCC calculation in the
following section are listed in Table 1.

2.2 Step-by-Step LCC Calculation for BIPV System

Let us consider a building in Singapore with BIPV system deployed on the east
exterior wall/facade, spread over an area of 500 m2 as shown in Fig. 4.

1. Calculating the total initial investment
The total area of the BIPV system installed (east facade) = 500 m2 (i).
System price for unit area (per m2) = 500 SGD (ii).
Therefore, the total initial investment is given by
= (i) × (ii).
= 500 × 500.
= 250,000 SGD.
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Fig. 4 A schematic illustration of a representative building with BIPV installation on its east facade
spread over an area of 500 m2. Reproduced from the BIPV LCC Calculator available at National
Solar Repository of Singapore website; Copyright 2014, SERIS

2. Calculating the total operating and maintenance (O&M) cost for the BIPV
system’s lifetime
System lifetime (N) = 25 years.
The annual average operating and maintenance cost per unit area (m2) of the
system = 5 SGD (iii).
Discount rate (r) = 5% (or 0.05).
Inflation rate (in Singapore) (i) = 2% (or 0.02).

The annual average operating and maintenance cost of the BIPV system is given
by
= (i) × (iii).
= 500 × 5.
= 2500 SGD(O&M)initial .

The total operating and maintenance cost of the BIPV system over its lifetime is
given by
(O&M)Total = (O&M)initial ∗ ∑ N

n = 1

(
1+i
1+r

)n

where N is the system’s lifetime,
i is the inflation rate, and.
r is the discount rate.
Substituting the corresponding values in the above equation,
(O&M)Total = 2500 ∗ ∑ 25

n=1

(
1+0.02
1+0.05

)n

(O&M)Total = 2500 ∗ ∑ 25
n=1(0.9714)

n
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= 2500 x (0.9714 + (0.9714)2 + · · · + (0.9714)25).
= 2381 + 2313 + · · · + 1187.
= 42,960 SGD.

3. Calculating the total inverter replacement reserve ((IRR)Total) for the BIPV
system’s lifetime

Calculating Installed Capacity:

The power generated per unit area of the BIPV system (non-transparent colored
module) = 135 W/m2 (iv).
The installed capacity of the BIPV system for an area of 500 m2 is given by
= (iv) × 500.
= 135 × 500.
= 67. 5 kWp (v).

Calculating the Inverter Replacement Reserve:

The annual inverter replacement reserve per kWp = 5.5 SGD.
The annual inverter replacement reserve for the installed capacity is given by
= 5.5 x (v).
= 5.5 × 67.5
= 371.25 SGD(IRR)initial .
The annual discounted inverter replacement reserve for the installed capacity,
(IRR)discounted , is given by
(IRR)initial

1+r
371.25
1+0.05= 354 SGD
The inverter replacement reserve for the BIPV system over its lifetime is given
by
(IRR)Total = (IRR)discounted ∗ ∑

N .
where N is the system’s lifetime,
i is the inflation rate, and.
r is the discount rate.
Substituting the corresponding values in the above equation,

(I RR)Total = 354 ∗
∑

25
n=1

(
1 + 0.02

1 + 0.05

)n−1

(I RR)Total = 354 ∗
∑

25
n=1

(
1 + 0.02

1 + 0.05

)n−1

= 354 x (1 + 0.9714 + (0.9714)2 + + (0.9714)24).
= 354 + 343 + 334 + … + 176.
= 6,380 SGD.
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4. Calculating the benefit of electricity production over the BIPV system’s
lifetime

Calculating the total green energy produced by the BIPV system

The BIPV system degradation rate (SDR) = 1% (or 0.01).
Energy generated by the system in the first year is calculated to be 41,272
kWh (Einitial).
Total green energy produced over the system’s lifetime is given by
ETotal = Einitial ∗ ∑ N

n=1(1 − SDR)n−1

Substituting the corresponding values in the above equation,
ETotal = 41,272 ∗ ∑ 25

n=1(1 − 0.01)n−1

= 41,272 x (1 + 0.99 + (0.99)2 + + (0.99)24).
= 41,272 + 40,859 + 40,451 + ….. + 32,427.
= 916,976 kWh(vi).

Calculating the total electricity produced by the BIPV system

The BIPV system performance rate = 75% (or 0.75).
So, the total electricity produced over the system’s lifetime is given by
= (vi) x 0.75.
= 916,976 × 0.75.
= 687,732 kWh(vii).

Calculating the economic benefit due to the total electricity output

The per unit of electricity tariff in July 2019 was 24.2 cents in Singapore and
is considered here for evaluation.
Therefore, the electricity benefit is given by,
= (vii) × 0.242.
= 687,732 × 0.242.
= 166,431 SGD.

5. Calculating the total LCC for the BIPV system

As shown in Table 2, the total LCC for the BIPV system is calculated by
adding up the expenditures (inclusive of the total initial investment, the total
operating and maintenance costs and the total inverter replacement reserve),
and subtracting the economic benefit obtained by the total power produced
by the installed modules.

6. Calculating the LCC for the BIPV system per unit area
Total LCC = 132,909 SGD.
Therefore, the LCC for the BIPV system per unit area is given by
= 132,909 / (i).
= 132,909/500.
= 266 SGD/m2.
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Table 2 Total LCC
calculation in SGD

Item description Cost (SGD)

Total initial investment 250,000

Total Operating and Maintenance Cost 42,960

Inverter Replacement Reserve 6,380

Benefit from electricity production −166,431

Total Life Cycle Cost 132,909

7. Environmental benefit—Calculating the Carbon Tax savings over the BIPV
system’s lifetime

Electricity Grid Emission Factor = 390.8 g CO2/kWh.
CO2 savings for the system’s lifetime is given by
= (vi) x 390.8
= 916,976 × 390.8
= 358.35 tonnes.

Carbon Tax Price in Singapore = 5 SGD/tCO2.
The Carbon Tax savings over the BIPV system’s lifetime is given by
= 358.35 × 5.
= 1791.75 SGD.

It should be noted that this representative example of LCC is provided here for
a basic understanding of the underlying cost calculations that generally determine
the economic feasibility of a BIPV system over its lifetime. A similar set of calcula-
tions is modeled as a three-step process where the user can input custom values for
the parameters to assess the economic viability of the selected BIPV system. This
model is presented as a user-friendly tool by SERIS on the National Solar Reposi-
tory (NSR) website at https://www.solar-repository.sg/lcc-calculator and is useful to
further explore the effect of various parameters on the LCC values.

2.3 Decision Making Using LCC Analysis

Decisions about transiting to new energy systems typically involve a certain degree
of uncertainty about their initial and running costs, and potential savings and energy
benefits over long run. LCC greatly increases the likelihood of initiating a new
project or integrating a new system that is economically feasible in the long run. Yet,
there are hidden challenges associated with the LCC model and results. LCC studies
are usually performed for a new project in the initial stages when only financial
estimates are available and extrapolations are generally made to fill up the gap in
the estimates that may be due in the years to come. This uncertainty in critical input
values such as costs and savings means that the LCC outcomes may differ from the

https://www.solar-repository.sg/lcc-calculator
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actual outcome and occasionally this difference may be significant. There are, in
general, two approaches to address this concern.

(i) Sensitivity analysis: A technique generally recommended for energy and water
projects, sensitivity analysis is useful for identifying which of several uncertain
input values has the most significant impact on the economic evaluation of the
project. It also provides an estimate of how variability in the input values affects
the economic evaluation of the project.

(ii) Break-even analysis: Decision-makers such as project builders, consumers, or
real estate developers, many a time, want to know what minimum benefit a
project can yield over the long run, say few years or a decade, and still, cover
the cost of the investment.

A detailed description of these analyses is beyond the scope of this chapter.
However, the reader should appreciate the uncertainties associated with any LCC
model and its application and note that these gaps can be addressed using sensitivity
and/or break-even analysis.

Having discussed the sensitive dependencies of the LCC study on timing and
economic uncertainties, it is also important to consider the financial benefits of LCC
in the long run. To illustrate this point, we consider a real-world scenario in which
vertical facade applications were considered for adoption based on their economic
viability. A representative example for such a study is the one conducted by SERIS on
the colored BIPV facades installed at the School of Design and Environment (SDE),
NUS campus, as a part of the first real-world test-bedding project in Singapore [11].

Based on empirical evidence as reported in [11], we note the following key
results that are representative of the general benefits regarding economic viability
and longterm financial performance, an LCC study can provide for an energy project.

1. Even though the initial investment for a BIPV facade is higher than the conven-
tional options such as cladding, the market value of the energy generated offsets
the difference in the initial investment over 7 years. On the contrary, the expen-
diture for the maintenance of conventional facades as compared with those for
the BIPV systems keeps accumulating, as a result of which conventional facades
become an expensive investment.

2. The implementation of BIPV systems (colored type) over the long-term, say
30 years,works out to bemore economical compared to the conventional cladding
facades. Over this period, the LCC value of the BIPV facade can eventually drop
to almost half of the LCC value of the conventional facade which would have
increased significantly over time due to maintenance costs.

3. If the benefits of carbon emissions savings are considered, say in the case of
Singapore, the LCC value for BIPV systems can further decrease significantly.
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3 Concluding Opinion

With rising consciousness about resource depletion and sustainable energy, innova-
tive energy systems are required to capture and use incident solar energy on build-
ings. This transition to new technologies such as the BIPV discussed in this chapter
should be preceded by a thorough understanding of the costs involved and the feasi-
bility factors that determine the effectiveness of integrating these systems with the
existing buildings in the long run. For example, measuring the impact of transitions to
BIPV systems, involves parameters such as energy savings, reducing carbon emis-
sion, and breaking even financially. LCC provides an evaluatory model to largely
understand and assist these transitions by critically examining the economic benefits
and challenges of incorporating new technologies or methodologies into existing
systems.

The LCC application illustrated in this chapter is relevant to tropical ecosys-
tems wherein renewable energy sources such as solar energy is abundantly available.
From a user perspective, this analysis is most suitable for architects, real estate
developers, and property owners as they can tailor the integration depending on the
cost-effectiveness of the BIPV system for various placement orientations and instal-
lation areas. LCC, in this case, provides a detailed breakdown of initial investments
and recurring costs with the total amount of electricity generated over the life cycle
of the system installed. It is also helpful in estimating carbon emissions avoidance
and energy savings (due to its cooling effect) in the long run which signifies how
greener BIPV systems are in comparison with the conventional energy sources.

In the context of CE, adopting innovative renewable energy sources such as the
BIPV systems into urban ecosystems becomes important. It reduces the burden on
traditional power grids that are mainly dependent on fossil fuels and consequently
lowers the environmental impact of energy production and consumption.

Questions

1. Explain conceptually how the transition towards a circular economy in the energy
sector can be realised.

2. Define LCC and LCOE.
3. Explain the need for solar energy systems such as BIPV modules in resource-

stressed countries such as Singapore.
4. Consider a building that uses BIPV systems on its east and west exterior walls.

The modules are spread over 250 m2 area on the upper half of each of the sides
to capture the solar energy during the day. Using the online LCC tool posted by
SERIS on the National Solar Repository (NSR) website (link below), estimate
the LCC for such an implementation. Also, highlight with reason, any differences
in LCC between this implementation and the case in which the BIPV module is
installed on only one side of the building (area: 500 m2), say east as illustrated
in the chapter. The NSR tool can be accessed at https://www.solar-repository.sg/
lcc-calculator.

https://www.solar-repository.sg/lcc-calculator
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Circular Economy
in a Water-Energy-Food Security Nexus
Associate to an SDGs Framework:
Understanding Complexities
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Abstract The world currently faces significant challenges in its adaptation to and
mitigation of climate change in order to provide goods for the growing demand
for food, water, and energy—key inputs into a modern society. Today, there is hardy
industrial competition for resources that includes agriculture, heavy industry (mining,
manufacturing, etc.), forestry, and light industries (electrical component manufac-
turing, textiles, etc.). Agriculture currently accounts for 70% of global water with-
drawals; 30% of total global primary energy consumption, via production and distri-
bution; and 51% of aggregate global energy use. Together, they produce considerable
volumes of wastes, increase pressure on ecosystems, and impact local communities’
water, energy, and food security. These three sectors form the water, energy, and
food security nexus and are integral to achieve sustainable development goals. In
extractive economies such as that of Chile, it is critical to understand how the water–
energy–food nexus is linked to circular economy models of short production chains
of agriculture andmining to transit to the circular agrofood system and greenmining.
As a country whose primary industries are agriculture and mining, Chile would be
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one of the world’s five countries suffering from the highest water stress in 2040,
and the World Resource Institute is forecasting Chile as having the worst distribu-
tion of water resources. Therefore, it is imperative to understand the complexities
and linkage of both industrial activities, agriculture and mining, in determining the
cross-spatial scale fluxes between water, energy, and waste. With this understanding,
one may recognize the patterns and relationships between each of the variables and
how they contribute to resource-based conflicts.

Keywords Chile ·Mining · Agriculture ·Water-energy-food nexus · Sustainable
development goals · Circular economy

Learning Objectives

• Through Chilean cases, learn about the adaptation and mitigation challenges of
the agricultural and mining sectors.

• Through Chilean cases, learn of the overlapping environmental impacts of
industrial activities in the territory.

• Understand the mining processes and pathways to achieve green mining.
• Understand the agriculture activities and transit to accomplish a circular agrofood

system
• Understand the environmental impacts of industrial activities overlapped in the

territory.

1 Introduction

According to the Global Risks Report [1], our civilization faces multiple risks on
natural and human systems derived from climate-related issues. It dominates all the
top-five long-term risks. Climate change impacts have already been observed due to
an increase in extremeweather events threatening our civilizationwith unprecedented
global challenges on water-energy-food security. These risks depend on the magni-
tude and rate of warming, geographic location, levels of development, and vulner-
ability, forcing our choices to implement climate-change mitigation and adaptation
strategies and approaches by governments and businesses [2].

The climate hazards of global warming of 1.5 ºC will cause damage to critical
infrastructure and significant biodiversity loss between 1,000 and 10,000 times higher
than the natural extinction rate. Those impacts would drive the collapse of vulnerable
ecosystems in convergence with major natural disasters (e.g., earthquakes, tsunamis,
volcanic eruptions) and human-made environmental damage by depleting natural
resources and environmental crimes striking harder and more rapidly than expected.
Scientists’ evidence about depletion and overconsumption of natural resources has
been provided as an alert signal of we are exceeding “planetary boundaries” in many
áreas [3]. In 2019was the “EarthOvershoot Day”, definingwhen humanity’s demand
for ecological resources and services in a given year exceeded what Earth can regen-
erate in that year reached alarming 1.7 planets are required to deliver humanity’s
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demand on Earth’s ecosystems. That overshoot would collapse ecosystems and
reduce world stocks of natural resources—natural capital—essential to human well-
being by the destruction of ecosystems services by breaking the production systems
to provide goods and services [4].

The drivers of global changes are linked to human population dynamics and
economic development associated with production and consumption patterns. Both
need to decouple growth to rawmaterial extraction [5] required to sustain the ecosys-
tems by technological innovation and transformational change for achieving the
Sustainable Development Goals [6]. But, although governments and businesses are
working on in a transition toward a low-carbon economy by decarbonization intro-
ducing renewable energies and environmental-friendly technologies, these efforts are
not enough to accomplish with Paris Agreement goals [7]. About the human popu-
lation, the UN’s estimated around 8.5bn people will live on the planet by 2030, over
half (5.3bn) will be ‘middle class’. Despite raising out of poverty could be successful
in being achieved, it will come with a high pressure on the natural environment if
we do not change the resource-intense drive toward the material comforts of middle-
class lifestyles. These socio-economical forces will accelerate the rise in greenhouse
gas (GHG) emissions leading to global warming, ecosystem destruction, and pollu-
tion with dangerous levels of plastics, nitrogen, and phosphorous that will lead to
significant and, in some cases, irreversible changes to the Earth’s environment.

According to World Bank “Chile is highly exposed and vulnerable to multiple
hazards with such as earthquakes, volcanic activity, and tsunamis as well as hazards
which can change due to climate change such as wildfires, floods and landslides, and
droughts. Chile is suffering amegadrought between 2008-today that affected much of
the southern and central areas. Climate change is expected to change the frequency,
intensity, exposure, and magnitude of multiple hazards that have historically affected
Chile, namely, wildfires, floods and landslides, droughts, and impacts of sea-level
rise. The accumulation of risks, exposure, and multiple hazards can have impor-
tant implications for economic growth and development in regions, particularly for
electricity generation, agriculture, and public health” [8]. The economic impact of
climate change in Chile [9] depends on the location of industrial activities based on
ecosystem services. Chile expects a reduction of rainfall increasing shortages at far
and near north and rising of temperature as well. These changes will impact mining
and agriculture activities throughout the country, both critical sectors of the Chilean
economy (Fig. 1).

The water shortage expected could be relieved by circularizing the processes
which depend on water and energy consumption as a consequence of the linear
economy. In Chile, production and manufacturing follow a take-make-waste model,
which has enabled unprecedented levels of material comfort at affordable prices
but high environmental impacts. Therefore, businesses need a transformative change
beyond transition by an integrated approach to fix the pathways required for sustain-
able development. The International Resource Panel has provided insights about
pathways to achieve SDGs by adoptingmaterial efficiency strategies for a low-carbon
economy to 1.5 ºC goal set by the Paris agreement. The panel proposes the reduction
of GHG emissions throughout the adoption of the circular economy, 3R perspective
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Fig. 1 Summary of the impact of climate change in chile

(reduce, reuse, recycle), and sustainable materials management as materials-climate
change nexus [10]. Therefore, howwemanage resources,make and use products, and
what we do with the materials creates both opportunities and challenges afterward.
If we want to understand how to manage our natural resources, as the first step, we
need to understand the tradeoff between water-energy-food nexus into production
systems to provide solutions regarding material and energy flows through the human
systems.
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2 Water-Energy-Food/Waste Nexus

Water and energy are critical inputs into a modern society with waste being an
almost unavoidable consequence; all three are inextricably linked despite often being
managed in isolation [11]. All industrial activities show and interdependence of
water-energy consumption, putting on the risk the provision of food. The diagram
in Fig. 2 shows the interdependencies of three national securities for welfare, named
as nexus [12]. Therefore, the Energy, Food, and Water Security depend on energy,
land, and water managing used by human activities to provide goods and services
for our well-being. In the extractive’s economies, the technology used in processes
and the contained pollution by treatment plants as crucial factors to reduce their
environmental impact. However, these sectors are intensive in water and energy
consumption by converting raw materials into goods or supplies for the supply chain
that can be used at downstream manufacturing.

The nexus is vulnerable to climate change too (Fig. 3). Climate and land-use
change need to be managing to achieve goals such as fertilizer reduction into corps
production reduction by using by-products; continual treatment of water discharges
to reuse, recycling or transfer to other industrial activities; or include renewable
energy into operations. As a consequence, the extractive economies will reduce their
environmental impact [13].

Agriculture is one industry strongly dependent upon cheap and readily available
sources of both water and energy. The agricultural industry accounts for around
70% of global water withdrawals [14] and 30% of total global primary energy
consumption via production and distribution [15]; a key sector for food security. The
industrial competition for resources includes heavy industry (mining, manufacturing
etc.), forestry and light industries (electrical component manufacturing, textiles etc.).

Fig. 2 Diagram
water-energy-food security
[12]
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Fig. 3 Climate and land-use change

These industries are generally high consumers of energy and produce considerable
volumes of waste (a valuable source of resources in scarcity). Many newly devel-
oped countries are now producing huge flows of waste materials as a by-product
of their rapid development, which has led to widespread environmental degrada-
tion. However, these materials in the context of a circular economy (the industrial
economy framework that promote recycling, preventing the loss of valuablematerials
towards zero-waste system) represent a significant source of resources to be recov-
ered as energy and materials. According to the Energy Information Administration,
industry accounts for 51% of total global energy use [16]. Heavy industry accounts
for the highest volume of waste generation, in the European Union, the construction
industry was responsible for 32.6% of waste, mining, and quarrying for 29.2% and
manufacturing for 10.7% [17].

The competition between different sectors for energy and water alongside the
generation of high volumes of waste leads to conflict between users, particularly in
areas where water availability and energy are limited (water and energy scarcity).
Global warming, increased populations, high consumer demands, and poor envi-
ronmental management are leading to increased conflict over key resources [18]. It
is important to understand the patterns and relationships between each of the vari-
ables contributing to resource-based conflicts.With this knowledge, strategies can be
implemented to alleviate conflicts on a local level because the impact of extraction
have adverse impacts into Sustainable Development Goals (Fig. 4) than could be
managing to achieve positive a contribution [19].

Chile is an ideal case study for this issue due to the existence of industrial sectors
overlapping in the same locations by competing by energy andwater resources.Given
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Fig. 4 Raw materials extraction and impacts on sustainable development goals. European Union
Office

the co-location between human activities and population, the industry’s differential
intensities couldbe theunderlying causeof the continuousdeteriorationof the ecosys-
tems, reflecting a loss in the quality of life. They may partially explain water, energy,
and food insecurities. For Chile, it is necessary to understand the existing relation-
ships between sociodemographic, industrial, and environmental variables and the
Water-Energy-Waste/Food nexus. These are key to water, energy, and food security
in a country facing severe water scarcity and where its two main industrial activities,
agriculture, andmining, overlap. Therefore, their understanding would allow the link
to be linked to Sustainable Development indicators and ecosystems’ quality.

Water availability in Chile: Water availability in Chile varies greatly depending
upon altitude and latitudinal gradients and the influence of substantial interannual
variability of rainfall and snow. Indeed, the streamflow’s partition from rainfall or
snowpack depends strongly on the temperature regime according to both phenomena.
Thus, there is a strong dependency of water availability—timing and volume—upon
precipitation. Water availability is lowest in the northern regions (18º–33º S) due to
the presence of a high-pressure center—the Pacific Anticyclone—leading to arid and
semi-arid conditions [20] (Fig. 5).

In the region of Antofagasta, the historic mean annual rainfall is 44.5 mm
compared with 650 mm in the central metropolitan region. The central regions of
Chile have aMediterranean climate, streamflow ismainly pluvial in thewinter season
(85%of annual rainfall) but driven by snowmelt in early spring. During summer, rain-
fall is less than 10% of the annual mean, and groundwater systems, i.e., baseflow,
provide streamflow. The Southern region (45º–55º S) presents low population densi-
ties and a high density of streams, making it attractive for hydropower generation but
under intense competition with agriculture and the forestry industry. Thus, Central
and Northern region has the largest population concentration, but water availability
is less than half of the threshold considered necessary for sustainable development,
while Southern region exhibits twelve times more available water than of North and
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Fig. 5 Water balance andWater Stress in Chile. The figure shows from left to right the waterseheds,
water availability, water stress, and water balance between supply and demand

Central regions [21]. Figure 6 shows an integrated view of precipitation; river flow,
aquifer recharge; dam storage; water availability, and water balance by region [22].

Water Consumption: Water in Chile is unequally distributed due to its length,
varied geography, and climatic conditions. Although the country’s highest water
consumer is agriculture with 85% of consumption, mining industry consumption
with only 7% is relevant, particularly due to the location of operations and around
11% of the industry. The high water consumption in the mining industry in the north,
alongside deficient availability, has led to high water scarcity. In the central regions,
the high demand for agriculture and industrial and domestic use has also createdwater
scarcity despite relatively high availability. With growing demand and decreasing
water availability (quality and quantity), we expect more conflicts between water

Fig. 6 Maps displaying the values of a precipitation;b river flow; c aquifer recharge;d dam storage;
e water availability and f water balance by region
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Fig. 7 The water demand of each sector by region (Aitken et al.)

users, stakeholders, and decision-makers. Some regions do not have sufficient water
to support the current water demands, and the situation worsens when extended to
the future (Fig. 7).

Additional water resources and management strategies are thus required to meet
both current and future demands. The reduction in water availability, the increase in
the use of groundwater reserves, and the current water demands cause widespread
problems and make drinking water inadequate due to the occurrence of pollutants
from industrial activities. In the Central Zone of Chile, water availability and quality
is some of the main limitations to economic growth and development. Most of the
Central Area (from Coquimbo to O´Higgins Regions) is considered an arid area, and
the rest of the central Zone (Maule and Biobío) is mostly a semi-arid zone. Given
that 78% of the Chilean population lives in that area (13.5 million inhabitants), there
is a great need to develop advanced research investigating how society will interact
with ever-scarcer water resources.

Energy Consumption: According to the Chilean electricity grid, hydroelectricity
provides the most significant energy (42%), although this is primarily generated in
the south of the country. The remaining generation methods are via thermoelectric
sources, mainly coal (25%), gas, and diesel (17%). Chile’s thermoelectric plants
are mainly located from the central south to the north, where there are limited
water sources for hydroelectric generation. Chile’s vast copper mines also have an
energy problem. Consumption currently accounts for 39% of the country’s electricity
consumption in an area with limited hydroelectric resources.

The current electricity generation mix is highly vulnerable to reduced water avail-
ability due to climate change and the importation of fossil fuels from other countries.
Competition for the consumption of electricity is also very high with the greatest
demand from the industrial sector. Demand is expected to increase at about 6% per
annum [23]. This situation has led to the cost of electricity in Chile being one of the
highest in Latin America, with the cost increasing. Nevertheless, the Chilean govern-
ment is encouraging investment in renewable energies such as solar and Biomass in
the north and south of Chile. Indeed, the minister of energy provides information by
energy potential maps according to natural resources throughout Chile to promote
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Fig. 8 Water-energy-food flows. The figure shows the flows at north, central, and Southern Chile
linked to sustainable development goals

new investment in the electricity sector. However, energy production by industrial
and urban wastes has not yet been studied, providing big opportunities to materials
and energy recovery beyond solar or wind technologies.

According to Chilean geography, we can draw three kinds of Water-Energy-Food
nexus (Fig. 8). At north of Chile, the main flows of water and energy are driven by
mining; at central Chile the agriculture activities drive both consumptionsmeanwhile
at south the flows are driven by industrial and drinking water activities. In all of
them we can propose solutions based on 3Rs of water resources, energy efficiency
approaches and improving the technology.

In conclusion, the Water-Energy-Food/Waste nexus depends on water and energy
resources and the industries placed throughout the country [24]. In Chile, the nexus
is driven by Agriculture and Mining activities, changing the flows of the north,
central, and south regions negatively impacting the environment. All of those inter-
actions directly impact three Sustainable Development Goals. A wrong balance will
be reducing the availability of fresh food, increasing the prices, and impacting the
nutritional balance of the population. Despite the circular economy being a funda-
mental framework for developing, this is a very complicated pathway in extrac-
tive economies because both activities have short supply chains [25]. Therefore, a
circular economy mindset could modify the extraction activities encouraging the use
of by-products and recycling, reuse, and reduction of water and energy consumption.
Figure 9 shows that both activities are at the beginning of the supply chain putting a
big challenge to circularize both their processes.

3 Circular Economy and Water-Energy-Food/Waste
Nexus: An Opportunity for Agriculture and Mining.

Aforementioned show a clear competition by water and energy resources increasing
the pressure on the territory. How can we make a safe transition to support a circular
economy thinking in the nexus? [26]. The agricultural industry is a smaller contributor
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Fig. 9 MacArthur foundation report, growth within: a circular economy vision for a competitive
Europe

toGDP at around 3.5% but is a large employer, employing around 10%of the Chilean
workforce [27] and providing Chile with strong food security. However, the impacts
of the scarcity of water have a high uncertainness. In the Global Food Security Index,
Chile is ranked27out of the 109 countries assessed, but according toWorldResources
Institute, the forecasting to 2040, Chile is ranked as a water-stressed country [28],
24 out of 167 countries. Agriculture activities are concentrated within the Central
Zone, where more than 270,000 farmers exist, developing 30.5 million hectares,
around 40% of the continental surface of the country. Despite these challenges, it
is expected that by 2030, the food processing industry will account for one-third
of the country’s economy. However, the water demand of the industry is extremely
high, it has been estimated that consumption from agricultural irrigation accounts
for 85% of total water consumption in Chile [29]. Chile has declared its intention
to strengthen its agricultural sector, increasing its competitiveness in the country’s
economy and becoming an international food provider. However, this ambition will
cause increasing pressure on already stressed land use and water resources; shared
resources with another industrial activity.

What model could follow Chilean agriculture? According to circular food model
proposed by Wageningen University, the “Crop production in a circular agrofood
system is designed to ‘lock in’ minerals and organic material, so that they can be
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used to their fullest potential. For instance, crops will utilise nutrients from the soil
more effectively than now. In the future, crops such as potatoes or rice may be able to
bind atmospheric nitrogen for their food. Precision agriculture offers a very targeted
way of providing plants with the necessary nutrients. A circular agrofood system
uses residual flows from agriculture and the food industry to produce animal feed.
These flows may be the parts of a plant that we now think of as having no use, such
as straw and foliage. By using insects, worms or fungi, we can convert this matter
into nutrient-rich raw materials for animal feed. Cattle and sheep in a circular
agrofood system would consume grass and herbs in pastures that are unsuitable for
growing food…. This allows the animals to convert residual flows and crops that are
unsuitable for human consumption into high-quality, protein-rich food for people.
This could be milk, eggs, or meat.The animals’ manure is also a valuable source
of organic material that replenishes the soil and completes the circular agrofood
system” (Fig. 10). The Chilean farmers are starting to transit to circular agrofood
system by introducing basic and straightforward approaches by understanding the
nexus.

Chilean farmers have started increasing the water reflow to increase water avail-
ability at groundwater. Also, the government provides funding to implement Preci-
sion agriculture techniques to reduce water and fertilizer consumption. Besides,
Chilean farmers have started understanding the tradeoff between water and energy
and several irrigation techniques. Figure 11 shows a comparison between furrow and
pressurized irrigation. Despite different approaches, the choice of one depends on
local conditions about water and energy flows. In the north of Chile, the pressurized

Fig. 10 Circular agrofood system
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Fig. 11 Water and energy tradeoff of irrigation systems

irrigation could be better than furrows; meanwhile, the furrows could be better at
the south of Chile. Further, the furrows could be the good one when the goal is to
increase the reflow. Therefore, before choosing one, the analysis needs to include
the characterization of local conditions to understand how different technologies can
contribute or not to water-energy-food security.

A good example is the Wine industry, the most famous Chilean product produced
entire in Chile. They are converting vineyards to less intensive crop production and
organic systems by agroecology or other innovations. They are including composting
and recovering by-products and energy by anaerobic digestion as well. This kind
of waste treatment will be reinforced by a new law promoting organic recycling.
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Further, the retailers by working with local suppliers and farmers will reduce food
losses and food waste by encouraging consumers to consume local and seasonal. In
Chile, waste management is a significant problem due to the high volumes of waste
generated and the inadequate management system. In 2009, 16.9 million tonnes of
waste were generated in Chile, 10.4 million tonnes from industry, and a total of
6.5 million tonnes from municipal sources (REF). Effectively all waste in Chile is
landfilled, most going to sanitary landfills (69%), some going to old landfills with low
regulations (22%), and a smaller fraction going to dumps with no regulations (9%).
The landfilling of waste presents numerous issues, the cost of disposal, the use of
land, the contamination of soil and groundwater, and the generation of emissions from
the landfill and vehicles. However, the waste stream in Chile presents an enormous
opportunity for the reclamation of materials and the generation of energy through
various conversion techniques. It is expected that if energy conversion techniques
were to be implemented, around 6% of Chile’s electrical energy demand could be
met through waste to energy, thus reducing energy resource scarcity [30]. Finally,
the law could increase the composted materials used by farmers and green public
spaces into cities.

Mining Sector: Our economy is heavily dependent upon the mining industry, and
recent contractions within the industry have led to a slowing of Chile’s economic
growth rate. The mining industry in Chile accounts for around 13% of GDP, the
majority of which is from copper recovery, but a high number of the services sector
and suppliers depend on this kind of activity. A recent decline in copper prices,
reduction in mining investments, and lower private consumption have led to a lower
GDP growth rate of 1.9% and an increase in unemployment. However, the mining
industry in Chile is expected to grow at an annual rate of 1.6% annually from 2015
to 2019. This large capacity for ore processing has a considerable impact on the
environment [31] resulting from the release of large solid waste deposits, sterile
piles, and lixiviation piles, as well as high consumption of energy and water. In
2015, water consumption reached 7%, and it is essential to note that almost all
of this consumption occurs in the scarce water north. Chile’s vast copper mines
also have an energy problem, and consumption currently accounts for 39% of the
country’s overall electricity consumption, the majority of which is generated in the
hydro rich regions of the South. Due to the impacts of global warming, Chile has
been suffering from a drought for the last 15 years, which has affected electricity
generating capacities. Chile’s mines pay twice as much for their energy as their peers
in neighboring Peru.

Chilean mines are now actively seeking new energy solutions for energy secu-
rity and to reduce costs for grid-connected and off-grid operations. With energy
accounting for 20–40% of operating costs, reducing electricity expenditure is now
a significant operational and strategic goal for Chile’s mining leaders. The use of
renewable energy is getting to play a significant role in meeting this aim for both
remote and grid-tiedmines. The north ofChile lacks access towater; however, there is
an abundance of solar energy and wind energy potential, both of which mining oper-
ations are beginning to take advantage. On August 26th, 2014 Chile launched a joint
venture between Pattern Energy, a US firm, and Antofagasta Minerals, its biggest
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wind farm to date on a coastal hilltop 400 km north of Santiago with an installed
capacity of 115 megawatts, which will provide around 20% of the electricity demand
of Los Pelambres mine [32]. Antofagasta Minerals is also developing a solar plant
with SunEdison in theAtacama region to supply the samemine. Various other renew-
able energy projects are also in the planning stage, the development of a wind farm by
the state-owned Codelco, a geothermal energy project for BHP Billiton’s Escondida
mine, and a solar plant planned for the Collahuasi mine. The contribution of renew-
able energy to Chile’s industries and the national grid is increasing, indeed, between
January and July of 2015, Chile added 600 MW of renewable energy capacity to its
grid, more than twice as much as in the whole of 2013, nearly 9% of Chile’s installed
capacity. A result of this is that many mining operations are also now investigating
and developing the use of renewable energy sources, thus cutting reliance upon the
national grid and making economic savings in the longer term. Examples of such
developments are AntofagastaMinerals’ wind farm development providing 115MW
to the Los Pelambres mine, and Collahuasi’s planned 25 MW photovoltaic plant.

In terms of water consumption, primary mining operations monitor their annual
water consumption and include results in sustainability reports. The more proac-
tive companies are implementing sustainable water management strategies where
water recycling is maximized, and losses minimized. A considerable fraction of
water consumption is now provided via seawater pumped from the coastline in
some operations. However, such strategies have considerably increased the elec-
tricity consumption of operations, particularly concerning pumping seawater and
desalinization, putting yet further strain on the electricity grid. However, more and
more companies are getting energy by solar and wind proposing deploy swapping
water.

As the mining operations are located at Andeans, they provide water to farmers
located near-coastal zone, leaving the water available upstream and reducing compe-
tition by water rights. Finally, they implement water recycling strategies and new
wastewater treatment plants, leaving the water discharges available to irrigation
downstream. The goal is to reduce toxic substances such as arsenic, zinc, cyanide,
and mercury can build up and leak in local groundwater sources contaminating
water supplies and impacting farming communities and local residents. In the central
regions, the mining industry’s impact is less, although conflict remains as popula-
tion sizes are closer to mining sites and the agricultural industry is more extensive
than in the north. Indeed, as climate change reduces water availability, water scarcity
is increasing, meaning hydroelectric electricity generation is reduced, and there is
greater competition between all users of water.

About mining wastes, the industry has started recovering minerals from tailing
dams [33] due to a reduction in ore grade found into mining pits. This strategy is
looking to reduce the energy in water consumption this is could be the kickoff to
start a complementary recovery material from wastes and mineral recycling industry
as proposed Spooren et al. in 2020 [34] in the Fig. 12
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Fig. 12 Pathway to mineral waste recycling

4 Final Remarks

The Chilean economy is an extractive economy based mainly on agriculture and
mining activities intensive in water and energy consumption. Although both activi-
ties do not have long supply chains except the wine industry, some simple circular
strategies can be deployed to reduce water and energy demand. These reductions
contribute to the strength of the water-energy-food/wastes nexus and reduce the
energy-water-food insecurities. In agriculture activities shorten the supply chain by
working with local farmers can contribute to reducing the food losses. Reusing the
food waste to recover energy and producing compost will allow the replacement
of fertilizers to be used as amended. The understanding of water-energy tradeoff in
irrigation systems could improve decision-making to adopt one of them and deploy
it into the territory. For the mining activities, a pathway to recover minerals from
tailing damns and start the mineral waste and scrap recycling could be a pivotal
step to reduce their impact on the near environment. Finally, the implementation of
different strategies in both sectors will change the flows into the nexus that need
to be assessed according to the previous characterization of local and geographical
conditions.

Questions

Q1 Will circular economy ensure sustainability into extractive economies?

Q2 Why is relevant understand the relationships between water-energy-food nexus?

Q3Why is relevant understand the location and geographical conditions into nexus?

Q4 How can we circularize extractive operations?

Q5 List three most important lessons learnt based on Chile’s experience and efforts
towards circular economy.
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Answers

A1

Circular economy emphasizes resource efficiency in the extractive economies as well
as the capacity to use by products to reduce raw materials extraction.

A2

If we understand the nexus, we can understand the flows of the materials through
local systems and their tradeoff between nexus’s components.

A3

The geographical locations define the ecosystems and their ecosystems services as
source of natural resources. These resources define the intensity of industry.

A4

We can circularize by increasing the efficiency of production, recycling material and
energy flows as well as replacing raw materials by using by-products of downstream
supply chain.

A5

Open.
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• The total dismantling quantity of WEEP of 109 qualified enterprises from 2012
to 2018 was 441,735,909 units.

• China’s standard collection rate of WEEP has reached the international leading
level.

• New collection modes of WEEP are emerging.

1 Introduction

China is a major producer, exporter, and consumer of electrical and electronic prod-
ucts. With the rapid development of the economy, the pollution of the environment
problem has become increasingly severe, therefore, the Chinese government places
great importance to the recycling and disposal of WEEP.

Definition

WasteElectrical andElectronic Equipment (WEEE): TheRegulations onAdmin-
istration of Collection and Disposal of Waste Electrical Appliances and Electronic
Products provides that “the Regulation shall apply to the recovery, disposal, and other
relevant activities of waste electrical and electronic products listed in the Catalogue”.
This means that a wide range of electrical and electronic products will have to be
recycled and disposed of in accordance with the Regulation. These products listed
in the Catalogue are TV sets, refrigerators, washing machines, air conditioners, and
microcomputers.

“Home appliances old for new” Policy: Refers to the Chinese government has
used government funds to encourage consumers to trade in old ones.

Urban Mining: The recyclable iron and steel, non-ferrous metals, produced and
stored in the process of industrialization and urbanization in waste electrical and
mechanical equipment, wires and cables, communication tools, automobiles, home
appliances, electronic products, metal and plastic packaging and waste. Resources
of rare and precious metals, plastics, rubber, etc., are used in an amount equivalent
to that of primary mineral resources.

2 Development Process of Waste Electric and Electronic
Products in China

(1) Primary Stage

Since the 1990s, informal recycling of WEEP started in China. It was collected by
small vendors and shipped to domestic electronic waste distribution centers, mostly
to Guangdong and Zhejiang Province. At that time, illegal importing of waste elec-
trical and electronic products was rampant, which lead to serious negative social and
environmental impact [1–3].
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(2) The emerging stage of formal dismantling enterprise

After 2005, formal recycling companies began to appear in China, however, in
general, the development of formal recycling companies was very slow due to the
lack of collection channel, and some big companies also tried to build physical collec-
tion channels spontaneously. Companies like TES-AMM started their operation and
provide recycling service for some electrical and electronic producers.

(3) “Home appliances old for new” policy

From June 2009 to December 2011, the Chinese government implemented a policy
named “Home appliances old for new” nationwide, which not only promoted the
consumption of home appliances, but also incentivized the formal recycling of
WEEE. The successful implementation of the policy has also improved the energy
efficiency of household appliances, reduced environmental pollution, and recycled
resources such as steel, non-ferrousmetals, plastics, rubber, and other resources avail-
able for recycling, which is very important to developing a circular economy. During
the period of “home appliances old for new” (June 2009–November 2011), more
than 40 formal enterprises were officially established, and the amount of recycled
waste home appliances added up to 83.733 million.

At present,GuangxiProvincehas implemented the “Homeappliances old for new”
policy again since last year. At the same time, some e-commerce platform, such as
Tmall, JD.com, Pinduoduo, also have launched many “Old for new” promotion to
stimulate consumers to trade in their used electrical and electronic products and buy
new ones.

(4) Construction of urban mining industrial parks

In 2010, in order to implement the “Circular Economy Promotion Law”, and promote
the development of recycling industry, China’s National Development and Reform
Commission and the Ministry of Finance initiated the construction of “urban mining
industrial parks”. Seven regional recycling parks were selected for the construction
of “urban mining” as the first batch for demonstration.

In these parks, waste electrical appliance recycling enterprises carry out the treat-
ment and disposal of waste household appliances, and have achieved good treatment
results. Up to now, a total of 49 “urbanmining” industrial parks have been established
nationwide.

(5) “Regulations on waste electrical and electronic equipment Recycling and
Treatment” and the implementation of financial subsidy scheme

FromJanuary 1, 2011, the “Regulations onAdministration ofCollection andDisposal
of Waste Electrical Appliances and Electronic Products” came into effect. After
the promulgation of the regulation, China gradually established a waste electric
and electronic products recycling system, including planning, a funding scheme
(funds collected from electrical and electronic product manufacturers including both

http://JD.com
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domestic and foreign, and distributed to the dismantling plants) for the disposal of
WEEP and an audit management. Since the implementation of the Regulation, a
total of 16 complementary regulations, regulatory documents and standards have
been issued to govern the various stages of collection, treatment, and disposal of
waste electrical and electronic equipment.

Since 2012, China has implemented a financial subsidy scheme for the disposal
of WEEP. Funds are collected by the government from the producers/importers of
electric and electronic products. WEEP are collected by producer or collectors and
are dismantled by qualified dismantling plants (5 batches of 109 waste electrical and
electronic products dismantling and processing enterprises were selected and listed
as the qualified WEEP recyclers that can receive financial subsidy). Dismantling
plants have to report the dismantling amount of WEEP per quarter, and the provin-
cial department of ecological environment audits the report to confirm the data of
dismantling outcome. After that, theMinistry of Ecological and Environment (MEE)
has to further review the data and submitted the result to the Ministry of Finance
(MoF). Finally, the Ministry of Finance will approve and appropriate funds to the
audited dismantling plants (Fig. 1).

The dismantling volume ofWEEP of 109 qualified enterprises from 2012 to 2018
is shown in Table 1. The implementation of the financial subsidy scheme has effec-
tively standardized the disposal of WEEP and reduced their potential environmental
risks (Fig. 2).

Since the implementation of the financial subsidy policy for WEEE, from 2012
to 2018, the dismantling products generated by the formal dismantling facilities
have reached 7,552,600 tons, including iron and steel, recycled copper, recycled
aluminum, and recycled plastics.

Fig. 1 Implementation of the financial subsidy scheme for WEEP disposal funds. MOC stands for
Ministry of Commerce
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Table 1 The first batch of urban mining demonstration base

NO. Name Province/municipality

1 Tianjin Ziya Circular Economy Industrial Park Tianjin

2 Ningbo Jintian Industrial Park Jiangsu province

3 Hunan Miluo Circular Economy Industrial Park Hunan province

4 Guangdong Qingyuan Huaqing Circular Economy Park Guandong province

5 Anhui Shoutianying Circular Economy Industrial Park Anhui province

6 Qingdao Xintiandi Vein Industry Park Shandong province

7 Sichuan Southwestern Renewable Resources Industrial Park Sichuan province

Fig. 2 Dismantling volume of WEEE of 109 qualified enterprises from 2012 to 2018 (units)

Estimated by Xianlai Zeng [4], in 2018, the generation ofWEEE (estimation only
includes five kinds of WEEP including TV sets, refrigerators, washing machines, air
conditioners, and computers)was about 9.981million tons in theory,while theweight
of WEEE treated by qualified facilities in China was nearly 2.006 million tons, the
formal recycling rate of waste electrical appliances can be calculated as 20.1%.

The formal recycling rate= the weight ofWEEE treated by qualified facilities/the
weight of WEEE generation in theory * 100%.

The implementation of the “Regulations on the Management of the Recycling
and Disposal of Waste Electric and Electronic Products” and supporting policies
have formulated detailed technical and management requirements for dismantling
and disposing of waste electrical appliances, guiding them to carry out production
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Fig. 3 WEEP collection in community (Picture is from the following website. https://new.qq.com/
omn/20180619/20180619A1THLK.html)

management in accordance with the relevant requirements for financial subsidies,
and environmentally sound operations.

Tip

Waste electrical and electronic products management in China has experienced 5
stages.

The total dismantling volume of WEEE in 109 qualified enterprises from 2012 to
2018 reached 441,735,909 units (Fig. 3).

Case Study

The collection system of WEEE in Beijing
The construction of collection system is considered to be very important in promoting
the recycling ofWEEE in China. In 2017, Beijing has launched a pilot project of new
WEEE collection system and several designated collection channels were selected
as demonstration cases. In the first batch, there are five pilot types including.

1. sanitation enterprises rely on domestic waste separation and collection network
recycling,

2. electrical and electronic product manufacturing enterprises rely on sales network
recycling,

3. Electrical and electronic product sales enterprises “old for new” recycling,
4. recycling companies to expand the scope of services, and

https://new.qq.com/omn/20180619/20180619A1THLK.html
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Fig. 4 Ratio of different kinds of WEEP in 1.09 million units

5. Internet companies “Internet + collection”.

13 companieswere selected as demonstration cases by the government.According
to preliminary statistics, in 2018, a total of 1.09 million units of various WEEP were
collected by 13 pilot units, exceeding 16% of the planned volume.

Figure 4 shows the breakdownof different kinds ofWEEP in the 1.09million units.
The five home appliances category include TV, air conditioner, washing machine,
refrigerators, computers), consumer products includemobile phones, laptops, tablets,
cameras, etc. and other types of equipment include printers, telephones, network
equipment, etc.

InApril 2018, these selected companies initiated the “BeijingWaste Electrical and
Electronic ProductsRecycling IndustryAlliance” to share information and resources,
exchange experiences, and coordinate to solve common problems. With the active
participation of industrial associations and pilot companies, the research and devel-
opment work aimed at regulating WEEE recycling and forming relevant industrial
standards has also started as planned.
Key Points

Beijing City, the first pilot city in China to launch the construction of formal WEEE
collection system, conducted demonstration activities for the collection of waste
electrical and electronic products and achieved good results.

3 Status of Dismantling and Treatment of WEEE in China

(1) Dismantling capacity

At present, the annual dismantling capacity of the major home appliances (TV
sets, refrigerator, washing machine, air conditioner, computer) of the 109 qualified
facilities is about 152 million units per year (Fig. 5).

The dismantling capacity by region is shown in Fig. 6, unit (million units).
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Fig. 5 The annual dismantling capacity of the 109 qualified facilities

Fig. 6 The dismantling capacity by region in China

According to the annual dismantling volume of WEEP in the qualified facilities
published by the Ministry of Ecology and Environment (MEE), relevant information
on industrial development can be shown in Fig. 7.

In the past two years, WEEP dismantling enterprises show the phenomenon
of polarization. The dismantling volume of large dismantling companies (mostly
listed companies) with strong financial support and dismantling capabilities has
continued to increase,while the dismantling volumeof some small andmedium-sized
dismantling enterprises has dropped significantly.
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Fig. 7 The proportion of the top 10/20 companies in total dismantling in 2013–2018

(2) Operational model

The basic model of China’s WEEE dismantling is shown as follows (Fig. 8):

(3) The categories and technologies of dismantling

At present, the environmental-sound treatment and disposal of waste electrical and
electronic products in China mainly aims at major home appliances. The dismantling
process is shown as follows (Fig. 9):

Fig. 8 Basic model of China’s WEEP dismantling
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(a) Wasted CRT televisions (displays) dismantling 

(b) Wasted flat TV dismantling  

Fig. 9 Dismantling process of wasted CRT televisions (displays), wasted flat TV, wasted
refrigerators, wasted room air conditioners and wasted washing machines and dismantled products
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(c) Wasted refrigerators dismantling 

(d) Wasted room air condi�oners dismantling 

Fig. 9 (continued)
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(e) Wasted washing machines dismantling 

Fig. 9 (continued)
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Waste printed circuit boards (WPCB) are one of the key products in the disman-
tling process. The disposal of waste circuit boards is an important part of environ-
mental protection. At present, the 109 qualified dismantling plants transport most
of the WPCB and components to companies with qualifications for scrap circuit
board disposal. The waste circuit board disposal technologies used by these qual-
ified companies are mainly physical, thermal, and hydronic methods. In addition,
some copper smelting companies are also developing WPCB disposal business.

In addition to the five categories of home appliances, according to the “Waste
Electrical and Electronic Products Disposal Catalog (2014 Edition)”, there are nine
new types ofWEEP (printers, copiers, fax machines, monitors, range hoods, Electric
water heaters, gas water heaters, mobile communication handsets, telephone) are
also included in the treatment list, but there is no relevant policy to guild the disposal
of nine new types of WEEP at present. In addition, for small household electrical
appliances other than the 14 categories, some of WEEE dismantling facilities use
the overall crushing and sorting process.

(4) Reuse of the used electric and electronic equipment (Table 2).

Regarding the reuse of electrical and electronic products, China has developed
rapidly, in recent years, an active second-hand electronic product market. Some
second-hand product trading Internet platforms have been in operation, such as
Paipai, Xianyu, Aihuishou, etc. It mainly focuses on second-hand electronic product,
especially mobile phone, due to the high update rate of mobile phone, the trading
volume on the platform is huge. On the other side, because of the market for second-
hand reuse of large appliances is relatively inactive, large household appliances (such
as refrigerators, washing machines, etc.) are in low-trading volumes. For example,
second-hand refrigerators may have obvious noise, vibration, and poor cooling
effects, high risk in safe refrigeration of food; second-hand washing machines may
have rust in the tub, aging of the transmission belt, and health risk. In addition, the
power consumption of home appliances that have exceeded their working life may
increase.

According to the survey conducted by China National Resources Recycling Asso-
ciation (CRRA), the reuse of used waste mobile phone screens is about 50%, and
keyboards, shells and other components, is relatively low, about 10%.

Although the second-hand electronic product market has grown at a certain scale
with sorting and classification and other preliminary operating specification and
processing formulating, regulations and industry standards for refurbishment and
reuse of components are yet to be developed.

(5) Environmental and social impact

The use of secondary materials generated from the dismantling of waste electrical
and electronic products has obvious energy saving and emission reduction effects.
According to the estimates of CRRA, recycling 1 ton of WEEP can save 1.97 tons of
standard coal, and reduce wastewater, solid waste, carbon dioxide, and sulfur dioxide
by 24.23, 13.61, 4.73, and 0.046 tons, respectively, according to the statistics from



254 K. Yu et al.

Table 2 List of main policies and regulations related to WEEE recycling in China

No. Name File document number

1 Catalogue of Waste Electrical and Electronic Products for
Disposal (2014 Edition)

No. 5, 2015

2 Measures for the Administration of Licensing of Waste
Electrical and Electronic Products

No. 13

3 Administrative Measures for the Restricted Use of Hazardous
Substances in Electrical and Electronic Products

No. 32, 2016

4 Measures for the Administration of Collection and Use of
Waste Electrical and Electronic Products Processing Fund

No. 34, 2012

5 Guidelines for Qualification Examination and Licensing of
Waste Electrical and Electronic Product Disposal Enterprises

No. 90, 2010

6 Guidelines for the preparation of development plans for the
disposal of waste electrical and electronic products

No. 82, 2010

7 Guidelines for establishing a data information management
system and reporting information for waste electrical and
electronic product processing enterprises

No. 84 of 2010

8 Guidelines for Dismantling and Disposing of Waste Electrical
and Electronic Products and Production Management Guide
(2015 Edition)

No. 82, 2014

9 Guidelines for Review of Disassembly and Disposal of Waste
Electrical and Electronic Products (2015 Edition)

No. 33, 2015

10 Waste electrical and electronic product processing fund
subsidy standards

No. 91, 2015

11 Notice on further clarifying the scope of products collected by
the waste electrical and electronic products processing fund

No. 80, 2012

12 Notice on improving policies for disposal of waste electrical
and electronic products

No. 110, 2013

13 Notice on adjusting matters related to the declaration and
review of waste electrical and electronic products

No. 117, 2016

14 Technical policies for the prevention and control of pollution
from waste household appliances and electronic products

No. 115, 2006

15 Technical specifications for pollution control of waste
electrical and electronic products

No. 1, 2010

16 Guidelines for Dismantling and Disposing of Waste Electrical
and Electronic Products and Production Management Guide
(2019 Edition)

2019

MEE, as of 2018, China’s WEEP recycling facilities have recycled 8.142 million
tons of WEEP. Based on this estimate, as of 2018, China’s WEEP facilities have
accumulated energy saving and emission reductions as follows (Table 3).

According to this calculation,1 as of 2018, the emission reduction benefit from
the formal dismantling and disposal of WEEP was 6.549 billion yuan.

1http://www.dlyj.ac.cn/article/2014/1000-0585/14709.

http://www.dlyj.ac.cn/article/2014/1000-0585/14709
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Table 3 Energy saving and emission reduction effect of WEEP (million tons)

Type Save standard
coal

Reduce
wastewater

Reduce solid
waste

Reduce CO2 Reduce SO2

Effects of
energy saving
and emission
reduction of
WEEP

16.0397 197.2807 110.8126 38.5117 0.3745

The recycling of waste electrical and electronic products has significant social
benefits. According to the survey conducted by CRRA, in 2018, the average number
of employees in China’s waste electrical and electronic product processing enter-
prises was 191, it is estimated that 18,763 jobs were directly created by WEEP
facilities nationwide. In addition, in the recycling process, there are also a large
number of scattered WEEP collectors who are engaged in related work.

By the end of 2018, a total of 5WEEE recycling companieswere named asChina’s
national circular economy education demonstration bases. In addition, many enter-
prises have been rated as local circular economy education demonstration enterprises
by different provinces and cities, which have strongly promoted the development of
China’s circular economy publicity and education.

Case Study

Case 1
Aihuishou

Aihuishou is China’s largest electronic products collection platform, the first
“Internet + environment” type company, which is mainly engaged in professional
and safe collection of electronic products, sale of second-hand products, mobile
phone rental. It focuses on recycling of mobile phones, laptops, digital cameras, and
other 3C (Computers/Communications/Consumers) products, with the second-hand
mobile phone trade accounting for 80–90% of its business. By the end of 2017,
Aihuishou had opened more than 200 direct sales stores in China’s major cities
and more than 30,000 cooperative stores in other cities with over 1500 employees.
In 2016, Aihuishou processed 5.2 million mobile phones with a turnover of about
RMB1.5 billion (Fig. 10).

It provides a three-step collection service, which is convenient and fast:

1. The customer fills in the equipment information according to the equipment list
template. Agreed on-site survey time.

2. On-site survey and verification.
3. The two parties sign the contract; then collect the equipment, and pay the

customer.

Key Points

Internet + collection have become a new form of WEEP collection.



256 K. Yu et al.

Fig. 10 offline collection of Aihuishou (Picture is from the following website. http://dy.163.com/
v2/article/detail/EGP575VB0514R9KM.html)

Case Study

Case 2

Guiyu Town

Since the 1970s, Guiyu has gradually developed into a center for recycling and
dismantling waste household appliances and waste plastics. The town is mainly
engaged in collection, dismantling, processing, and utilization of waste electronic
appliances and plastics. More than 5,500 farmers were engaged in the WEEE recy-
cling business across 21 villages. There weremore than 300 private enterprises/home
workshopswithmore than 60,000 employees in 2005 [5]. The annual dismantling and
processing of waste electronic appliances and plastics added up to 1.55 million tons.
However, due to outdated recycling technology and the lack of proper management,
the scattered WEEE recycling in Guiyu caused serious pollution to the environment,
and Guiyu became one of the most notorious centers for e-waste illegal importing
and informal recycling in the world.

On account of the serious environmental problems in Guiyu, under the guidance
of relevant national ministries and commissions, as well as provincial, municipal,
and district governments, Guiyu launched a comprehensive environmental pollution
control project which was proposed to complete at the end of December 2015. At
present, the overall restoration work and the construction of the circular economy

http://dy.163.com/v2/article/detail/EGP575VB0514R9KM.html
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Fig. 11 Water quality in Guiyu a few years ago (Picture is from the following website. http://
www1.xcar.com.cn/bbs/viewthread.php?tid=21671949&extra=page=1&page=2 (2004 year))

industrial park are progressing smoothly, and heavy pollution and illegal dismantling
in Guiyu has been significantly curbed (Figs. 11 and 12).

In order to promote Guiyu’s comprehensive improvement of environmental pollu-
tion and the transformation and upgrading of the electronic waste dismantling and
processing industry, the Guiyu Circular Economy Industrial Park started its construc-
tion in 2010. The planned construction period of the park is 10 years divided into
two phases (2010–2015, and 2016–2020). The first phase of the park was completed
in 2015.

A total of 411.84 acre of land is acquired in the park, and the current use area
is 156.5 acre, which are 82.37 acre of actual land in Huamei District and 74.13
acre of Nanyang District. The park is divided into four areas, including the trading
area, dismantling area, further treatment area, and environmental protection infras-
tructure. The trading area has two parts: a centralized trading center and a product
trading market. The dismantling area has a general dismantling plant (a total of
four phases), TCL Deqing Environmental Protection Company. Further treatment
area is divided into three types: smelting project, hydronic project, and physical
method treatment project. The environmental protection facilities include: industrial
sewage treatment plant, domestic sewage treatment plant, hazardous waste transfer
station, garbage compression transfer Stations, domestic waste landfills, and flue gas
treatment facilities (Fig. 13).

Prior to 2012, Guiyu’s annual electronic waste treatment capacity could reach
the level of one million tons, and the current treatment capacity is around 400,000–
500,000 tons per year, and the overall scale has dropped significantly. According to
the statistics of the industrial park, the total volume of electronic waste transactions

http://www1.xcar.com.cn/bbs/viewthread.php?tid=21671949&amp;extra=page=1&amp;page=2
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Fig. 12 Guiyu town water quality status (2015 year)

in the second, third, and fourth quarters of the park in 2015 was 110,000 tons,
and the first quarter of 2016 was about 110,000 tons (excluding the TCL Deqing
processing volume). At present, about 90% of the circuit boards processed in the park
were domestic origin. Based on the information from all parties in the survey, it is
estimated that the current PCB processing capacity in the park is about 45,000t/year,
of which foreign sources should be less than 5000t/year. Since a large number of
home workshops have entered the park, the informal recycling in Guiyu has changed
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Fig. 13 Park flue gas treatment equipment (The first picture is from the following website https://
www.sohu.com/a/164860752_99908715. The second picture is from the following website. http://
sn.people.com.cn/big5/n2/2016/0113/c340887-27533674.html)

significantly. Most of the home workshops have moved into the park for operation.
Guiyu e-waste dismantling has improved significantly in terms of pollution control.

Guiyu has been engaged in the dismantling and processing of electronic waste for
decades. It has rich experience in fine manual disassembly, high recycling rate, and
resource efficiency. Valuable materials are accurately and meticulously identified.
Guiyu has created positive impact in efficient recycling of valuable materials and
improved resource utilization (Fig. 14).

Key Points

In Guiyu Town, a famous e-waste recycling center, great changes have taken place
in pollution control, and the environment has been greatly improved. A centralized
industrial park is already operating meanwhile, illegal and informal recycling is
diminishing.

4 Conclusion

China advocates the development of circular economy. In terms of recycling WEEP,
various attempts have been made since the 1990s. China now is the country with
the world’s largest WEEP dismantling and disposal capacity. At the same time,
the management level and treatment technology are also improving. Although the

https://www.sohu.com/a/164860752_99908715
http://sn.people.com.cn/big5/n2/2016/0113/c340887-27533674.html
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Fig. 14 Components of waste electrical and electronic products (The picture is from the following
website. http://news.bjsyqw.com/2017/0208/96507.shtml)

qualified facilities in China mainly recycle big home appliances, it provides valuable
experience for the subsequent treatment and disposal of other kinds of WEEP.

Questions

1. What stages did China go through in recycling of WEEP, and the characteristics
of the Chinese model?

2. How many enterprises in China formally dispose waste electrical and electronic
products, what is the dismantling capacity?

3. What’s the new mode of collecting waste electrical and electronic products in
China?

4. What is the status of Guiyu Town, a world-renowned e-waste disposal area?

Answers

1. China has gone through 5 stages inmanagement of waste electrical and electronic
products since 1990s, they are primary stage, the budding stage of formal disman-
tling enterprise, home appliances “old for new”, Urban Mining, the implementa-
tion of “Regulations on waste electrical and electronic equipment Recycling and
Treatment” and financial subsidy scheme phase.
China’s success provides a new management mode of WEEP, it can be called the
new extended producer responsibility system, which may make a lot of sense for
developing countries.

http://news.bjsyqw.com/2017/0208/96507.shtml
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2. In China, a total of 109 dismantling and processing electronics companies have
been included in the fund subsidy. The annual dismantling of “four machines
and one brain” is 152 million units.

3. Internet + collection has become a new way of collecting WEEP.
4. Guiyu Town has begun comprehensive environmental control, the dismantling

of electronic waste and the transformation and upgrading of processing industry.
Most demolished households havemoved into the park for operations as required.
The dismantling of e-waste inGuiyu has significantly improved pollution control,
and the image of water, air, and roads has also improved markedly.

Patient information and guidelines

Suggested Reading
Keli Yu, Heran Zhang, Jinfeng Qiu, Yunong Liu. Waste Electrical and Electronic
Products Recycling Industry Development Report (2019).
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Transforming e-Waste to Eco Art
by Upcycling
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Abstract The global volume of electronic waste is expected to reach 52.2 million
tones or 6.8 kg per person by 2021. A recent UN report—A New Circular Vision
for Electronics—highlights that the world produces as much as 50 million tons of
electronic and electrical waste (e-waste) a year. However, only 20%of this is formally
recycled, remainder 80% either ending up in landfills or being informally recycled. It
is unreasonable to find an ethical recycler and it has been a major challenge to pledge
to eradicate e-waste from planet. Apparently, upcycling e-waste could be exploited
as compelling solution. The article discusses about upcycling as an alternate solution
to e-waste crisis. There is an Inspiration Gallery in the end, which would motivate
readers to start creating eco art.

Keywords Circular economy · Sustainable production and consumption ·
Upcycle · Recycle · e-waste ·Waste management ·Waste transformation ·
Environment and health
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1 Introduction

If the world goes on with business as usual with their high tech lives and polluting
lifestyles. Eventually we will have to face adverse consequences. In fact, e-waste
recycling in terms of equipment and processing is very expensive and time-
consuming, for example, extracting precious metals, like gold from PCB. Whereas
same gold plated PCB could be upcycled and transformed into beautiful jewelries.

In next 10–20 years, the world may have to face catastrophic results wherein on
our planet there would not be any place left to dump e-waste. Eventually human race
will be surrounded by massive landfills. Hence, empowering young generation to
participate in sustainability mission to save our planet is very important. To make
a phenomenal difference, appreciate young generation to get motivated to work on
this crucial initiate with empathy. They should imbibe and become a part of upcycle
revolution. Induct youth to acquire knowledge on how upcycling is done. Induce
curiosity, and activate desire for learning unique things. In process eager to take it as
an opportunity for coaching and mentoring youth.

Mymotto is to create something qualitatively unique. I always get fascinated with
experimenting and searching for new and abstract ways to create unique things.

Waste Management is becoming strenuous day by day. Considering the current
scenario, we are generating more e-waste than we can recycle. So the unused e-waste
needs to be recycled. There has to be an innovative way to deal with the pile-up of
e-waste. With the human touch, e-waste can come back to us in restored form.
Apparently, Upcycling will be the way forward for environmental sustainability and
reducing landfills. I give higher priority to Upcycling e-waste rather than Recycling.
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Upcycling e-waste can play a major role as Planet Healer, by practicing consis-
tently our earth become greener. There is an unseen beauty in the e-waste and it can be
transformed into new lease of life.Moreover, foreseeable eco art benefits, the concept
of upcycling has been practiced by entrepreneur, a typical example is company Deko
Eko, anUpcycling platform to promote unique sustainability concept. The case study
projected here will demonstrate how discarded electronic gadgets could be converted
into something interesting and artistic. None of the e-waste is useless for an artist.
No e-waste is waste; it can be turned into amazing art pieces. As a matter of choice,
Upcycling will be superior and have major benefits over recycling. A second life to
discarded electronics waste by turning them into something worthwhile. As fashion
forecaster, WGSN trend-spotters in Jewelry category, ensures insight and trends
are accurate and actionable. Because new generations are demanding techy/geeky
Jewelries.

Bringing creative vision to e-waste that increases its value tremendously. I care
for the environment and concerned about the future generation.

1. Giving a new life to e-waste is surprisingly a gorgeous functional works of
art. Upcycling is an eco-friendly alternative way of getting rid of landfill and
discarded electronic waste in turn it willingly acquire second life. Upcycling will
also help in leading healthy living for future generation.
E-waste Collection, Dissembling, and Sorting (A and B of eco art creation)

Procurement—Bulk purchase, Identify e-Waste vendors, recyclers of scrapped elec-
tronic material, for example, E-Parisar Private Limited. Collect obsolete gadgets as
gift from friends. Dissembling starts with dismantling, segregating, and scrutinizing.
Post placing parts in different Bins. Auditing and separation criteria is based on
Shape, Forms, Color, and Texture.

Digital Inventory starts by updating each part in a Library by assigning each part
with ID. Finally, a Digital catalog is build, which will be used during Designing
phase.

I had upcycled several hundred parts of phones and computer parts and created
beautiful jewelry like earrings, cufflinks, pendants, etc. This has been a perfect
example of how wisely one can manage waste.

2. Eco Art Genesis (C, D, E, F and G of eco art creation)

Introspecting e-waste will initiate the visualization process. Thinking process begin
by evaluating and visualizing e-waste as a prospective potential to get transformation.
Conceptualization starts after scrutinization process, by inspecting e-waste texture,
shape, color, and so on. Post working on POC (proof of concept) finally comes out
Art with something qualitatively unique.

I am obsessed by e-waste, and use them to make an interesting artifact. The
context behind each creation is to reincarnate a second life out of discarded objects.
In other world dead becomes alive again. I do not call e-waste as objects, they are
the amazing base materials to get rescued or transformed into beautiful sculptures.
Any e-waste material is an open immense possibility for me to be repurposed. Be it
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a PCB, electronic components or a dead instrument. I try to bring in some meaning
to the art.

Creating artwork out of electronic junk is a creative process. One has to be eco-
minded, applying artistic skills and method for upcycling with e-waste. Indeed it is
an eco-friendly alternative to the traditional disposal of tech products and gives green
consumers with a passion.

3. Eco Art Scale-up production (H, I, J, K, L, M, N and O of eco art creation)

After Prototyping, demand Supply Chain process begins.
eco Art works will be published in ecommerce platform and execute orders.

4. Eco Art Education

Art is an aesthetic pleasure. It fall predominantly under luxury and some products
are usable too. Post initiating e-Art projects from last 6 years, I have been received
lot of appreciations. But recognition is not enough, eco Art should be acknowledged
worldwide.

(a) Showcasing eco Art in seminars/conference.
(b) Workshops and campaigns.
(c) Solo Art Show—Transforming e-Waste into e-Art in Wipro Technologies.
(d) Promote eco Art via Social Media, Facebook and Instagram etc.
(e) eco Art Foundation.

For example, a pilot campaign launched by Nokia “Planet Ke Rakhwale”.
https://www.downtoearth.org.in/news/ewaste-management-nokia-sets-exa

mple--41799

5. Eco Art Entrepreneurship

Each individual has a God gifted potential skill to render service to the humanity.
One has to recognize talent, which he/she is good at and passionately work on it.
To exploit talent one has to consistently hard work to achieve results. Be a creative
entrepreneur, this passionate intuition gives me energy even when I am tired.

1. Exhibition sales.
2. Online ecommerce shop.
3. Crowdfunding.
4. Sponsored/funded Projects.
5. e-Waste Alliances worldwide.
6. Collaborating with International Artist.
7. Collaborating with Fashion Industry.

https://www.downtoearth.org.in/news/ewaste-management-nokia-sets-example{-}{-}41799
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Source https://dekoeko.com/success-stories/Orange
Some of the major companies implementing Upcycling in context with Fashion

Industry.

2 Upcycling: The New Wave of Sustainable Fashion

In aworld still churning out trendy throw-away fashion pieces at breakneck speed, the
idea of upcycled or refashioned apparel can be an anomaly. But it is a continuously
growing trend and is one of the most sustainable things people can do in fashion.
As upcycling makes use of already existing pieces, it often uses few resources in its
creation and actually keeps ‘unwanted’ items out of the waste stream.

Upcycling stops adding stuff to a world that is already overwhelmed with material
things. It also reuses materials that may otherwise end up in the landfill in creative
and innovative ways—producing original often one-of-a-kind items fromwhat many
consider to be waste. The world of upcycling has exploded in the past few years
[1–20].

https://www.triplepundit.com/story/2014/upcycling-new-wave-sustainable-fas
hion/58691.

https://dekoeko.com/success-stories/Orange
https://www.triplepundit.com/story/2014/upcycling-new-wave-sustainable-fashion/58691
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Upcycled Fashion Explores Designer Imagination Fashion labels, like From
Somewhere, are upcycling discarded textile materials to turn waste into beautiful,
unique garments.

http://ecosalon.com/upcycled-fashion-explores-designer-imagination/.
Upcycling is no new concept, it has been a part of our Indian culture since 1930s

and 40s when our families used to reuse almost everything—but now the old is new
again, with some improvements. Making something new and artistic with something
you once believed is useless is true art.

Source: https://economictimes.indiatimes.com.

Example 1 Process of recreating Van Gogh’s master painting “The Starry Night”
with resistors.

1. Simplifying complex details.
2. Retained contours, shapes, and form of each landscape elements.
3. Similar color resistor is replacing each brush stroke.

Original Pain ng Transformed version using e-waste

Working table Close up view of eco art

Example 2 Process of recreating collage Portrait.

1. Identifying appropriate snap to be used as base portrait reference.
2. Posterising, a process of simplifying an image or tone separation, highlights,

mid-tones, and shadows.
3. Identifying best PCB match of tonal values, to be used for the portrait.

http://ecosalon.com/upcycled-fashion-explores-designer-imagination/
https://economictimes.indiatimes.com
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Posterisized an image Interim stage of portrait Transformed version using e-waste

Example 3 Process of recreating Future City using “Heat sink”.
Heat sink has a typical character of having thin slits, the core functional purpose

of it is to desperate heat efficiently, and I visualize and see these symmetrical shapes
as a single building structure.

Originally Heat sink is designed in different shapes, depending on integrated chip
size, it could be circular, square, or rectangular.

Proportions and scale have to be kept in mind while building structure.
Each tower has its unique characteristics, keeping real functional form in

consideration. Helipad structure is also built to show modern structural engineering.

Arial birds eye view Closeup of tower
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Each tower placed in one row

Perspec ve view to show realism View to highlight helipad
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Used CPU chip’s as the pathway, connec ng different towers Demonstra ng GPS 
naviga on scenario

3 Case Study

Best example of Upcycling is Jewelry designs using e-waste. It could be earrings,
Necklace, Bracelets, and Pendants.

Typical recycling e-waste starts with huge quantity of scrap and post-processing
very less quantity of metals would be extracted. Whereas same quantity of scrap
could be transformed via, Upcycling by adding more value.
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4 Jewelry Created from e-Waste
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Typical example of effec ve usage of e-waste in making eco art

Flower bouquet created from e-Waste Dazzle Bird
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Some unique examples of wearable art and Jewelries created by me from e-
Waste. Eco art is an expression, which is undoubtedly eye catching andmakes people
comprehend potential of transforming e-waste to amazing art. Some of my works
are very intimate.
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Upcycling brings a plethora of benefits:

1. Helps in preserving natural resources.
2. Helps in reducing landfills and pollution.
3. Reducing carbon footprint.
4. Eco art has a better environmental value.
5. A typical example is upcycling in garments industry.
6. A new movement has major impact on fashion-scape. It boosts creativity,

construct community, and acts as a catalyst when demonstrating others
7. Companies can take up upcycling industry and turn e-waste to useful products

Discontent may be the reason manufacturers produce new gadgets. Apparently,
obsolete technology has to be discarded and treated as e-waste. Recycling may not
be the ideal solution to reduce landfill, one of the reasons could be it uses expensive
equipment and not every kind of e-waste can be recycled. Whereas upcycle turn
unwanted, low-value goods into somethingmore useful, appraised with higher value.
We should try to pay homage to these obsolete products. I believe they can be
reincarnated by attaining an implicit character and look and feel which make them
deserve a better destiny than a dump.

I wanted to emphasize on upcycling and we should buy less and use creativity
to transform existing obsolete equipment. We cannot stop buying things, throwing
outdated products and buying advanced model, relegating objects to an anticipated
death that, most of the times, has no reason to be. Obsolete objects cannot speak for
themselves. They can be transformed into an amazing art. Adding greater value and
also giving new life.

Everyone should become militant to make a difference in fixing irreversible
damage done to earth by reducing e-waste landfills. We should inculcate our new
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generations; rather upcycling should have been innate character. My goal is to spread
knowledge on upcycling and try to change user behavior. Eco art creation is a process
of ingenious inventiveness. Zero-waste has been an innate part of nature. Think twice
what can you do with an e-waste before throwing it away. Eco art is a way to preserve
the wisdom.

1. Can anyone create eco art?

1. Yes, each individual has to develop strong visualization to work on eco art.
2. One has to undergo practical training.
3. As prerequisite, one has to have knowledge of all electronic parts used in the

devices.
4. Visual identity recognition is most important to work on different project.
5. One has to know the basics of material science, mechanical engineering,

fabrication techniques.
6. Appropriate power tools, used to achieve expected results.

2. Challenges faced during mass productionizing eco art works

1. Getting bulk number of similar parts, at times it has may not be feasible.
2. Each eco art produced will be unique, because its hand crafted. Therefore,

there will be minor differences. 100% replica is not possible.
3. Some of the e-waste items are hazardous; hence, precaution has to be taken

while working on it. Add on safety while working.
4. Training individual may be a big challenge, because each person conceptu-

alization power would be different.

3. Why Upcycling is important?

1. Upcycling is an important alternative measure to deal with waste manage-
ment.

2. Sustainable eco art designs bring extra value to the trash.
3. Upcycling does help in Zeroing Waste and also reducing Landfill.
4. Upcycling conserve and save limited resources, by reducing the need for

new raw materials to create new products.
5. It brings second life to discarded/dead products or e-Waste, surpassing what

they were originally created for.
6. An Innovative way to use scrap, also stimulates the creativity and handmade

work.
7. Upcycling is reworking, reinventing, trying to see new forms. In otherwords,

it is a kind of tribute.
8. Upcycling plays amajor role in dealingwith threat to the global environment

for the future generation.
9. It helps in sustainability and creates a new wave of Sustainable Fashion.

Example—Making attractive jewelry for the fashionista or techy geek.
10. Upcycling stops adding more stuff to a world that is already overwhelmed

with material things.



Transforming e-Waste to Eco Art by Upcycling 277

Mumbai is being buried under a mountain of its own trash; e-Waste is threatening
to bury our lives

https://www.livemint.com/Politics/xZdqBRJhyDqYhx1UAmOvjK/Mumbai-is-
being-buried-under-a-mountain-of-its-own-trash.html.

Each day, more than 500 trucks line up along a two-lane dirt road in an eastern
suburb, waiting to add to a mountain of refuse tall enough to submerge the White
House twice over.

https://www.livemint.com/Politics/xZdqBRJhyDqYhx1UAmOvjK/Mumbai-is-being-buried-under-a-mountain-of-its-own-trash.html
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1. Potential of Transforming e-Waste

(a) Usable Products.
(b) Abstract Art.
(c) Wall Art.
(d) Sculptures.
(e) Creatures.
(f) Robots.
(g) Jewelry Designs.

Actionable Thoughts…

1. Take Upcycling e-Waste as an industry.
2. To promote awareness by conducting workshops.
3. Entrepreneurs could take up as a business, in lieu of treating e-Waste conven-

tionally.
4. We should live with a lot less stuff.
5. Contribute to Circular Economy.
6. Promoting eco art by campaigns, workshops create a better future for the Young

Generation.
7. Collaborating with current Recycling companies, and advocate to upcycle e-

waste and transform into amazing art.
8. Start a major innovative crowdfunding campaign, to increase awareness and

changing the lifestyle and behavior. People could contribute by pledging. For
example, a pledge not to dispose e-waste illegally and transform into Art. Finally,
a total global change can be made. I am appealing for partnership organizations,
environmentalist, government bodies, schools, universities, passionate individ-
uals, influencers, and celebrities to contribute in this mission. I request all of you
to join this movement. Please connect with me to build an effective movement.

9. Propose Government, Upcycling e-Waste as a major alternative solution.

5 Conclusion

Upcycling has a great opportunity to tackle gigantic landfill. In context with waste
management, I believe upcycle could be amajor differentiator as an alternate solution.

I hope the work I do will help young generation. The thinking my initiative is, if
each person stops discarding products and upcycles or reuses them instead, it will
make a major difference in healthy living.
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Upcycling could be an effective way to deal with environment sustainability and
to arrest the problem of reducing landfills. I urge Government to support me and help
me in building the institutions.

Be part of the Upcycling Movement…
Helping the World to become more Greener…
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Questions

1. Can non-skilled person do Upcycle?
2. Do Upcycled products have endless life?
3. How to price the Upcycled products?
4. Can any e-waste product could be Upcycled?

Answers

1. Yes, with proper training one can learn how to upcycle.
2. Since transformed product is no more has a functional, it has reincarnated as

artefact. Hence, it has no end of life.
3. Since rawmaterial cost would be very less, but all Upcycled products would have

value as par with other conventional products.
4. Yes, there is possibility. One can transform.

Exercises
Make use of any e-waste device and create some interesting art.

Raw Materials: Use any form of e-waste, for example, obsolete mobile phone,
data card, Hard disk, CD/DVD, mouse, keyboard, etc.

Instructions:One couldmixmore thanonematerial.Usepower tools and industrial
glue gun, in case of cutting/joining different materials, respectively.

Procedure:Visualize the forms/art to be created from selected rawmaterial. Create
a rough sketch and start developing in stages. Review outcome and do enhancements
if required.

Inspiration Gallery
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Suggested Reading

1. Upcycling for Sustainable Living.pdf.
2. Vishwanath an eco Artist—Aspiring Environmentalist.pdf.
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Vishwanath Davangere Mallabadi was born in
Chitradurga, Karnataka, India on 22 October, 1962.
I grew up in an atmosphere where art was respected
and encouraged and still is. I thus inherited a price-
less legacy. My father, Late D. M. Shambhu was a
famous sculptor and painter and dedicated his life
in restoring and maintaining valued artifacts under
the aegis of the Government of India. In fact my
father’s uncanny eye for detail and finesse has had a
profound impact on me throughout my professional
career.

My Father and Mother have been my prime
motivator’s. I married my lifelong companion, Dr.
Nirmala and have a resourceful daughter. My father
wanted me to be a Doctor, but I was not medically
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waste inclined. However the traits of a Medical Prac-
titioner were imbibed by me during the time when
I assisted my Father in his endeavours in various
artistic forms and mediums.

I decided to pursue my professional career
in Art & Design. My self-validation skills with
constant encouragement from my Father developed
my creative talent. By age 18, I had developed
obvious skills as an artist and reinforced my skills
on completing my professional degree in B.F.A.
in Applied Art. I studied at the College of Art
(1983–1987) in New Delhi, India.

At the age of 23, I used to explore second hand
trash objects and try to convert them into worthy
objects. I started exploring new art forms within e-
waste. Fortunately, I was part of HAM radio, wherein
I developed my technical skills, learned fundamen-
tals of technology, electronics and fabrication. Subse-
quently it inspired me to know more about electronic
product design. My philosophy and rationale towards
creating something extraordinary is by doing fusion
between creativity and technology. I always enforced
my acquired technical knowledge and blend with my
artistic skills.

I thus blended Creativity with Modernity and
forms. I always wanted to challenge myself by doing
something unique. Thoroughly inspired, I started
exploring my passion by creating new art forms. I
chose e-waste as a medium to express my ideas.

I am passionate and dedicated about the work I
do and I thoroughly enjoy it. The effort involves a
lot of patience, love and determination. For me, no
waste is waste, I see interesting forms in e-waste. I
upcycle them and try to give a second life to inani-
mate objects. I scrutinize e-waste and restore poten-
tial components, finally transforming the e-waste into
unimaginable amazing masterpieces. The creation
process seeks serendipity and aesthetics. I try to bring
in the creative vision to discarded e-waste and add
higher environmental value than it had in its original
state.

Upcycling is a key concept to add value to junk e-
waste. I have created many unconventional and iconic
designs out of e-waste. I try to interconnect distinc-
tive e-waste pieces into a coherent composition,
improvise with different forms and keep working
until I satisfied with the results. I enjoy discovering
what I am creating while I am doing it and I have
an irresistible urge. I practice keeping an open mind
to the subconscious and like to be surprised by the
outcome of my work. I get inspired and fascinated
by inner forms of electronic equipment, it’s intricate
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unnoticed textures and vibrant colors and intrinsic
characters.

For me e-waste has a life of its own, and at
times, it provokes me to reincarnate. I am consis-
tently aiming for new and unusual compositions, with
visually arresting expressions. My remarkable eco art
works do offer inspiration to young artists.

My talent has been recognized by India Talent
Magazine and exhibited my works at the Interna-
tional conference for Sustainable Development Goals
(SDG) and got a lot of recognition by News and Tele-
vision Media.

I am keenly interested in conducting workshops,
lecturing in conferences and seminars to promote
e-waste awareness. My intention is to bring an
emotional connect between people and e-waste.
Eventually I am anticipating large eco art installation
works.

Currently I am working on a collage portrait
of Shri Narendra Modi India’s Prime Minister. My
future plans are to create contemporary abstract art
series on “An Indian Icon”. I strongly believe that art
from e-waste could be an alternative method for recy-
cling and preventing landfills. However, this unique
spin on upcycling e-waste doesn’t just give birth to
stimulating art, it also generates revenue from the sale
of usable products. My never ending investigation on
e-waste and creating beautiful, spectacular art will
last forever.

Being a designer and environmentalist, I am
concerned about the future generation and trying to
do my bit for the betterment of the coming genera-
tion. I encourage everyone to leverage their hidden
potential and be creative.

A unique eco warrior in true Gandhian spirit.
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Key Concepts

• Waste Transformation: Ability to recycle or upcycle waste into value-added
materials.

• Functioning Supply Chains: Enhance collection processes and recovering
activities to maximize value creation on waste materials.

• Digitization: Information technology processes used to improve the efficiency of
the functions of supply chain.

• e-Extended Producer Responsibility: Materials management philosophy
embedded in digitization to strengthen circular economy.

Objectives

• To introduce the opportunities and barriers to material recycling-based society
and the role of the waste to energy.

• To introduce the benefits of digitized extended producer responsibility through
public-private partnership to increase contribution and improve the efficiency of
circular economy and where waste to energy fits in.

1 Introduction

“Waste is the Government’s Problem.” This simple statement is at the heart of
the global waste crisis. Governments have limited budgets to support transformation
in the waste industry, let alone deriving benefits from the waste. Interventions via
urban infrastructure and largewaste to energy plants are often over-designed asmagic
bullet solutions. Private and informal sectors are often considered as a hindrance to
achieving sanitation and excluded from planning scenarios.

It is critical to understanding what the characteristics of your waste are, howmuch
of it you create and how it is collected from the starting points. Some densely popu-
lated communities with higher waste generation per capita will opt for incineration
to ensure public sanitation. This model is typical linear thinking. Other communities
who have limited resources, seek to reduce the impact from waste by recovering
valuable material from waste, creating jobs, and enhancing economic development.
However, the performance of recycling efforts is dependent upon the community
attitude about waste and waste management options. Whilst segregating waste at
source is the best practice for recycling, the behaviour is difficult to incentivize. In
this chapter, you will see how innovation in waste management can enhance circular
economy adoption and improve the material recycling sector.
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2 What Is My Waste?

In 2016, the world has generated 2.01 billion tonnes of municipal solid waste (MSW)
[5]. Asia has a population of more than 4.45 billion. It is estimated that Asian cities
will generate 1.8 billion tonnes of MSW in the year 2025 and continue to grow at
approximately 15% annually [4].

Every day, we produce household waste, industrial waste, medical waste, agri-
cultural waste, wastewater, and importantly hazardous and toxic waste. The rising
population, the growth of economic activity and rapid urbanization are the reasons
for changing consumption patterns and increasing per capita solid waste generation
around the world. The characteristics of our daily waste generated indicate where we
live, how affluent we are and how conscience we are. Also, it links to how likely we
are to separate our waste to allow for recycling or upcycling to create value-added
materials from waste.

The character of our waste can be described by the relative weight of various
items such as food waste, plastics, paper, textiles, rubber, metal, aluminium, ash,
soil and other constituents. In Rural Thailand, the poorest communities will produce
0.3 kg day−1 person−1 [2]. This is due to the high resource recovery of foodwaste and
well-developed waste recycling supply chain through companies like Wongpanit. In
nearby towns the generation rate is up to three times higher. In Bangkok, some areas
produce 3.8 kg day−1 person−1. Figure 1 shows the estimated average composition
of general municipal solid waste in world.

Fig. 1 Composition of
municipal solid waste
Source World Bank 2018.
What a Waste 2.0: A Global
Snapshot of Solid Waste
Management to 2050 Food and 
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3 What Are My Technical Options?

How the waste is presented for collection is the first challenge in determining
technical options. The contaminant level within waste materials will determine
suitability for sorting by mechanical treatment technologies, localized process
(biogas/composting), upcycling (refuse-derived fuels/plastic to fuels), reuse (handi-
crafts/artworks), recycling or centralized thermal treatment. The waste is sorted into
discrete types of material. One of the key barriers to have only material recycling-
based society is that recyclability of waste. Where waste has low recyclability index,
thermal treatment (incineration/pyrolysis/depolymerization) canbemore appropriate
to treat non-recyclable waste instead of bulk landfilling. Where air pollution control
systems are included in the plant, these facilities are commonly referred to waste to
energy plants or energy from waste plants.

Dumpsites, not sanitary landfills, are the prevailing solution for developing coun-
tries, whilst many developed countries have used incineration to reduce the volume of
waste before disposing in sanitary landfills. Many cities look to waste to energy solu-
tions to reduce the volume going to landfills, optimize land use in densely populated
cities and derive some energy benefits. 172 such plants are established in SouthKorea
and suppling heat for district heating system and energy for domestic consumption.
In 2010, 3.1 million tonnes of waste were treated in 35 waste to energy plants [1].
In Denmark, 29 waste to energy facilities treated 3.5 million tonnes of waste which
corresponds to about 26% of total waste generated in the year 2005. The waste to
energy facilities contributed about 3% of the total Danish electricity production and
about 18% of the total district heating production [3].

Whilst these waste to energy technologies make urban sanitation easier, they
crowd out thewealth and job-creating opportunities of recycling and upcycling. Also,
the management of heavy metals, dioxins and fly ash requires advanced air pollution
control system to meet emissions standards. The management of these persistent
organic pollutants in fly ash presents challenges. The minimum capacity threshold
for commercially operated waste to energy plant is 600 tonnes per day with the
optimal size being twice that capacity, according to industry sources.

Zero waste communities are springing up all over the world and make use of
composting or biogas technology for digestible waste, recycling, upcycling. Also,
local communities are encouraged to follow waste management hierarchy within a
circular economy context. However, quantity is a matter of selection of appropriate
waste treatment method under the hierarchy. The efficiency of mechanical recycling
is lagging since these communities, however, don’t consider the hazardous and toxic
waste inherent in the production of many commonly used products. Therefore, high
volume of residual waste is generated from recycling plants and the quality of the
recycled products deteriorates.

A strong supply chain which maximizes resource recovery whilst ensuring public
sanitation should be developed to ensure future sustainability. At the heart of this
approach, Fig. 2 is presented to understand the transformative processes in the waste
supply chain.
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Fig. 2 The waste supply chain and competing use. Source Author, Stephen Peters

By using other forms of waste such as wastewater, this transformative process can
be improved andminimize impact onoverall environmental and commercial viability.
Often horticultural waste management approaches are economically viable.

Under the transformative processes, it is important to understand the transforma-
tion options. Table 1 shows some of the commonly transformed materials.

4 Case Study of Material Recovery Facility—Saahas Zero
Waste, India

Saahas Zero Waste (SZW) is a social-environmental company works on circular
economy by recovering valuable resources from MSW. Through its 18 years of
experience of working withMSW, the company has shown that 90% of the resources
can be recovered if a wholistic approach is taken in waste management by trained
personnel and if the management process is in close proximity to waste generation.

The company is conducting a program called Zero Waste in India. The process
flow of the ZeroWaste program is presented in Fig. 3. Under this program, 26 tonnes
of bulk waste is collected from industrial zone and residential complexes daily. A
portion of wet-waste is treated in a compost site and the remaining portion is used
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Fig. 3 Process flow diagram of zero waste program. Source SAAHAS Zero Waste (SZW)
communications materials, 2018

for biogas production. The biogas is bottled and used for commercial purposes and
the compost packets are sent to the local market.

Dry waste is sent to the material recovery facility (MRF) for further segrega-
tion, aggregation, compaction, and dispatch to recycling facilities and co-fueling
units such as cement kilns. Most of the waste management activities are carried out
manually. It is worth noting that of 250 employees, approximately 80% are women.

SZW provides professional management of the local supply chains process
including customer acquisition feedback, awareness on reducing single use prod-
ucts, and enforcing segregation at source. A Management Information System is
used to analyze data. Therefore, it has high efficiency and accountability of collec-
tion, transportation, and treatment processes. The project directly supports climate
mitigation by reducing GHG emission when burning waste is considered as the third-
highest cause of GHG emission in India. It is estimated that annual CO2 emission
reduction by the project is about 12,300 tonnes.

Because of the Zero Waste program, the regularity of income has improved the
employees’ quality of life. Investors are attracted due to the high level of financial
viability and high level of visibility of the project as one supportive of mainstreaming
the waste management industry.

SZW’s innovation success is due to engaging community around the source of
waste and attracting community members to interact on a commercial basis. This
approach is considered best practice for localized waste management.
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5 The Role of the Governments, General Public, Business
and CSOs

Communities require assistance in overcoming the policy hurdles, financial capacity,
technical options, process risks and breaking the knowledge barriers. National level
thinking lags community-led models. In 2016, South and Central Asia have disposed
74% of their MSW in landfills. These proportions are also as high as 59 and 55% in
South-East Asia and Eastern Asia [4]. There is a huge gap between required infras-
tructure and available facilities in waste management sector as a result of infrastruc-
ture investment shot fall in public sector. Private Public Partnership (PPP) can fill
the investment gap.

Inmany developing countries, PPP can create a waste to energy over-capacity trap
to ensure commercial viability (the Lock-In Effect). Often risk is allocated poorly,
not well researched or documented. Through well-developed PPPs investments, the
waste management sector can integrate new waste treatment technologies and busi-
ness models. Table 2 presents “Twelve pathways to a circular economy: Using waste
to energy interventions to reduce their budget on our ecosystem”. SZW is an excellent
example of pathway 5—Decentralized waste sorting and recycling.

6 Case Study of Resource Recycling System of Municipal
Solid Waste

The community in Taipei, China places high importance on resource conservation,
recycling and sustainable development. Municipal solid waste generation rapidly
increased as a result of the rapid urbanization and economic development. Conse-
quently, initiatives were introduced to improve the waste management sector over
recent decades. Figure 4 shows the summary of initiatives which have been taken
from 1987 to 2005 and the performance of the recycling industry. Initially, only
market-driven recycling industry was initiated to manage a small portion of recy-
clable waste. In 1987, polluter-pay principle was introduced which made producers
were responsible for recycling physically and financially. Based on the producers pay
principle, eight recycling funds were created to collect recycling fees and the funds
are administered by the Environmental Protection Administration (EPAT). Based on
the statistics, the recyclables collection rate increases 47% in the past 20 years. In
recycling industry, annual revenue is greater than USD2 billion and 10% of income
is generated from the recycling fund (Recycling Fund Management Board 2019).

Resource recycling management regulations were put in place to strengthen
the waste management sector. Firstly, management measures for manufacturers
and importers were introduced to calculate amount of regulated recyclable waste
(RRW) products which are sent to the local market. Secondly, proper standards were
implemented for waste collection, transportation, storage, and recycling of RRW.
Attractive subsidies were given for RRWcollection and recyclingwith an application
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Table 2 Twelve pathways approach

No. Pathway Description of critically important issues

1 End of life—waste destruction
(Provincial)

The use of advanced flue gas cleanup is critical
in these waste to energy plants. Uncontrolled flue
gas is highly toxic. It MUST BE scrubbed of fly
ash prior to emission. Emissions must be
monitored in real time and shared with
stakeholders.

2 End of life residues
(Immobilization)

The capture, proper handling and immobilization
of fly ash from flue gas are critical. Locking the
fly ash up in geotechnical materials with rigorous
testing is the current best practice.

3 Centralized
sorting—eco-industrial park model

Siting an end of life facility in a larger Industrial
park allows for sharing of energy and heat from
the process but also allows for processes to
extract higher value or to recover waste into
usable products.

4 Centralized recycling and
upcycling

Siting these value addition and material recovery
technologies with an Eco-Industrial park leads to
simpler environmental management. It also
allows for tracking of materials and sharing with
industry involved in recycling and upcycling.

5 Decentralized sorting and
upcycling

Cities will have existing material recovery
facilities and transfer stations as part of their
existing waste supply chain. These sites are
excellent locations to add recovery or localized
solutions to reduce waste quantities for
subsequent transport to centralized locations.

6 Digitization at source Various APPs existing for collection of waste
including household truck collection, centralized
community collection and opportunistic
collection of higher value items by the informal
sector. The capture of higher value materials at
source creates more secure feedstocks for
decentralized recycling and upcycling
technologies. The informal sector can be
matched to householders and businesses using
apps. The degree of digitization will reduce
transport costs for cities and increase
participation and efficiency of the circular
economy. It does need to be well regulated.

7 Landfill, soil and river clean up Most landfills in developing countries are not
sanitary. Over the coming decade, these landfills
will be mined and remediated to limit
groundwater pollution. Digitization of this
cleanup will allow for more efficient “not for
profit” interventions through direct payment.

(continued)
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Table 2 (continued)

No. Pathway Description of critically important issues

8 Regional eco industrial parks The eco-industrial park model can be expanded
to support those Small Island Developing States
and Archipelagic States with extended marine or
river supply chains. Creating the economy of
scale for recycling and upcycling of higher
values items can work hand in hand with the
destruction of harmful waste which cannot be
treated in country.

9 Digitized extended producer
responsibility schemes

The success of extended producer responsibility
schemes is based on their ability to add the
embedded waste management cost to materials
prior to sale of product. These costs collected by
EPR funds should reflect the impact of a product.
These funds cover the cost of the Government
underwriting environmental management and
should be revenue positive.

10 Strengthening recycled output
supply chains

The challenge for many recyclers is that they are
unable to sell their recycled product. Creation of
supply chains, price discovery, product quality
verification and buyer identification are required
to support recyclers/upcyclers.

11 Supporting FMCGs in product
redesign—recycled %

Large consumer goods manufacturers (or
Fast-Moving Consumer Goods—FMCG) are
aware that the days of single use plastics are
numbered. Creating recognition and support for
these groups in product redesign is a crucial as
FMCG companies have such a large impact.

12 Strengthening governance and
enforcement

The above pathways need consistent direction in
policy and also strong enforcement.
Strengthening enforcement capacity is critical.

Source Author, Stephen Peters

review process. Finally, transparent registration, monitoring, certification of RRW,
auditing, and cancellation of registration were carried out to encourage enterprise
rigour and investor confidence.

MSW and Recycling Management Structure and Function

EPAT uses three sub-agencies—the Department of Waste Management, the Bureau
of Environmental Inspection and the Recycling FundsManagement Board. All regu-
lations for the waste management sector, all regulation of recycling industry, incin-
erators, landfill management, and recycling fund management are controlled and
operated by these three sub-agencies of EPAT.
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Four-in-One Recycling Program

The Four-in-One recycling program consists of the government, manufacturers,
consumers, and recycling enterprises. Community-based recycling organizations
promote waste segregation at source and recovering recyclable materials fromMSW.
In addition, recycling enterprises regularly collect recyclable materials from house-
holds, commercial places, and municipalities. Local authorities collect and sort recy-
clable material from waste and they were able to generate an income by selling recy-
clable materials. A recycling fund is financed by contributions from waste gener-
ators and manufacturers under the EPR program. As a result of having sufficient
funds to incentivize recycling, a thriving recycling sector has developed. Figure 5
shows the recyclingmanagement fund function and operation system (Environmental
Protection Administration (EPAT), 2017).

RRW can be categorised into two parts such as containers and objects. The
containers are iron, aluminium, glass, paper, plastic, and pesticide containers, and
the objectives are battery, automobile, tire, IT equipment, home appliance, and light
bulbs. All industries which manufacture RRW product, are responsible for the end
of life waste treatment. Thus, the industries provide financial support to recyclers
through the recycling fund. Because of the EPR initiative, segregation efficiency of
MSW is higher than rates in developing countries.

This change took the community 30 years to achieve. Internationally, policy-
makers are struggling to reconcile how to integrate the circular economy into
waste management and are often seduced to accept the magic bullet of oversized
waste to energy plants. Realigning Policymakers interests requires incentives for
Governments. Generation of revenue is one such incentive.
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Fig. 5 Recycling management fund function and operation. Source EPAT Communications
Materials, 2019

EPAT returns about 20% of its revenues to Government whilst deploying the
remainder to the operations ofwastemanagement supply chain, subsidies to recyclers
and operations costs.

e-EPR

Digitization of extended producer responsibilities offers a faster route to implementa-
tion. Many countries have start-ups promoting waste trading and second-hand sales
APPs. These start-up offer access to consumers willing to engage in the circular
economy. The development of the back-end function for materials pricing, revenue
collection, allocation of waste resource and trend analysis requires a centralized soft-
ware provider. Linking APPs with back-end software providers will allow for faster
rollout of EPR schemes.

In discussions with the authors, industry sources highlighted other benefits.

1. If the supply can be tracked, material provenance can be tracked. This is espe-
cially important in developing countrieswhere FMCGcannot use recycle plastics
without assurance of “No Child Labour” frommulti-stakeholder supplies chains.

2. Data created by such systems can provide hard data which can be used by finan-
cial institutions to substantiate loans to project developers in the supply chain,
especially those using distributed technologies business models.

3. FMCGcompanies will come under increased consumer sales pressure from orga-
nizations whose products [6] create less waste and hence will have a commercial
advantage under EPR schemes.

A number of software providers are experimenting in this space. The success of
such an innovation is not to secure dominance of a supply chain but delivery of utility
to consumers, revenue to Government and sanitation/environmental/social benefits
to the community. There is no digitized model at this time which provides these three
benefits explicitly across the whole waste supply chain.
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7 Conclusion

In Asia Pacific region, solid waste generation and volume of mismanaged waste have
increased tremendously during the past decades as a result of the rapid urbanization
and poor waste management practices. Innovative thinking is required to respond
to these challenges. The twelve pathways approach using waste to energy provides
context under which this innovation can be achieved.

The two case studies presented show localized innovation in action. Policymakers
can create a space for the private sectors provides revenue opportunities to Govern-
ment, jobs, increased awareness of public sanitation and inbound investment. PPP’s
are a useful tool when well researched with appropriate sizing for infrastructure.

Digitizing existing schemes to link the existing supply chains participants speeds
the implementation of circular economy principles and aids in the transition from a
linear model to an increasingly circular model.

8 Exercises

1. Identify the circular economy business models in your area and list four
innovative business delivery models to strengthen the circular economy?

2. List five advantages and five disadvantage of extended producer responsi-
bility schemes.

3. Assuming that you are the director of the waste management department
of your country, what are the strategies and policies introduced to promote
extended producer responsibility for the government?

Suggested Reading
The Ecology of Commerce, Hawken.
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Agricultural and Municipal Waste
Management in Thailand

Suneerat Fukuda

Abstract Circular economy is simply the economic system in which wastes are
minimized and resources are best utilized. This approach is aligned with “Bioe-
conomy, Circular economy and Green economy (BCG)”, one of Thai government’s
flagships for national social and economic development plan. In agricultural sector,
circular economy concept has long been successfully adopted through waste mini-
mization and renewable concept. Thailand is theASEAN leader in bioenergy produc-
tion.One important factor is the government’s long term renewable energyplanwhich
has supported the implementation of bioenergy projects. Recovery as food, energy,
fertilizer and other value added products from agricultural wastes are already in
commercial practice in agro-processing industry, i.e. sugarcane and palm oil industry
as good examples. These provide an excellent foundation to another step of circular
economy where more value addition can be extracted along the value chain. On the
other hand, achieving circular economy is still far for municipal solid waste (MSW),
themore difficult one tomanage. Although some fractions are recycled and recovered
for energy production and other purposes, large amount of MSW is still not properly
disposed. Incineration, which seems to be the best short term solution, often encoun-
ters local unacceptance due to environmental concern and the difficult operation due
to poor quality unsorted wastes. For sustainable waste management under circular
economy concept, considering and planning based on the whole life cycle of MSW
as well as raising people awareness to change public behavior on waste generation
will be needed for better and easier management.

Keywords Circular economy · Agricultural wastes ·Municipal solid wastes ·
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List of Nomenclatures

TJ Terajoule
Ktoe Kilo ton of oil equivalence
GWh Gigawatt hour
MWe Megawatt of electricity
MWh Megawatt hour
PM2.5 Particulate matter with particle size below 2.5 µm

1 Introduction

The term “wastes” covers agricultural and agro-processing wastes, municipal solid
wastes and other wastes including industrial wastes and hazardous wastes. The
management and treatment of wastes are different based on many factors including
the amount and their characteristics and the process from which they are gener-
ated. Only agricultural/agro-processing wastes and municipal solid wastes will be
focused in this chapter. Industrial wastes and hazardous wastes will not be included
since these wastes need special treatment and management.

With the concept of waste minimization and recycling, agricultural and agro-
processing wastes have been utilized for energy and non-energy purposes. Less
success has been formunicipal wastemanagement. This chapter shares some insights
about the supply chain and current management of agricultural wastes and municipal
wastes and management in Thailand within the concept of circular economy. Some
initiatives as the way forward are also presented as information for future better
management and sustainability.

2 Agricultural Wastes

Thailand is an agricultural country. A lot of wastes are generated annually from
agricultural plantation and processing of its economic crops including rice, sugar
cane, cassava, oil palm and so on. These wastes are present in solid form or known
as “biomass” and in form of organic wastewater. Table 1 illustrates major biomass
types and potential. Wastes are utilized for both energy and non-energy (e.g. animal
food, nutrient recycle into soil as fertilizer) purposes and a large portion of some
wastes is still not utilized at their full potential, the top three of which are rice straw,
cane tops and leaves and palm fronds and leaves [1].
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2.1 Current Situation of Agricultural Waste Management

Thailand is the ASEAN leader in bioenergy production. One important factor is the
government’s long term renewable energy plan which has supported the implemen-
tation of bioenergy projects over the past few decades. Earlier attempt for waste
minimization at downstream of the industrial process was initially for environmental
purpose and/or lowering cost of disposal. Later, more advanced technology adop-
tion and the promotion of government policy have enabled the energy recovery from
wastes. There are a number of success cases in industry. For example, the use of husk
from rice processing as combustion fuel for steam production or biogas production
from cassava processing wastewater for power generation. The recovered energy is
used for own process consumption to reduce the net energy import.

2.1.1 Sugarcane

An excellent and commercially proven example showcasing the circular economy
concept is in the sugar mill where the wastes along the supply chain can be utilized
for value creation (Fig. 1). In Thailand, sugarcane is grown once a year and harvested
at around the end of the year. Cane is transported to sugar mills for sugar production
for around 4 months. In the crop year 2017/2018, total cane production in Thailand
was about 111 million tons [2].

In the sugar production process, there is a major waste after extracting juice from
cane, which is bagasse. All bagasse, i.e. around 30% by weight of fresh cane, is
used as fuel for steam and power, which are then used for consumption in sugar
production processes. In case where the high energy efficiency technology is in

Fig. 1 Value chain of sugarcane
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Fig. 2 a Typical scene of cane opening burning to remove tops and leaves. b Manual harvesting
after burning. Source (https://taibann.com)

place, the sugar mill can become energy self-sufficient or even with some surplus.
Sugar cane molasse, i.e. the syrup left over after crystallization, is another waste
stream from sugar production process. In Thailand, molasse is the main feedstock
for the production of bio-ethanol which is used to blend with gasoline at 10–85% for
use as gasohol in transportation. At the end of ethanol process, a wastewater stream
so called “vinasse” is generated. Full of organic components, vinasse is sent to cane
field as liquid fertilizer. When exceeding the need for fertilizer, vinasse is utilized
as fuel in two ways. First, it provides organic substrates for biogas production after
which biogas is used in form of gaseous fuel. Second, vinasse is concentrated and
burned in slurry form. Apart from energy applications, small fraction of bagasse can
be used for others like manufacturing particle boards and food containers. All wastes
are minimized along the process and values can be created.

However, there are still rooms for improvement. Unfortunately, open burning to
get rid of cane tops and leaves beforemanual cane harvesting has been seen as normal
practice in many areas of cane plantation in Thailand (Fig. 2). The limitation of
machine harvesting in some areas and to increase productivity of manual harvesting,
60% of the total cane production are “burnt” cane [3]. This open burning not only
reduces the value of cane, kills the opportunity for recovery of energy or other
benefits like nutrient recovery as fertilizer, but also creates smog (PM2.5), one of
life threatening problem nowadays. Logistics management due to their bulky nature
and necessary treatment for efficient end-use are also the factors.

2.1.2 Oil Palm

A lot of similar good practices can also be seen for other biomass industries such as
oil palm industry (Fig. 3). Compared to other oil producing crops, oil palm has the
highest oil yield giving it the most productive yield of oil production per plantation
area rai, i.e. 6–10 times more than those of other oil-bearing crops grown globally.
Thailand is the third most crude palm oil production in the world, behind Malaysia

https://taibann.com
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Fig. 3 Value chain of oil palm

and Indonesia, with an annual output of approximately 2 million tons/year. 85% of
Thai oil palm plantations and crude palm oil extraction mills are in the South of
the country [4]. The crude palm oil is refined into cooking oil or used as feedstock
for bio-diesel. Attempts have been made on developing oleo-chemical industry to
diversify the use applications of palm oil which will help make the price of palm less
vulnerable, but the commercial applications especially for the high value products
are still limited.

The palm fresh fruit bunch (FFB) is sent to palm oil mill. The FFB is processed
with steam and the fruits are pressed to get the oil as main product. The oil yield is
around 20%byweight of FFB. There are a number ofwaste streams from the process.
Wastewater is used to produce biogas, which is returned to boiler in palm oil mill
for energy co-production. Shells can be used as fuels or activated carbon production,
while fiber and empty bunches are used as boiler fuels. Palm oil mills can reduce
the import of electricity from the national grid and at the same time minimize the
wastes. For biodiesel production, waste glycerol is considered as by-product which
can be refined and processed into valued added products like soap, food additives.

Every 20–25 years, palm trees are cut down since the fruit production stops. At
plantation areas, palm leaves & trunks still remain in numerable quantity as shown
in Table 1. However, efficient and cost-effective logistics management between
distributed plantation areas and palm oil mills needs to be developed.

2.1.3 Biogas and Biomethane

Conventional systems of biogas production accept low solid content, i.e. 5–10%.
Organic wastewaters such as those from palm oil factories, cassava factories, animal
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Fig. 4 Biogas/biomethane production line (Source https://www.cleanenergywire.org/dossiers/bio
energy-germany)

farms are typical feedstocks. Nowadays, lignocellulosic biomass or agricultural
wastes in form of solid is pretreated and mixed with wastewater to increase biogas
production potential. Biogas is a methane (CH4) rich and combustible gas. It can be
used instead of liquefied petroleum gas (LPG) for cooking or other fuels for heating
and power generation. The digested solid can be used as high quality bio-fertilizer.

Biogas can be upgraded into biomethane, which has the thermal and chemical
properties similar to natural gas. The upgrading process is done by removing carbon
dioxide (CO2) to enrich CH4 concentration to the level of natural gas. Moisture
and hydrogen sulfide (H2S and also known as rotten egg gas) are also removed.
Biomethane can be compressed and used to substitute natural gas in transportation
sector. Figure 4 illustrates the biogas/biomethane production line. Figure 5 presents
someCBG fueled vehicles in Thailand (developed byEDRI/CMU1) aswell as others.

1Energy Research and Development Institute-Nakornping, Chiang Mai University, Thailand.

https://www.cleanenergywire.org/dossiers/bioenergy-germany
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Fig. 5 Compressed Biomethane Gas (CBG) fueled vehicles in Thailand and UK (Source https://
www.bangkokbiznews.com/news/detail/852023; http://www.ngvjournal.com/s1-news/c1-markets/
new-british-study-highlights-biogas-potential-for-heavy-duty-trucks/)

2.2 The Way Forward

Bio-based industry is the strength of Thailand for future economic development.
The Thai government recently announced the “Bioeconomy, Green Economy and
Circular Economy” or BCG as a central development strategy, serving as the founda-
tion of our economic development platform. And under the framework of our newly

https://www.bangkokbiznews.com/news/detail/852023
http://www.ngvjournal.com/s1-news/c1-markets/new-british-study-highlights-biogas-potential-for-heavy-duty-trucks/
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established Ministry of Higher Education Science, Research and Innovation, “BCG
in Action” is one of the four research and innovation flagships to enable sustainable
development for green economy. The aim is to create a sustainable supply chain and
benefit to all stakeholders along the supply chain.

2.2.1 Sustainability Issues

Open burning to get rid of agricultural wastes including cane tops and leaves before
manual cane harvesting, rice straw or corn trash before next cropping is still in
current practice in some areas. Government policies and mandates as well as raising
farmers’ awareness are needed. However, solving the problems have to consider a
holistic view of the supply/value chain.

For the case of cane open burning, several recommendations are proposed where
a combination of these may be used.

• Farm mechanization

Plantation planning to physically allow harvesting machines that can collect canes
and leaves at the same time. A function to instantly bale the leaves should be included
to increase density, ease storage and reduce the transportation cost. Some portion of
leaves may be returned to the soil for nutrient recycling. Examples are in Figs. 6 and
7.

• Utilization pathways for energy and non-energy

Currently sugar mill boilers use bagasse as the main fuel with small ratio of cane
leaves mainly due to the poor chemical properties of leaves compared to bagasse.
Energy RD&D is needed to ensure the high efficiency of boiler when using high ratio

Fig. 6 Mechanized harvesting Source (https://northcoastcourier.co.za)

https://northcoastcourier.co.za
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Fig. 7 Baler for cane leaves (Source http://www.mitrpholmodernfarm.com)

of cane leaves such as making fuel pellets or torrefied pellets (Fig. 8). Alternatively,
research for advanced technology to convert cane leaves into high value products
will help attract farmers not to burn away the leaves.

• High efficiency, low emission

At the factory or power plant where biomass is used, dust from transportation and
storage must be minimized. Adopting high efficiency energy conversion system not
only reduces the amount of fuel used, but also the air pollution including carbon
monoxide (CO) and particulate matter. Finally, air pollution control devices should
be in place if necessary.

• Government policy

Fig. 8 Biomass fuel pellet from sugarcane tops and leaves (Source TRF Newsletter No. 129)

http://www.mitrpholmodernfarm.com
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Fig. 9 Biorefinery concept [9]

To accelerate the “no-burning” scheme, strong measures and attractive incentives are
needed in processes along the supply chain. These are soft loan for investment in
harvesting machine, (short-term) special feed-in-tariff for heat and power production
from cane leaves.

2.2.2 High Value Addition

Under the biorefinery concept (Fig. 9), high value products derived from biomass
can be obtained. In addition to energy, high value fractions can be extracted for
the production of food, pharmaceuticals, biomaterials and so on. Apart from the
speed of technology advancement/breakthrough, promoting policy and market will
be the key determining factors for their commercialization. There are some advanced
biorefinery companies such as Borregaard, Norway (Fig. 10), while many are also
under development in Thailand and the world. One example of biorefinery research
initiatives, as shown in Fig. 11, is Integrated Biorefinery Laboratory (IBL), the
collaborative laboratory co-established by JGSEE/KMUTT2 andBIOTEC/NSTDA.3

2The Joint Graduate School of Energy and Environment (JGSEE) and Center of Excellence on
EnergyTechnology andEnvironment (CEE) atKingMongkut’sUniversity of TechnologyThonburi,
Thailand.
3TheNationalCenter forGenetic Engineering andBiotechnology (BIOTEC) at theNational Science
and Technology Development Agency (NSTDA).
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Fig. 10 Borregaard’s integrated biorefinery [10]

Fig. 11 Integrated biorefinery laboratory
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3 Municipal Solid Waste (MSW)

Municipal solid waste (MSW) is a heterogeneous mixture of matters generated from
human daily activities. Generally, the amount of wastes increases with the growth
of economy and population as well as lifestyle changes. As shown in Fig. 12, the
amount of waste generated in Thailand in 2018 was 27.8 million tons, an increase
of around 1.6% from 2017 [5]. The amount of waste generated in the capital city,
Bangkok, is also increasing steadily as shown in Fig. 13. The MSW generation rate
is slightly more than 1 kg/day/person, which is higher than other Asian cities like
Tokyo, Seoul, Singapore [6] but in the same range with other ASEAN big cities
like Kuala Lumpur (as shown in Table 2). Even higher waste generation rate, i.e.
>2 kg/person/day, is found for a tourist city like Phuket.

MSW in Bangkok consists mainly of plastics, paper, food waste and bio-wastes
(Fig. 14), which is similar to most of other Asian cities (Table 2). Although some
efforts for waste separation (Fig. 15) have been made, only those for recycling can
benefit. Without organic wastes sorted out at source, MSW comes in a form difficult
for disposal e.g. containing too high moisture content or toxic materials. In 2016,
waste generation in Thailand was around 27 million tons but only 35% was properly
disposed [5].

3.1 Current Municipal Waste Management

Out of 27.8 million tons of waste generated in 2018, around 34% were separated
and re-utilized for recycling and natural fertilizer [5]. The rest went to proper and
improper disposal as shown in Fig. 12 and Table 3. Among waste generated, around

Fig. 12 Solid waste generated in Thailand in 2009–2018 [5]
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Fig. 13 Amount of waste generation and generation rate in Bangkok during 2009–2013 [6]

2 million tons were municipal plastic waste. Around one fourth was recycled, which
were mainly plastic bottles. The rest, non-recycle, were mainly plastic bags and
others. Improper disposal includes open dumping, opening burning, throwing away
to water sources. These activities have led to contamination in the sea, as we have
already seen the negative impact on seas and marine lives.

In some big and tourist citie with large capacity of wastes (i.e. >100 ton/day) like
Bangkok or Phuket, MSW is simply incinerated with energy recovery or so-called
waste to energy (WTE) plant. There are a few other small incinerators and sanitary
landfills for landfill (CH4 rich) gas recovery. However, a significant portion of MSW
nationwide is just dumped in landfill sites, most of which do not meet sanitary
regulation and cause further problem of leakage. Some wastes are even dumped in
open air. Although incinerator seems to be the best short term rescue before wastes
will overflow the city, Not In My BackYard phenomena have stopped or delayed
many projects. One of the reasons is that people do not trust that incinerators will
not create pollution which will affect their livings. Some examples case studies of
waste management are given below.

• Waste to energy plant in Bangkok
Bangkok produces 8,700 tons of garbage per day. Not until May 2016 when
the first incineration plant was built and in operation, MSW from Bangkok was
collected and sent to landfill in other nearby cities. This waste to energy (WTE)
plant, located in Nong Khaem District in the western area of Bangkok, has a
capacity to burn 300–500 tons of city wastes per day to produce electricity up
to 9.8 MW. It is the third large incineration plant in Thailand after those in Hat
Yai and Phuket. The lack of proper waste separation and contamination of other
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Fig. 14 Average
composition of municipal
solid waste (MSW) in
Bangkok between 2007 and
2011 [11]

Fig. 15 Waste separation and recycle (Source (1) www.bkkkids.com/blog/recycling-in-bangkok/;
(2) www.prachachat.net/economy/news-283137)

kinds of wastes especially hazardous waste are still the problem for burning and
operators must take extra cautions.

• Kamphaeng Saen landfill waste to energy project
With the aim to reduce fossil-based electricity production, this landfill waste to
energy project is the first in Thailand to extract landfill gas (LFG) and convert
it into electricity, which is then fed to the National Grid (as shown in Fig. 16).
The project facility is located at the main landfill site in Kamphaeng Saen District,
Nakhon Pathom Province, around 100 kmwest to Bangkok, where approximately
5,000 tons of waste per day from Bangkok is sent. Each year this CDM registered
project reduces 550,000 tons of emissions, and generates approximately 25,000
MWh of renewable electricity [7], delivering towards United Nations Sustainable
Development Goals (SDGs), especially SDG13 Climate action.

• Waste sorting at source and RDF production
In the past, initiatives for waste sorting at source and pretreatment like processing
into Refuse Derived Fuel (RDF) were on demonstrated in communities but most
of the projects could not continue successfully due to both technical failure and the

http://www.bkkkids.com/blog/recycling-in-bangkok/
http://www.prachachat.net/economy/news-283137
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Table 3 Status of municipal
waste disposal and transfer
sites [5]

Total of 3,205 municipal solid waste disposal and transfer sites

2,786 in operation 419 are closed

Public sites Private sites Public sites Private sites

2,398 388 371 48

Total of 2,764 municipal solid waste disposal and total of 22
transfer sites
Total of 647 proper municipal solid waste disposal and transfer
sites

Type Number (site)

Public Private

Sanitary landfills/Engineered
landfills/Semi-aerobic landfills

90 19

Controlled dumps with a
capacity of less than 50
tons/day

386 87

Incinerators with air pollution
control system

16 11

Incinerators for energy
production

0 6

Compost system 6 3

Mechanical-biological
treatment system/Refuse
derived fuel production

18 5

Total 516 131

Fig. 16 Landfill gas to energy (Source http://www.advanceddisposal.com)

lack of local perception and willingness. Partnership between private sector and
local administrative office together with the involvement of local people seems
to help to success. Currently, some of MSW and RDF are continuously used as
fuel/raw material for cement manufacture as well as for WTE plants.

http://www.advanceddisposal.com
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3.2 Government Policy on Waste Management

Government policies on waste management do not seem to align with each other.
There have been campaigns for waste reduction and recycling, for example, producer
participation in eco-friendly products andpackagedesigns andmore recently the limit
and ban of single use plastic products. However, there is no formal recycling scheme
or plan to prevent the increasing levels of solid waste. Separation or sorting at source
is also not a common practice.

At the same time, waste to energy especially for power generation is the target of
the Alternative Energy Development Plan (AEDP) (2015–2036). With a challenging
target of 900MWe installed capacity (100MWeat the end of 2019) [8], there is a great
concern on the lack of waste feed to the WTE plants. While the waste management
including the 3R (reuse, reduce, recycle), waste sorting and waste pretreatment is
implemented, focusing waste on energy production seems to move forward with
about 10 newWTE plants to be commissioned in a next few years with total installed
capacity of around 100 MWe. In long term (20-year span), the city development and
changing behavior will influence tremendously the characteristics of wastes and the
future scenario for WTE plant operation. Therefore, a clear and consistent policy
integrating related agencies is needed for sustainable waste management.

3.3 Master Plan of Sustainable Waste Management

The Pollution Control Department (PCD) under the Ministry of Natural Resources
and Environment, as the implementation agency, has developed a 20-year master
plan for sustainable management of solid and hazardous waste (2018–2037) with the
framework that integrates 3R, Circular Economy/Waste to Resources and Polluter
Pays Principle (PPP).4 Strategies with some activities already implemented under
this master plan are summarized below.

Although sustainable waste management in Thailand seems to bemoving towards
the right direction, it can be clearly foreseen that contribution will be only on volun-
tary basis or driven by a limited number of big private companies. Polluter Pays
Principle is not likely be adopted since there is currently no legal duty to the envi-
ronment in Thailand and there are a lot of arguments on its socio-economic impacts.
Careful design of action is needed to guarantee efficiency or cost effectiveness in
environmental protection.

4Polluter Pays Principle (PPP) states that whoever is responsible for damage to the environ-
ment should bear the costs associated with it. (Taking Action, The United Nations Environmental
Programme.).
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Strategies of municipal solid waste management under this master plan
include [5, 6].
• Promote waste reduction and separation at sources by creating awareness

and asking participation from people and private sectors, e.g. contribution
to limit and ban single use plastic products.

• Clustering for centralized solid waste management by encouraging and
supporting local administrative organizations to adopt appropriate waste
disposal technologies and practices for different types of separated wastes.
Private sectors are also encouraged to participate in joint investment (Public
Private Partnership) through financial incentives, relaxation of related laws
and regulations and so on, together with local administrative organiza-
tions. This scheme could evidently be seen to attract lots of interests for
investment.

Clustering waste management

Model L >300 Tons/day • Waste sorting at waste to energy (WTE) plant
• Waste to Energy plant by
RDF/Incineration/Biogas/Composting

• Rejected to landfill

Model M 50–300 Tons/day Same as Model L

Model S <50 Tons/day • Source separation
• Integrated disposal technology

• Recommend solutions and follow up the improvement of land fill sites by
site cleaning (land reclaiming) and producing RDF from old landfill mined
wastes for sending to be co-fired at cement plants.5

• Launch guideline and criteria regarding solid waste management along the
whole waste supply chain and all available treatment technologies.

• Plastic waste management including

a. draft a plastic waste management roadmap (2019–2027) with the aims
of (1) 100% re-utilization of all plastic wastes by 2017, and (2) reduce
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or stop using plastics products and packaging, or shift to alternative eco-
friendly materials, e.g. stop using bottle cap seal in 2019 or stop using
foam meal boxes and plastic straw by 2022.

b. reduce import of plastic scraps.

• Marine debris management by reducing amount of solid wastes thrown
away into the sea by target groups.

4 Exercises

(1) Identify a potential agriculturalwaste andhow toutilize it basedon circular
economy concept.
Answer:

(2) Draw the whole life cycle of MSW and identify where improvements can
be made by 3R concept.
Answer:
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Abstract Recycling of garments is difficult due to the complexity of blended mate-
rials used during manufacturing. There is also the logistics challenge of processing
these used materials in cities where there are no factories. Added to all this is the
sheer size of this growing problem. Environmental sustainability is an urgent global
challenge. We not only need to come up with innovative technologies but also to
scale up these innovations rapidly into viable businesses. New research paradigms
and new business models are all necessary to materialize technology and innovation
into viable and impactful solutions. We share our story of the accelerated devel-
opment of innovative and scalable solutions in recycling used apparel through a
public-private partnership. Our key innovations include a resource-efficient and low-
cost hydrothermal materials separation system and an automated, intelligent, and
chemical-free mechanical recycling system that enables us to process used garments
into high-value raw materials for new clothes as well as new business model for
scaling up the garments recycling.
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3. Developing the urgency mindset for circularity and focus on solution develop-
ment

4. Multidisciplinary research and development for circularity R&D
5. Accelerate circularity through Industry partnership.

1 Introduction and the Problem

A small city like Hong Kong (population 7.4 M in 2019) throws away more than
300 tons of apparel everyday.1 Some of this material can be reused, resold, or given
away to charity. The rest of the used materials are either too damaged or too soiled
to be used as is.

Up till 2018 the easy solution is to export this, along with other recyclable waste,
to China.2 Then in January 2018 China closed its doors to imported waste. All of
the sudden Hong Kong, along with many other cities in the world, was left with few
options to deal with their old apparel and other waste. In Hong Kong these became
landfill material. In other parts of the world they are landfilled or incinerated (Fig. 1).
Neither of these are sustainable solutions for our growing global cities.

Recycling and the reuse of old apparel material is a much talked about solution.
While we have the options to use our clothes longer, buy more second hand

apparel, or givemore of our old apparel to others, we are still left with some unusable,
damaged, and soiled garments. These need to be reprocessed or they are destined to
be landfilled or incinerated.

Today they can at best be down-cycled to be used in a lesser value application.
Possible uses include as insulation, carpeting, or rags.

The other problemwe facewith any type of reprocessing is the logistics challenge.
Used materials are now mostly found in the consuming economies and not in the
manufacturing economies. The 300 plus tons of daily discarded clothes from Hong
Kong, for example, are in a city that no longer has yarnmills, fabric processing plants,
or apparel factories. The same is true across most Europe and theWestern economies
(Fig. 2). For the last 50 years we have built a highly effective linear apparel supply
chain that makes apparel in the East for consumption of apparel in the West.

To complicatematters,most of our clothes today aremade fromblendedmaterials.
To reduce cost, improve comfort, and enhance performance, most of our clothes use
a blend of synthetic petroleum-based materials (the most common is polyester),
cellulosic materials (most common is cotton), and protein materials (like various
wools and silk). Blended materials are great in use however these materials are so
well constructed as fibers that they are very difficult to separate. Unfortunately, if
used blended materials are not deconstructed, they are very difficult to reprocess,
re-dyed, and reuse in any high-value application (Fig. 3).

1https://www.scmp.com/news/hong-kong/health-environment/article/2179680/all-dressed-and-
nowhere-go-except-landfills-fast.
2https://www.nationalgeographic.com/environment/2018/11/china-ban-plastic-trash-imports-shi
fts-waste-crisis-southeast-asia-malaysia/.

https://www.scmp.com/news/hong-kong/health-environment/article/2179680/all-dressed-and-nowhere-go-except-landfills-fast
https://www.nationalgeographic.com/environment/2018/11/china-ban-plastic-trash-imports-shifts-waste-crisis-southeast-asia-malaysia/
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Fig. 1 How much clothing are we throwing away

Reprocessing, separation, and deconstruction of used apparel are usually done in
the following three general ways:

1. Mechanical Recycling—the most mature and common: Here clothes are cut
shredded and pulled apart down to yarn and then to fiber before the material is
reconstituted and spun back into fabric. The advantage of mechanical recycling
is that this can use existing machinery for the processing of virgin material. The
process is quite straightforward and well understood. The major disadvantage is
that the resultant materials are usually of shorter fiber lengths and have inferior
performance and coarser hand feel.

2. Chemically breakdown used apparel and to recover useful materials: This usually
involves the use of various acids or ionic fluids in the process. The advantage
of this process is its efficiency in the recovery of synthetic materials. The disad-
vantages include the relatively high costs of the chemicals used and the resultant
waste stream of used processing chemicals.

3. Biological methods using various enzyme and fermentation processes to separate
and breakdown materials. The advantage of this method is the relative energy
efficiency of the processes. The disadvantage is these processes are slow and
inefficient.
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*MSW=Municipal Solid Waste 

Fig. 2 Municipal waste and recycling volume growth in the USA in the last half-century
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Fig. 3 What happens to clothes

2 Partnership of HKRITA, H&M Foundation, and Novetex

2.1 About HKRITA

The Hong Kong Research Institute of Textile & Apparel (HKRITA) was established
in 2006 by the HK Government to conduct applied research. It is funded by the
Innovation and Technology Fund (ITF). HKRITA’s mission is to engage in useful
applied research to support the textile, apparel, and fashion industries.3

The operating leadership of HKRITA consists of a CEO, the Head of Research,
the Head of Project Management, and the Head of Business Development. They are
supported by a small administrative team that takes care of the project proposals,
funding paperwork, the management of intellectual properties developed by the
center. The in-house research team has about 50 research scientists. They are comple-
mented by research work that is funded by HKRITA in various universities locally
and more and more globally.

Research work began in earnest at about 2009. The center starts 20–30 new
projects a year, and there are at any time about 50–60 ongoing projects. Project
direction is driven by industrial needs in regular discussions with stakeholders. The
ITF funds the operations of the center and is a major funding source of all projects.

In 2016, HKRITA embarked on a series of experimental projects to solve some
of the major challenges with circularity and the recycling of used or excess apparel
materials. In addition to the ITF funding, these projects are supported by the H&M
Foundation and Novetex.

3See www.hkrita.com.

http://www.hkrita.com
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2.2 About H&M Foundation

The H&M Foundation is a non-profit global foundation. The Stefan Persson family
privately funds it. They are the founders and main owners of the H&M Group. The
Foundation’s mission is to drive long-lasting positive change and improve living
conditions by investing in people, communities, and innovative ideas. The Foun-
dation has a goal of accelerating the progress needed to reach the UN Sustainable
Development Goals by 2030.

Since 2013, the family has donated 1.5 billion Swedish krona ($200million/e163
million) to the H&M Foundation.

TheGlobal ChangeAward (GCA) is the Foundation’s annual challenge to startups
and entrepreneurs to come up with new ideas around circularity and sustainability.
GCA has given out $1 M Euro prize money each year to the winners.

In 2016 the Foundation announced a four-year research agreement with HKRITA
to work on solutions to circularity and sustainability for the fashion industry.

2.3 About Novetex

Novetex was founded in 1976 by industrialist Mr. CHAO Kuang-piu (who also
founded Hong Kong’s Dragon Air Airlines). The Chao family still owns Novetex.
It produces about nine million kilograms of wool annually from its main factory in
Zhuhai (China). Head quartered in Hong Kong with over 1000 employees, Novetex
has expanded its operations over the last four decades to become one of the world’s
largest single-site spinners. The factory in Zhuhai (China) has four spinning mills
and one dyeing mill that can produce high-quality yarn of different blends and count
from different types of fibers such as Yak hair, organic cotton, Merino wool, and
other types of wool products.

In 2015Novetex approached HKRITA towork on the challenges of improving the
efficiency of yarn recycling and exploring new business models to make recycling
a sustainable and viable business. This system was subsequently named the “Billie
System” by Novetex.4 Billy or Billie was ChAO Kuang-pui’s nickname.

As the interests of Novetex and the H&M Foundation are similar they began to
collaborate on various HKRITA research projects together.

4https://thebillieupcycling.com/interview-with-chairman-ronna-chao/.

https://thebillieupcycling.com/interview-with-chairman-ronna-chao/
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3 Solving the Problem

HKRITA developed an innovative “Hydrothermal Recycling System” during the first
series of experimental research project with the H&M Foundation funded by ITF.5

This set of projects set about to look for practical ways to separate mixed synthetic
and cellulosic fabrics.

The hydrothermal system is very energy efficient and low cost in processing used
materials using heat and pressure as the mechanism for separation of synthetic and
cellulosic fabrics. The recycled synthetic materials are recovered in fiber form. This
makes their reuse as valuable material for apparel commercially viable.

Initially we explored at the laboratory scale the various chemical-recycling
methods. The drawbacks of the harsh chemical waste streams meant that new prob-
lems were being created. To deal with this, the research team challenged themselves
to try to eliminate or reduce the various chemicals to see if the process can be simpli-
fied. As the use of the various harsh chemicals was reduced, the team was excited
to find methods to effectively do the work of the material separation with just heat
and pressure aided by a small amount of benign green chemicals. This breakthrough
in developing a scalable hydrothermal recycling technology in the HKRITA was
achieved in the spring of 2017 and announced in the fall of 2017.

In Parallel in 2016, HKRITA and Novotex started to work on automation systems
for mechanical recycling of yarns and fibers during manufacturing processes. In
addition, Novatex saw an opportunity and growing demand in the market place for
recycled materials for apparel manufacturing. The challenge was to create effective
processing methods and to reduce production costs through automation.6 The “Billie
System” was developed to effectively and efficiently recycle from garments to yarns
and fibers with automation. It is an intelligent and highly automated mechanical
recycling system. The goal of building this system in Hong Kong is to provide a
local processing solution to all the available recyclable materials in HK.

4 Scaling the Research—Disrupting the Disruption

The usual path of applied research is to systematically go from laboratory scale work
to bench scale work to refine the results. The work is then either scaled up from there
or additional experiments are performed. While this work is going on, there are the
tasks of filing patents and the registration of IPs. Then the work goes onto the stage
of publicizing the results and the experiments involving academic publications and
conference presentations. Following this process, it usually takes a long time for
research in the lab to impact industry and solve real-world problems.

5The hydrothermal experiments are known as ITP/103/15TP and ITP/025/17TP. For both these
projects the ITF was the majority contributor to the research funding.
6The Novetex recycling automation project is known as ITP/002/16TI. Novetex is the majority
funding contributor for this project.
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The research team in HKRITA and its partners felt that the subject matter of
sustainability is not only time sensitive, it is also an existential threat, and critical.
While the recycling of apparel may not be the silver bullet to save our planet, the
apparel, fashion, and textile industries are all significant contributors to the pollution
of our planet, they also produce significant greenhouse gases during production and
transportation. These industries consume significant amount of resources, energy,
and water. The sooner various recycling technologies are scaled up to industrial
scale, the better. There is an environmental crisis with conventional manufacturing
and the use of limited rawmaterials and resources in these industries is unsustainable.

5 Integrating the Solutions and Making an Impact
Through an Accelerated and Circular R&D Model

In 2017 when the lab work showed significant promise on several of our projects,
there was general frustration and concern that the path to commercialization will be
too long. The concern is that we will arrive at an industrial solution too little and too
late for the environment. In discussions with the Innovation and Technology Fund
(ITF), and with the H&M Foundation, we found a shared desire to find a faster path
to scale and industrial use.

The alternative path to scale is to abandon the conventional path and use a product
development model favored by the PC and software industries. As the technology
industry favors fast product launches, new products are launched as soon as these
reach a level of acceptable functionality. Enhancements and improvements are subse-
quently released as upgrades. New products are released as version 1.0, with new
generations and fixes released in subsequent versions and generations.

Instead of taking the usual predictable and safe path to scale, we conduct research
and experiments to continuously enhance and improve in industrial scale. Our path
of research projects is from lab to the development of industrial-scale solutions as
soon as possible through concurrently solving system engineering problems, while
working out the necessary “science at scale” solutions. This could pose significant
financial and reputational risk.

A lot of multi-discipline challenges will have to be taken on by our small research
team concurrently. These include operational ergonomics considerations, system
integration issues, materials logistics challenges, and new business model design.
All of these, as well as other yet to be considered issues will have to be resolved in
an accelerated time frame. The complexity of managing the project is significant.
One of the ways HKRITA in mitigating the complexity is to begin with the desired
market outcomes and work backwards from there to create the research projects.
By understanding the desired solutions, we can more effectively frame research
questions to address them.
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Another approach we have adopted is the “open platform”, a research model that
we have been using for a few years. Here we build a collaborative research plat-
form (forming a public-private partnership) with participation and engagement for
multiple stakeholders along the supply chain. The idea is to invite strategic part-
ners to work together. These could include system engineers, raw material suppliers,
manufacturers, importers, and retailers. HKRITA would pull all the parties together
as co-sponsors of these “open platform projects”. HKRITA would also contribute
project funding and help design and manage the project. All sponsors contribute
to and direct the course of the project, and share know-how and learning. When
the project is completed all sponsors share the benefits of the outcomes. There are
several advantages to this arrangement. These include immediate ownership of the
outcomes, better awareness of all stakeholders concerns, and a much faster road to
adoption. Often times this engagement not only accelerate the R&D processes, but a
lot of issues are resolved during the execution of projects and resulting in accelerated
adoption of the outcome.

5.1 The Fateful Decision and the Long Hot Summer

In the Spring of 2017, both the hydrothermal industrial system and Billie system
were both funded and everyone involved in the research team was busy in designing
and building these industrial-scale systems.

In May 2018, as work on many fronts was in progress, there was a meeting of the
HKRITA research leadership, the Novotex team, and the H&M Foundation teams
in Copenhagen. The question to consider was to commit to system launch dates. To
draw themost attention, an opportunity was to launch duringHKFashionweekwhen
many of the industry are gathered in one place. It would be even more impactful to
simultaneously launch both the Hydrothermal system and the Billie System, since
they are being designed to be in the factory building in Hong Kong. Together they
make a powerful statement about the viability of recycling, and the reality of a circular
apparel business.

Hong Kong Fashion week is the first week of every September. In May 2018 the
big decision on timing is whether the launch date is September 2018, when these
projects are fresh, new, exciting systems, or be conservative and aim for September
2019 when there has been ample time for delays, tests, and tweaks.

So much is on the line if either fails to launch on time, or launch but experiences
significant issues in public. The alternative is to launch later but risk the loss of
momentum.

After a series of discussions, and anxious calls to confirmwork schedules, and soul
searching, the teams came to the conclusion that just as we embarked on disrupting
the research model, we should in the same spirit of risk taking challenge ourselves
to launch to an aggressive timeline. Collectively we worked to mitigate the risks of
failure and delays. Everyone had to work together to make the 4 months to launch
time line possible.
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This decision in May was the beginning of the long hot summer of work,
suspense, excitement, and ultimately a successful launch. Aggressive engineering
work schedules were planned and a large-scale international launch event was
planned.

On Sept 4th 2018, both the Billie system and the Hydrothermal industrial systems
were successfully launched attracting significant global attention. Since the launch,
we have been working on building bigger systems based on our existing designs
requested by partners and customers

The Billie system has started shipping the yarns produced. These are currently
being sent to China where products have been made and sold to brands. The first
products (sweaters for the “Conscious Collection” in H&M Stores) are already in
the market.

An enhancement to the hydrothermal system is in work to remove dye while the
separation is in process. The addition of dye filters will ensure the outputs to be
immediately ready for production.

Work is at hand to design and build significantly larger systems in other locations.

6 Technology Innovation Enabling New Business Model
for Circular Economy

Post-consumer materials are hard to recycle because of the complex logistics
involved. Mixed materials are also hard to separate and reprocess.

From day one of our R&D, we engage stakeholders along the entire supply chain
of apparel who provide us technical and business guidance. The outcome of our
scalable technology innovation, hydrothermal industrial system, and Billie system
enables the On-site recycling of garments at the retail stores in the first world cities.
This has solved the problems of both materials separation and logistics complexity
enabling scalable and low-cost recycling of garments.

Currently, the Billie System at capacity is able to produce yarns from recycled
materials that cost less than that from virgin materials at comparable performance.
The Garment to Garment system will be more profitable with increased output. Our
industry partners are also gaining firstmover advantage through practicing circularity
in the apparel industry.

Our accelerated R&D efforts in solving problems in the circular economy have
provided our industry partners competitive business model and profitable business
outcome.
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7 Challenges Ahead

Protein materials separation is still an unsolved issue. Protein-based materials such
as wools and silks are expensive and widely used. The hydrothermal system destroys
proteins in process, the Billie System blends these with other less valuable materials.
There is still a need to separate these before putting materials into either system so
as to get more value out.

Application for the cellulosic materials is still in the works and so there are still
unknowns about how valuable these outputs can be. Ideally a better process can be
developed to recover these as fiber as well so that they can be reused without future
processing.

The ergonomics of these as large industrial-scale systems will still need more
research and experiments. We have yet to understand what modifications are needed
when these systems are scaled to ten or one hundred times their current outputs.

System Integration was the biggest challenge for both these systems in develop-
ment. Getting smaller systems to operate as parts of one large system is complicated.
Operational problems are hard to diagnose and debug. Experts and researchers from
different disciplines need to be willing to come out of their domain comfort zones
which could be intimating and confusing at times. Working in a diverse team could
be frustrating sometimes. However, by managing expectations of the early users, the
version 1.0 adopters, these problems eventually get resolved.

8 Conclusions

There are different paths to useful research application. A multi-discipline team
willing to take on some risks can accelerate progress and rapidly introduce solutions
for industrial use.Circularity is an urgent challenge and requires disruptive thinking at
all levels. This includes themost fundamental levels of ideation and experimentation.
Proceeding at speed requires collaboration of researchers from different disciplines,
the willingness of stakeholders to take on new risks, and for the teams involved to
be focused on the same outcome.

In a situation where research work and scaling are done in near simultaneously
manner, a tolerance for imperfection is required. Things will not all work and some
level of compromises maybe required for the sake of rolling out a faster solution.

At the same time communication is critical. There should be general buy-in from
researchers, sponsors, and end users that there are lots of moving parts and enhance-
ments are ongoing. Thewillingness to quickly adapt solutions is necessary as required
by the urgency of our environmental challenges.

Finally, the transition to circular apparel can be accelerated through public-
private partnership using the Open Platform solution development model involving
stakeholders along the entire supply chain.
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Appendix

About the Hydrothermal System

The hydrothermal recycling system. Photos Edwin Keh

The first Hydrothermal Separation System can process about 150 kg of materials
a day.

How does it work.
The system consists of 2 pressurized tanks that treat and separate materials. These

tanks then discharge the materials into filtration tanks where the synthetic materials
are separated from the cellulosic materials. This 2 tank system allows the treatment
ofmaterials in tandem bymoving pressure and heat back and forth between the tanks.

The hydrothermal system developed at HKRITA is very energy efficient and is
a low-cost method to process used materials. The use of heat and pressure as the
mechanism for separation is a significant breakthrough.

The recycled synthetic materials are recovered in fiber form. This makes their
reuse as valuable material for apparel commercially viable. Using the conventional
methods for recycling of synthetic materials, there is a lot of reprocessing involved.
Materials are cleaned, melted, and reprocessed back into fiber form by extrusion.
These recycling pathways are usually energy and chemical intensive, consuming a
lot of water, and weakening the materials in the process. Our hydrothermal system
keeps material in fiber form so it is a very short and straightforward way to reuse. It is
a very fast process and the pressure, heat, and water use can be reused with minimal
loss. What is more, materials separated and recovered in this manner do not seem to
exhibit any weakening of fiber strength or performance. The recycled materials can
be used as they are for the making of yarns and can be knitted into garments with
simple blending of a percentage of virgin material to strengthen the tensile strength



New Paradigm for R&D and Business Model of Textile Circularity 337

of the final yarn. Early trials of the yarn in production are very positive. More than
50% of the resultant yarn and fabrics can be made up of old materials. There is
ongoing work to increase the percentage of old material.

The cotton in the processed materials is separated and is recovered in a powdered
form. This cellulosic material is too short and powdery to be turned into fiber as is.
The material absorbs many times its weight in moisture. So there is ongoing work
to use this material as a performance coating material to other fibers, to use this as
an aid to irrigation in farming, or as a raw material to make new cellulose-based
synthetic fibers. Early work with this versatile cellulose material shows promise.

The Billie System
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The Highly Automated Recycling Factory, the Billie System in Tai Po, Hong Kong. 

This is an intelligent and highly automatedmechanical recycling system. The goal
of building this system in Hong Kong is to provide a local processing solution to all
the available recyclable materials in HK.

The system uses a combination of multiple engineering sub-systems integrated
with machine vision tools in a manufacturing and processing plant that clean, sepa-
rate, and reprocess oldmaterials into new usable yarns. The process is almost entirely
automated, completely dry, and can be completed in a very compact area. The Tai
Po system can process 3 tons of materials a day.

Collected old garments are first introduced into the system via a series of ozone
processing tanks. These tanks kill off over 99% of bacteria, germs, and other harmful
microorganisms in the collected material. The advantage of using ozone as the treat-
ment method is that it is a dry process and does not use harsh or harmful chemi-
cals. The cleaned materials are then transported via conveyor belts to operators who
remove any hardware on the used garments. These are mostly buttons and zippers.
This is the only manual process of the current system. The materials are then sorted
and send along in trays. The trays are scanned and separated by robotic arms by
material composition and color. The now sorted and cleaned materials are then put
in separate bins. Full bins are carried away by Automated Guided Vehicles (AGVs)
to a system library. When an order is received for a type of yarn, the system selects
the appropriate material composition in the appropriate colors to be mechanically
processed into fibers and twisted into yarns. A percentage (20–50%) of virgin fiber
is introduced at this point to improve the performance of the new yarn, and also to
improve the new color and appearance. New yarns go through a secondary cleaning
and sterilizing using UV lights. The produced yarns are comparable to new yarns
in appearance and functionality and usually cost less to produce. Since no water or
chemicals is used in this production process, the new yarn has amuch reduced carbon
footprint.



New Paradigm for R&D and Business Model of Textile Circularity 339

A video of the operations of the Billie System can be found here https://thebillie
upcycling.com.

The Garment to Garment Retail Shop

The garment to garment (G2G) shop in the mills, Tsuen Wan, Hong Kong

The G2G retail shop is a retail recycling experiment that is being conducted inside
the Mills Shopping Mall. Here customers are asked to bring their old garments and
watch as workers turn their old garments into fiber and then spin this back into yarns
and 3D knit new garments. The idea is to use raw materials provided by customers
to make new clothes.

Conventional Recycling Methods

Mechanical Recycling—the mechanical shredding and reconstitution of used mate-
rials. Used garments and fabrics are fed into shredding machines that turn these back
into loose fibers. The fibers are then either reconstituted into nonwovenmaterials (for
example, various insulation materials), or these are then combed, carded, and spun
back into yarns for woven or knitted applications. The disadvantage of mechan-
ical recycling is that materials are damaged and fibers are shortened when being
pulled apart so the value of processed material is lessened. Various performance
characteristics are also weakened, and in general the material will feel coarser.

I took these pictures in a recycling factory in Zhuhai China in 2018 showing the
processes of used apparel recycling:

https://thebillieupcycling.com
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1. Cut up pieces of used apparel are fed into a shredding machine



New Paradigm for R&D and Business Model of Textile Circularity 341



342 E. Keh

2. Materials are then pulled apart by progressively finer shredding machines till
they are totally disentangled and are reduced to fiber form
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3. When they are in this loose fiber form they are then either used for nonwoven
applications. This particular factory makes yarns for knitted garments, so in this
case the fiber is combed and carded so that the fibers are oriented in the same
direction.
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4. The fiber from the used material is twisted and blended together with a percent
of virgin material, to improve hand feel and tensile strength. The material is then
twisted together into yarns.
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5. Yarns are then twisted together and pulled to finer and finer as tension is tighten
to improve yarn strength. Fine yarn is then finally put on cones and these are now
ready to be knitted or woven into new fabrics and apparel.

See also this interesting video https://www.youtube.com/watch?v=AjHVMh
AOZa4.

Chemical and Biological Recycling—Chemical and Biological recycling is not
as interesting visually. Materials are processed in vats of liquids (usually large steel
tanks), various chemicals or enzymes are used to separate and breakdown materials.
These are then dried and reprocessed

Chemical Recycling
https://www.chemistryworld.com/features/recycling-clothing-the-chemical-

way/4010988.article.
https://greenblue.org/work/chemical-recycling/.
http://greenblueorg.s3.amazonaws.com/smm/wp-content/uploads/2018/05/Che

mical-Recycling-Making-Fiber-to-Fiber-Recycling-a-Reality-for-Polyester-Tex
tiles-1.pdf.

Biological Recycling
https://www.youtube.com/watch?v=PfLQdC4VqWg.
This is a video of a biological recycling method we developed at HKRITA

Question

1. How can research teams breakdown research silos and work closer with each
other?

2. Are there other circular solutions to consider?

https://www.youtube.com/watch?v=AjHVMhAOZa4
https://www.chemistryworld.com/features/recycling-clothing-the-chemical-way/4010988.article
https://greenblue.org/work/chemical-recycling/
http://greenblueorg.s3.amazonaws.com/smm/wp-content/uploads/2018/05/Chemical-Recycling-Making-Fiber-to-Fiber-Recycling-a-Reality-for-Polyester-Textiles-1.pdf
https://www.youtube.com/watch?v=PfLQdC4VqWg


New Paradigm for R&D and Business Model of Textile Circularity 347

Future Readings
About the H&M Foundation. https://hmfoundation.com.

About the Novetex Billie System and Novetex. https://thebillieupcycling.com.
About HKRITA. http://www.hkrita.com.
About HKSAR’s ITF. https://www.itf.gov.hk.
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Abstract In this chapter, we aim to inspire questions and discussion on why the
circular economy is relevant to industries for ensuring sustainable growth and contin-
uous improvement. We also will discuss some of the challenges faced by manu-
facturing industries in adopting circular economy practices, and how applied data
analytics in the framework of Industry 4.0 can help in overcoming these.
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1 Introduction

The impact of industrial processes on the environment increased price volatilities,
complexities, and risk in supply chains, and even impacts on the health of people have
alerted business leaders and policymakers to the necessity of rethinking materials
and energy use. There is a call to be more innovative and competitive and to make a
transition from a linear to the circular economy. This shift is further accelerated by
regulatory frameworks being introduced in many countries, impacting citizens, local
governments, companies, and industries in many parts of the world.

In an industrial system, a circular economy can be defined as a economy of
closed loops that is restorative or regenerative by design, using systems thinking at
its core, and which shifts toward the use of renewable energy sources. On the other
hand, Industry 4.0 is termed as the “era of cyber-physical systems” and incorporates
computing, digitization, networking, and physical processes into traditional manu-
facturing and industrial platforms [1]. Both Industry 4.0 and the circular economy
seek to improve products and processes and optimize resource usage and costs.
While the circular economy can drive the transition of manufacturing industries
toward systemic sustainability, Industry 4.0 can drive innovation and spur the digital
transformation toward smart and resilient manufacturing enterprises.

2 Industry 4.0

Before the end of the eighteenth century, most commodities being used by humans,
such as tools, food, and clothing, were made by hand or using non-standardized
processes. Since then, recurring technological innovations have transformed the
economy, starting with the first industrial revolution, where water- and steam-
powered tools and techniques were used to optimize production. With the introduc-
tion of electricity, and later steel into production processes came the advent of the
second industrial revolution in the early twentieth century. This augmented the ability
of these processes to be scaled and improved and thus concepts like mass produc-
tion were introduced. Distinct from Industry 3.0, which involved the automation of
single machines and processes, Industry 4.0 encompasses end-to-end digitization
and data integration of the value chain (Fig. 1). Digital products and services and
connected physical and virtual assets allow for transforming and integrating opera-
tions and internal activities, building partnerships and supply chain, and optimizing
customer-facing activities [2].

The impact of Industry 4.0 is finding its way into both horizontal and vertical
value chains. The digitization of horizontal value chains integrates and optimizes
the flow of information and goods from the customer through their own company to
the supplier and back. This includes proactive controlling of internal processes and
procedures within departments of the company (such as planning, manufacturing,
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Fig. 1 Industry 4.0 requires digitization of horizontal and vertical value chains [2]

selling/purchasing, servicing, and logistics). Horizontal digitization also encom-
passes external value chain partners needed to ensure efficient service delivery to
customers. Vertical digitization, on the other hand, deals with securing a consis-
tent flow of information and data from product design and development, to manu-
facturing, to sales and logistics. By optimally connecting manufacturing systems,
enabling preventive and predictive maintenance of systems, and better analytical
capabilities in the verticals, digitization improves quality and flexibility at reduced
costs [2].

3 Technology Suite for Industry 4.0

Smart technologies such as the Internet of Things (IoT), artificial intelligence (AI),
big data analytics, robotics, digital twins, cybersecurity, and 3D printing are part of
the set of technologies available within the Industry 4.0 ecosystem [1]. All of these
technologies involve the use, generation, collection, or output of data at some point
in the workflow.

In a survey of 225 German industrial companies by PricewaterhouseCoopers
(2014) [2], more than half the respondents stressed that the analysis and use of data
were highly important. A total of 90% of the companies (surveyed from five different
industry sectors) were convinced that the ability to efficiently analyze and effectively
use large volumes of data was of vital importance for the success of their business
models.

In the next section, three of these technologies will be explored (IoT, big data
analytics, digital twins) in relation to the applied data analytics framework.

(a) IoT-Powered Digitization

To ensure adequate monitoring, evaluation, and control, the number of sensors,
embedded systems, and connected devices being deployed in Industry 4.0 systems is
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increasing rapidly. These interconnected systems provide an infrastructure for contin-
uous data influx, forming part of the Internet of Things (IoT). The application of IoT
developments to create value for industrial processes, supply chains, products, and
services is termed as the Industrial Internet of Things (IIoT) [3]. Merely being able
to collect data will not provide value to industries and this requires scalable infras-
tructure, with timely analysis pipelines set up in place to facilitate data-informed and
data-driven decisions.

(b) Big Data Analytics

A smart manufacturing enterprise is therefore made up of smart machines, plants,
and operations, all of which have high levels of embedded intelligence. These linked
systems are based on open and standard Internet and cloud technologies that enable
secure access to devices and information. This allows for the generation of “big data”
streams about the manufacturing, operations, processing, and logistics information
from industries. Big data is thus a new ecosystem, characterized by an exponential
generation of data from different sources, which cannot be processed with traditional
software tools.

Big data can be described by the 5 V’s features [4]:

• Volume: a large amount of data frommultiple sources including Internet of Things
(IoT) devices, satellites, and mobile phones.

• Velocity: the speedof data transactions during collection, processing, and analysis.
• Variety: the heterogeneity of data (different data formats, different contents).
• Value: the process of using big data analytics to extract valuable knowledge from

the data.
• Veracity: the protocols that ensure accuracy and correctness in relation to data

quality, data governance, metadata, privacy, and legal concerns.

This data is to be processed with new, advanced analytics tools, driving greater
business value by embedding data-informed and data-driven decision-making at the
core of industries. Thevariety of data sources to be analyzed tomake the right decision
is always challenging. To deal with such diverse and high volume data, tools and
techniques ranging from business intelligence tomachine learning are used to extract
maximum value. These tools and techniques can be used for pattern/process mining,
performancemetric tracking, analyzing user behaviors, predictivemaintenance, near-
real-time monitoring of processes, and optimizing value chains.

Apart from deriving value from internal data, these techniques hold the capa-
bility to perform Big Data Fusionwith external data sources, such as environmental
and economic indicators, and their proxy datasets. Data fusion is “the process of
integrating information from multiple sources to produce specific, comprehensive,
unified data about an entity” [5]. Data fusion enhances the value of data, allowing
correlations and comparisons to be made that ultimately grant better decision-
making power as information is contextualized. This in turn enables improvements
to efficiency and profitability, innovation and cybersecurity, and better safety and
performance at reduced CO2 emissions impact [6].
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(c) Digital Twins

The concept of a virtual representation of a physical product is one of the techniques
that can bring the manufacturing industry to a “smarter” state. Termed as a digital
twin, product avatar, or cyber-physical equivalence, this is a “holistic model-based
description of a product for current and future life cycle stages” [7]. The core concept
of the digital twin of enterprises is traced back to the Information Mirroring Model
published in 2005 [8]. This primitive model is refined multiple times to support
complex systems and termed as digital twin in Virtually Perfect: Driving Innovative
and Lean Products through Product Life cycle Management [9].

Digital twins are mainly utilized within automotive, aerospace and marine manu-
facturing, and the building industry (as Building InformationModels or BIMs). They
are useful for the pre-building phase, where a physical object is designed as a digital
model. However, with an already existing physical object, one can digitize it, capture
required data, and then add to the model [10]. Digital twins are capable of providing
a distributed approach to simulate, interact, and manage a product’s life cycle infor-
mation among different domains and stakeholders [7]. This can be done to high levels
of granularity, with detailed information on products, attributes, and services at the
item level.

Material passports (or product biographies) are now being implemented in a
wide range of industries, as they act as the equivalent of digital twins. Passports
aggregate qualities and characteristics of a product or material, such as origin, loca-
tion, composition, size, owner, prize, and steps along the supply chain [11]. As
passports can provide a high-level overview of the state and nature of a product, they
are not only being adopted by the construction industry as a complement to BIMs,
but also by the fashion, furniture, and food industries as well. Knowing informa-
tion about the material or product not only adds economic value, but can facilitate
reuse/remanufacture, proactive maintenance, and more rapid identification of risks
[11].

Material passports could have a considerable impact in the circular economy,
as they can grant different parties traceability and first-hand information about an
object’s trajectory and constitution. However, material passports fail to secure their
full potential as standalone documents and do not fully address issues of material
circulation in practice. Research proposes converting these material passports into
a Linked Data ecosystem by enriching them with semantic web technologies [12].
When data is brought into this smart interlinked environment, circular economy
actors can interact with it, and pose queries about materials, people, and products.
In this manner, data and technology provide a first mechanism for smart connec-
tion of inputs and outputs between relevant stakeholders, enabling further material
exchanges between them.
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4 A Circular Industry 4.0

This section provides an indication of how the principles of CE would work in
practice in conjunction with the technology and data of Industry 4.0.

(a) Closed-Loop Manufacturing

Closing the loopwith regard tomaterial flows is an important step toward establishing
a circular economy. In a closed-loopmanufacturing setting, an industry’s ownwaste
materials are reused for other production processes. Alternatively, recycled materials
are used for creating new products, thus avoiding the consumption of virgin material.
For this to be operational at the material level, closed-loop interactions should be
intentional by design, strategically planned at the start of a product’s life cycle, and
further implemented and monitored.

Having an Industrial Internet ofThings (IIoT) setup across companies and busi-
nesses can allow for the implementation of such closed-loop principles, particularly
those involving close monitoring and frequent communication between parties. The
concepts of extended life and asset maintenance take a higher relevance under this
setting, given that the IIoT devices can emit early warning signals when a product’s
component is flawed, or when its service life is approaching its end. In this way, with
the aid of digital devices, the value-added component of the product can be identified
and recaptured in time to undergo upcycling, instead of lower value options such as
recycling or landfilling.

(b) Reverse Logistics

Once a flawed product is identified, the responsible company would then undertake
reverse logistics, where products are collected from their “final destinations” and
taken back to factories for repair. Here IoT devices continue to play a role, with their
geolocation capabilities enabling routing options for the collector. Reverse logistics
should be made as efficient as possible, for example, by picking up products after
completing “forward logistics” deliveries, which would avoid having a truck return
with empty space. Attention should be paid to Big Data Fusion at this stage, as data
regarding waste streams can be fused with spatiotemporal transportation data, and
recycling industry data. This will contribute to successfully directing the product
into its next use cycle. Used products will then arrive at factories to undergo the
refurbishment or remanufacturing needed to return the product to operating order.
Alternatively, collected products could be sent to the appropriate disposal process,
or downcycling along the materials chain.
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(c) Life Cycle Management

Life cycle management is the process of tracing and managing all the activities
and information flows of a product, from its design or development stages, all
the way through its use/service and maintenance stages, and sometimes including
disposal [13]. The use of digital twins (such as material passports), together with
IoT devices, permits almost continuous tracking of individual products as they travel
along different networks of people, processes, and business systems [13, 14]. In the
beginning-of-life [BOL] stages, digital twins can help in simulation and modeling to
conceptualize the product. In themiddle of life [MOL] stages, digital twins are geared
toward optimizing product use, as they provide indications of required service and
maintenance activities for manufacturers and customers [13]. The circular economy
draws greater attention to the end-of-life [EOL] stages, as it presents the consumer
with more options than the traditional linear disposal approach. Having information
about the product is especially deemed necessary at this EOL point, as it allows for
different interventions to be made before the product’s next use cycle.

(d) Servitization

The different use cycles, refurbishment, and dismantling processes characteristic to
circular economy challenge the identity and stability of products, as this is constantly
shifting and revalued [13]. This offers an opportunity for industries to adopt inno-
vative business models that can generate multiple revenue streams. Servitization
is a utility-driven approach that adds value to products by providing services [15].
Parties engage in an intangible transaction, a service, which might involve physical
goods, but where ownership rights are removed from the product [15]. In some cases,
ownership of the product is kept with themanufacturer and offered as a lease or rental
to consumers.

Manufacturing companies should clearly offer disassembly and repair services.
Consequently, they should offer incentives to consumers, encouraging them to return
used items to factories for remanufacturing. Further, these new business models can
be embedded with data-driven processes, such as RFID tags and QR codes. These
IoT devices can then interact with dashboards and web applications, allowing for
constant monitoring of products, and adjusting their relationships with actors as they
move along use cycles [13]. This enables data-informed decision-making between
consumers and producers/service providers. As more services move from product
ownership to leasing, closed-loop supply chains have to be flexible and designed
for collaboration, resilience, and scalability. When successfully implemented, this
creates a long-term relationship with the clients, with an opportunity for industries
to grow and adapt based on closed-loop feedback as well.

The market potential for servitization models is very promising. Pay-per-use
services are gaining popularity as they allow customers to access products matching
their fluctuating needs. According to Richard Girling’s book Rubbish! published in
2005, 80% of products made get thrown away within the first 6 months of their
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life [16]. Pay-per-use models could help stabilize some of these issues by decou-
pling economic growth from resource consumption [16] as well as encouraging the
efficient and responsible use of resources.

(e) Renewable Energy Transition

A global energy transition is critical to meet the objectives of the circular economy.
This energy transition will be accelerated by policies that enable technological inno-
vation, notably in the field of renewable energy and energy efficiency. As such, the
life cycle of materials that make up a product or process cannot be viewed separately
from the energy sector.

The current discourse on circularity is mainly focused on material cycles,
neglecting that thesewill require large-scale development of renewable energy (RE)
resources to be powered sustainably [17]. Industries use energy predominantly for
production, apart from lighting and other business uses. Industrial production makes
up just over half of all global energy use and is expected to grow by about 1.5%
globally each year through 2035. Methods for improving energy efficiency should
therefore be identified, and using data can help transition to renewable energy in the
best way.

5 Applied Data Analytics for Circular Economy

This section provides a framework that can be used to analyze any industrial or
business process from the perspective of data. Readersmay implement the framework
for a sector of interest, in order to get a roadmap of the possibilities data could create.

Data Science is the ability to combine statistical methods, algorithms, andmodels
to extract valuable information from structured and unstructured data. The outcomes
possible with the tools and techniques of data science can be demonstrated using
Gartner’s model of data ascendancy (Fig. 2).

Fig. 2 Gartner’s model on
data ascendancy
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Let us take as an example of the manufacturing unit of an industry aiming to
improve energy efficiency. Descriptive analytics of the energy consumption data
(historic and near-real time) can give valuable insights into the statistics of energy use
by different processes. This analysis can help identify areas that need to be improved.
The next step to improving energy efficiency is to identify root causes for higher-
than-expected energy consumption by certain processes. This is termed asdiagnostic
analytics. Descriptive and diagnostic analysis can couple exploratory data analysis
with pattern- and data-mining techniques, to identify hidden patterns, bottlenecks,
and interdependencies within the energy consumption profile of the manufacturing
unit. The next step in the process is to predict the energy consumption of the unit.
Predictive analytics leverage the insights and features identified in the previous
steps, and model short- and long-term energy consumption based on historic data in
conjunction with assumptions about certain features. Prescriptive analytics, which
is considered the most difficult, will add the most value to the unit, by prescribing
different consumption profiles leading to optimized energy and cost savings.

Thismodeling framework is one of the important stages in aData Science Project
Life cycle as shown in Fig. 3 [18].

The life cycle consists of multiple stages which are all iterative and intercon-
nected.Business understanding is the stage where the end users of the project work
collaboratively with data scientists, analysts, and engineers. In this stage, the poten-
tial hidden within the data is explored, as well as definition of the research questions
and hypotheses that bring the most value to the organization. The success of a data
science project in most cases is heavily reliant on the business case defined; hence,

Fig. 3 Data science life cycle [18]
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this step is very important. The data acquisition and understanding phase identi-
fies the data assets and performs exploratory data analysis. The data pipelines and
environment are also decided and experimented within this step, in alignment with
the business goals previously defined. This step involves multiple decision-making
steps, an example being the choice between using a cloud-based or on-premise solu-
tion. These decisions will be taken based on inputs from business units; one of the
criteria will be an analysis of cost-benefits. The modeling phase applies business
intelligence tools, programming languages, algorithms, and simulation models to
leverage data to describe, diagnose, predict, or prescribe based on the business use
case defined. This stage involves deciding the evaluation model to be used to keep
track of performance. Thedeployment phase involves packaging the engineering and
analysis into a data product. This data product can be a dashboard, developed using
business intelligence tools such as Power BI or Tableau, or it can be a customized
web application developed using frameworks such as Django or packages such as
Shiny. The data product could be an application program interface (API) or a backend
application. There are many possible definitions, but in the context of this chapter,
we define a data product as a tool that helps a user interact with, understand, and
convert insights into data-driven or data-informed actions.

The Deployment phase requires more than just data science skills, because the
user interface/experience is a vital part of the product that must be designed for
usability and scalability. It, therefore, also requires a solid understanding of the end
users and business goals to make the most impact. A curated collection of blog posts
published by [19] discusses some important principles and concepts of designing
data products. Four sections—audience, data, design, and delivery—are highlighted
in the framework for a good data product, as shown in Fig. 4. To ensure that users
are engaged while using the data product, the publication also stresses certain design
principles, such as solve a problem, enable casual use, tell a story, lead to action, and
encourage exploration.

6 Systems Thinking and Systems Connectivity

The world is a complex, interconnected, finite, ecological-social-psychological-economic
system. We treat it as if it were not, as if it were divisible, separable, simple, and infinite.
Our persistent, intractable, global problems arise directly from this mismatch.

–Donella Meadows

The EllenMacArthur Foundation highlights “thinking in systems” as integral to the
process of transitioning to the circular economy [20, 21]. A “system” can be thought
of as any connection of interacting components that together serve a “purpose” [22],
for example, a steamengine,whose purpose is to locomote, or the education systemof
a country, whose purpose might be to skill citizens to serve society. The fundamental
principle of “systems” thinking is that everything is interconnected or dependent on
something else in the system for survival [23].
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Fig. 4 Data product checklist [19]

Systems thinking enables an understanding of how the parts of a system interact
to produce the behavior of the whole. The economy, society, and environment are
interdependent and intimately weaved among each other. A true understanding of
“systemic” challenges is therefore possible only with an understanding of how the
distinct elements interact to produce dynamics, behaviors, and emergent properties
[23] of the whole.

The systems approach replaces the traditional picture of the world and the (linear)
economy as a controllable, predictable, and understandable “machine,” with a
picture of the (circular) economy as a “living ecosystem” with delicately balanced
interdependencies that can lead to effectiveness of scale at the wide economy level.

As such, systems thinking enables the identification of root causes leading to
implementation of better solutions and it also provides the conceptual framework
required to understand the functioning of the economy as a whole. Finally, systems
thinking can identify opportunities for “closing loops” in biological and technical
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cycles with products, components, and materials recirculated into the market at the
highest quality possible and for as long as possible.

Industry 4.0 is of particular relevance to systems thinking for the circular
economy. The Industry 4.0 technology suite provides a mechanism of connec-
tivity—both to couple agents (humans, devices, machines, living beings) within the
system, and to provide a platform for interaction between them in the form of apps,
dashboards, and information flows.

Data and information flows are therefore important constituents of systems
in the circular economy. The highest value of data is reached through adopting
the systemic view—incorporating data sources, but also considering technological
elements, users, organizations, and other actors in the environment. This perspective
can incorporate, for example, the digital interconnected devices and “urban pulses”
of smart cities [24]. The data analytics framework discussed in the previous section
therefore takes on new meaning when embedded in the systems thinking approach
for circular economy.

7 Case Studies

In the next section, we showcase different case studies that have used parts of the
applied data framework in the context of the circular economy. Table 1 provides
a high-level overview of three case studies: Bundles, Rendicity, and Move About.
Then a closer look is taken on the Gogoro use case which delves on the Industry 4.0
technologies put in place to deploy scooters powered by shared batteries.

As evidenced by these case studies, Industry 4.0 and adoption of data analytics are
at an early stage in the context of circular economy. The authors therefore challenge
students to apply data science in this context—to find new business models, ways to
reach new pay-per-use consumers, demonstrate best practices, and optimize current
processes.

7.1 Gogoro: Scooters Powered by Shared Batteries

With more than 13 million scooters among 23 million citizens, Taiwan has the
highest per-capita density of scooters by far. Given environmental concerns, regu-
latory authorities in Taiwan had made previous attempts to incentivize the shift to
electric scooters, including through a substantial subsidy to the consumer. These had,
however, failed to create a widespread impact on the public, in part due to challenges
like longer battery recharge time compared to refill time of fossil oil, battery-charging
stations not easily or widely accessible, etc. [27].

In recent years,Gogoro, a Taiwanese electric scootermanufacturer, has adopted an
innovative approach to accelerating the adoption of electric vehicles, through amodel
of electric scooter ownership mixed with battery sharing. The Gogoro Smartscooter
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cannot be charged from a power outlet. Instead, the user must visit a nearby “battery-
swapping platform” in order to exchange depleted batteries for charged ones. This
approach addresses the needs of users in developing countries to have the experi-
ence of “ownership” of a vehicle (important due to cultural reasons) while having a
“sharing” experience when it comes to batteries [3]. The battery-swapping approach
lowers the cost of the scooters, reduces the number of batteries in circulation, and
allows for optimization of charging costs [3]. Gogoro has seen a tenfold increase
in adoption over the years, with over 100,000 electric scooters being sold in 2019
alone.

Rosa et al. [27] examine this approach in the context of the acceleration of
shared economy aspects of the circular economy. The technologies of Industry 4.0—
including IoT, predictive data analytics, and cloud computing—enable real-time
monitoring of battery performance, the cloud computing-enabled battery-swapping
platforms, predictive maintenance to improve battery quality, and data-driven
allocation of battery-charging station locations and associated battery capacity.

Based on expert opinion, 13 critical factors for the success of this model—from
the specifically designed liquid-cooled permanentmagnet synchronousmotor system
to the elements of safety and impact on the environment—were identified. Using
interpretive structural modeling (ISM) to determine the linkage between factors, the
authors find that Industry 4.0 can indeed accelerate the sharing economy within the
circular economy, provided that it starts from the collection and analysis of data
related to user behavior and needs.

While Gogoro’s model does have some challenges, it enables the detection of
batteries that are approaching the end of their “first lifetime” as electric scooter
batteries, at about 70% of new capacity. With built-in reverse logistics, the company
envisions an entire “second life” for these hundreds of thousands of batteries,
including energy storage in buildings, powering data centers, and homes [6]. With
94% of electric scooter market share in Taiwan, Gogoro is expanding in interna-
tional markets, and views itself as a platform enabler for electric mobility, and “a
cost-effective, worry-free solution” for municipalities and entrepreneurs [28].

8 Conclusions: Technology, an Aid to the Circular
Transition

Worldwide, the implementation of the Circular Economy is at an early stage and
not without its challenges. Further, technology is advancing at unprecedented rates,
while leaving unanswered many technological questions of relevance.

Industries are currently facing difficulties transitioning to circular models,
including financial barriers, lack of awareness about the benefits, lack of technical
skills, deficiencies in data infrastructure, poor government support and legislation,
and a lack of support from the marketplace. Further, global value chains are faced
with integration conflicts (both on the policy and the technology side), pointing at
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the need for the establishment of collaborative partnerships and platforms across all
levels to ease migration to the internationalized circular economy [29].

The technologies of Industry 4.0, in particular, IoT, data analytics, and AI bring
severalbenefits to the picture, enabling the circular economy innovation across indus-
tries in several ways. They can aid in the design of circular products, components,
andmaterials, through iterativemachine-learning-assisted design processes allowing
for rapid prototyping and testing. They can enable combining real-time and histor-
ical data from products and users to enable pricing and demand prediction, predictive
maintenance, and smart inventory management, resulting in increased product circu-
lation and asset utilization. Finally, they can optimize infrastructure, improving the
reverse logistics required to “close the loop” on products and materials, by enabling
processes to sort and disassemble products, remanufactured components and recycle
materials [30].

However, the transition to a circular economy is a systems-change andwill require
much more than just technological innovation. New business models, the involve-
ment of research institutes, a stimulating policy environment, access to finance, and
a long-term strategy accommodating all these are important. Any envisioned devel-
opment pathway toward a circular economy must also be coherent with prevailing
paradigms like decarbonization, climate agreements, and the sustainable develop-
ment goal (SDG) 2030 agenda. Finally, a well-implemented circular economy will
directly support socio-economic inclusion and the drivers of social and environmental
justice, by reducing resource insecurity and environmental degradation.

Questions

1. Sketch your vision for an IoT system of devices within your house and how these
IoT things might interact to help youmake circular decisions about your material
possessions.

2. Outline the composition of a material passport (digital twin) of any product of
your choice. Include attributes that could be relevant for other use cycles or
processes such as repair, refurbishing, and disassembly.

3. Apply the data analytics framework to a process from your profession or domain
area. What are the questions you might answer with data that can take your
organization to an anticipatory state rather than a reactive state?
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Abstract Innovation can be magical. It has the potential to reduce the unprece-
dented resource stress on our planet while creating vast new economic opportunities
for businesses to capitalize and prosper. With this promising proposition, business
leaders are encouraged to design innovations that contributes to the betterment of
society. This includes designing innovations for the circular economy, which is the
centerpiece of discussion for this chapter. This chapter explores the dynamics of a
successful innovation and discusses the current state of innovation for the circular
economy. It further introduces the concept of Restorative Innovation—an innovation
economic model that explains a pattern of innovation-driven growth for innovative
solutions designed to restore our health, humanity, and environment. By the end
of this chapter, readers will have a baseline understanding of innovation and the
importance of designing innovation for the circular economy. Above all, readers will
also appreciate the possibilities of creating and capturing positive value for both our
economy and our society through Restorative Innovation.
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1 Introduction

The advent of technology has ushered in a state of society that is constantly evolving
at an unprecedented rate. This state of flux has introduced a lot of uncertainty in the
global business climate. As a result, many businesses—including industry incum-
bents, are finding it increasingly harder to keep pace with the rate of change and
to compete effectively in their respective domains. The competitive advantages that
once gave these businesses a defensible position is also no longer as impregnable as
they were. In addition, businesses are also starting to realize that they simply cannot
cost cut their way to profitability.

Therefore, for businesses to continue thriving in this fast-changing environment,
and to guard against potential disruptors, businesses must be forward-looking and be
different. Theymust commit to strengthening their existing capabilities, while relent-
lessly identifying new growth opportunities and developing them into key strategic
levers of growth. That is the intrinsicmotivation ofwhybusiness leaders innovate, and
why innovation—the process of commercializing and exploiting inventions [1]—is
imperative in our contemporary business environment.

Innovation revolves around value creation—where the value created is what
consumers are willing to use and pay for. Hence, the precursor to innovation entails
upon businesses to accurately spot the shifts in consumer behaviors and demands.
In general, these shifts are gradual and are either geographic or industry specific.
However, every once in a while, there will be a new eye-catching catastrophe that
grabs our attention and consciousness. In recent years, it was the stark wake-up call
from a special report released by the Intergovernmental Panel on Climate Change
(IPCC). This special report denotes the impacts of global warming of 1.5 °C and
stresses on the limited time we have on taking action to minimize extreme weather
events, species loss, water scarcity and many other climate impacts that endanger
lives, economies, and livelihoods [2].

This incident drove a monumental shift in global consumer behavior and demand
towards green and responsible consumerism. Consumers are starting to feel most
responsible for the future of the planet and are willing to play their part by rejecting
goods that are detrimental to either health, humanity or the environment. Instead,
conscientious consumers are now seeking alternatives to live a greener, cleaner and
more equitable lifestyle. Therefore, for businesses to continue providing value and
establishing a long-term relationship with their consumers, they will have to re-look
at their current product offerings and introduce improvements or new solutions that
are more sustainable.

As the rise of green and responsible consumerism is becoming ubiquitous, the
question arises of—“How should businesses ride on this wave?” and taking a
step further, “How does one innovate responsibly and introduce innovations that
contribute to the betterment of society?”
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There is no singular answer to this question as each approach to create and deliver
value through innovation is unique. As such, this chapter sets out to guide and intro-
duce the latest thinking on how we can innovate for circularity. To achieve our
objective, we have divided this chapter into 2 parts.

Part One (Sects. 2, 3, 4, 5) aims to establish a baseline understanding of innovation
through a short case study from one of Apple’s most successful innovation story.
Building on the learnings from Apple’s case study, we will extend our discussion
and apply it towards understanding the current state of innovation for the circular
economy.

Part Two (Sects. 6, 7, 8, 9, 10) introduces the Restorative Innovation framework
that explains a pattern of growth for innovative solutions that are designed to do good
for our health, humanity, and environment. In this part of the chapter,wewill establish
the theoretical depth of Restorative Innovation while encapsulating the breadth of its
usefulness and applicability through a short case study on TRIA, a Singapore-based
company that is trying to “close-the-loop” for the global food services industry.

2 Case Study: Lessons from Apple’s iPod Success

Even though Apple’s iPod may be the most iconic and successful digital music
player in the world today, it was not the first to be introduced to the market. By the
launch of the first iPod, there were at least 50 other portable music players for sale
[3].

Yet, none of iPod’s existing competitors were able to effectively drive product
adoption and dominate the market. The primary reason was with the user experience
and in particular, the downloading and transferring of digital music. Consumers
were turned off by the process of doing so—legally or not—as it was extremely
time-consuming and tedious.
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Hence, Apple knew that introducing another digital music player by itself would
not work. For the iPod to appeal to the masses, Apple would have to create a platform
that facilitates a fast, intuitive, and seamless process for iPod users to purchase and
manage their music. Apple also took an ecosystem approach towards delivering the
benefits of digital music on the go, with a staged approach towards building this
ecosystem.

The first release of the iconic digital MP3 player solved the problem of fast
download of music with the integration of Apple’s FireWire and Toshiba’s ultra-slim
1.8”, 5 GB hard disk, coupled with the superior UI/UX and design. Apple was able
to release the first iPod with a value proposition of “1000 Songs in Your Pocket.”
The iPod became a smashing success 3 years later, when the iTunes and the ability
for users to purchase individual music scores enables the delivery of exponential
benefit to music lovers. The strategic iPod and iTunes combination would later be
acknowledged as the pivotal moment in Apple’s successful attempt to revolutionize
the portable entertainment market.

Apple took a step beyond mere product innovation and significantly innovated on
the iPod’s business model too. By allowing their users to effortlessly purchase music
directly from the iTunes music store, Apple was able to take a commission off each
piece of purchased music and this approach brought in additional service revenue for
Apple. This model is an improvement to Gillette’s famous blades-and-razor model.
In this instance, Apple created the ecosystem where they were the only ones offering
low cost “blades” (low-margin iTunes music) to lock in purchase of the “razor” (the
high-margin iPod) [4].
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To achieve this feat, Apple had to develop a synergistic business model that incor-
porates its hardware (iPod), software and services (iTunes). By perfectly synchro-
nizing the various elements, Apple was able to tap into new revenue sources while
addressing the users’ biggest pain point in using a digital music player. In just three
years, the iPod became a near $10 billion product and contributed to almost half of
Apple’s revenue.

In a nutshell, iPod’s success is largely attributed to the fact that Apple was able
to accurately diagnose their users’ pain point in using a digital music player and
applied the right treatment, which is also commercially viable. Instead of intro-
ducing another iPod that is better and faster (product innovation), Apple introduced
a business ecosystem around digital music consumption (business model innovation)
that seamlessly integrates and uplifted the entire product experience to a point where
consumers are willing to use and pay for.

Apple changed the economics of purchasing digital music for the consumers, and
in doing so, has created a business fortune for the company. To effect this change,
Apple had to convince music publishers that they would make more revenue from a
small unit sale (each individual score), but with an exponentially growth, versus the
then-existing paradigm of charging a large sum for an entire (CD) album.

To effect the fundamental economics of how consumers pay for music, Apple had
to (1) create a ready consumer base with the initial releases of iPod, (2) change the
supply chain economics of selling music so it is efficient and low-cost to distribute
music, and (3) change the availability of music choices to meet the demand of
consumers. We will return to these three fundamental and inter-related economic
actions later in this chapter.

3 Understanding Innovation

So, what have we learned from this case study? Firstly, we learnt that innovation
can be perceived as an outcome that an organization seeks to achieve [5], and good
innovations solve problems that currently only had poor solutions or none. In Apple’s
case, the desired outcomewas to eradicate the time-consuming hassle and complexity
of downloading and transferring digital music to the iPod. The exponential benefit
of digital music cannot be fully realized without a full ecosystem approach, with
breaking apart the economic constraints for wide-spread music consumption.

A good innovation is capable of addressing a persons’ need and it is critical to
understand that people do not just buy a product or service, they “hire” a product to
do a job [6]—or in the words of the renowned Harvard Business School marketing
professor Theodore Levitt, “People don’t want to buy a quarter-inch drill. They
want a quarter-inch hole!”. This perspective places strong emphasis on the need
for innovators to deeply understand the “human needs” they are trying to fulfil and
recognize that these “human needs” changes across the time horizon.

As organizations and individuals possess different needs at different points in
time, there is no universal answer or a singular approach to innovation. Innovation,
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by nature, is contextual to the problem these organizations are trying to solve. To
innovate effectively, onemust have a clear and complete understandingof the problem
and situation at hand before devising the treatment.

A great technique to obtain clarity of the higher purpose for which customers
“hire” a product or service is to understand what’s the “Job to Be Done”. iPod served
their users with a clear “Job to Be Done”. Users were seeking a fast, intuitive and
seamless process to purchase and manage their music library. Hence, they “hired”
the iTunes music store to get the job done.

As we shall see, there are a diversity of innovation types and methods to help
innovators formulate a strategy to get the “Job” done.Wehave detailed a few common
types of innovation in Table 1 below. The list in non-exhaustive and the examples
provided can overlap with other types of innovations too.

As we can see from this table, innovations can be applied across multiple dimen-
sions (Product, Business Model, Market Demand, Process), and can be Radical or
Incremental. We also must remember that not all innovations have to be ground-
breaking and radical. Many innovators and technologies dismiss the potential market
impact from minor incremental innovations.

As with Apple’s case, Apple did not introduce the first-generation iPod with
iTunes. It was an incrementally better MP3 player than others in the market-
place—with increased storage capacity to store up to 1,000 CD-quality songs, ultra-
portability at only a fifth of the volume of then-hard drive-based players, and faster
transfer speed with FireWire® [7]. The iPod entered the market on the single focused
benefit, combined with an easier user-interface, for which Apple users have come to
expect as hygiene factor. By the third-generation iPod, each successive model had
mere incremental hardware improvements from its predecessors, and it was not the
key enabler for its massive breakthrough in 2003. The breakthrough came from the
minor yet significant software changes to the iPod operating system to enable it to
work flawlessly with the iTunes music store.

The third-generation iPod was not an outlier. It is natural for successful organiza-
tions to pursue incremental innovation more frequently than radical innovation. The
problem with radical innovation is that it often involves translation of breakthrough
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Table 1 Types of innovation

Types of Innovation Definition and
characteristics

Example(s)

Product; service;
technology

Incremental Slight Improvements and/or
minor differences from
existing competitors in the
market (i.e. additional 1 or 2
features) with a little or no
change in consumer
behavior and habits

Each successive iterations
of smart phones

Radical Profound/Breakthrough
changes and approach to the
product, its overall
experience and consumer
usage behavior, without
altering the value
proposition & problem it
intends to solve

3D Printers;
LASIK;
CRISPR

Business model Incremental Known and/or proven
business model but applied
to a different solution and/or
industry

Selling solar energy to
state-own utilities

Radical Untested and Unproven
business model (how
customer purchases and/or
access the product)

Rolls Royce’s ‘Power-
by-the-Hour’; power
purchase agreements as
financial products

Market demand Incremental Proven market demand from
same (or more) target
group(s) of customers as the
competitors.

E-payments platforms;
Online games

Radical Targeting an untested market
demand with no known
direct or close proximity
competitors with similar
value proposition

Cryptocurrency; second
life

Process Incremental Incremental changes and/or
tweaks to existing
methodology or process to
improve and achieve greater
overall efficiency of a
process

Adding robotics to an
automated factory line

Radical Implementation of a new or
significantly improved
methodology or process to
improve and achieve greater
overall efficiency through a
change in user’s behaviors
and habits

Toyota production system
(lean manufacturing) or
ford’s assembly line
process

Source Cha et al. [8]. Innovation risk cube
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research that comes with heavy resource commitments—largely capital and labor—
and use of special resources which are not easily attainable. Besides, there are also
considerable regulatory hurdles to cross, substantial risks in the ability to deliver
the expected product with stable performance and the unpredictable market recep-
tivity to the innovation. Above all, a separate empirical research by the authors have
suggested that the pursuit of radical innovations does not guarantee nor necessarily
increase the chances of a venture success [8].

Successful innovations are built on other innovations. It is not a zero-sum game
as successful innovations are often found by recombining ideas across boundaries
[9]. Likewise, in the iPod case study, we discovered that improving the product’s
performance alone was not the panacea that cemented iPod’s success. It was the
fusion of the incremental product improvements and an integral business model—
with a deeply-embedded and robust profit formula—that really propelled the iPod to
be widely accepted and adopted by the mass consumers.

To innovate effectively, innovators should follow a layered and structured formula
of introducing the specific innovation dimension into the marketplace, gauging,
and learning from the customer reactions, and subsequently integrating the market
insights into iterations of innovations. This serves to eliminate uncertainty and mini-
mize riskswhile naturally building in evidence-based decisionmaking in the process.
Another successful formula is for organizations to pursue incremental innovation,
alongside radical innovation, to balance their innovation effort by allowing small
wins in pursuit of big wins [5].

4 State of Innovations Designed for Circular Economy

While innovation brings growth, the motivation behind this pursuit of growth has
always been couched in an economic model. This economic model follows a well-
defined set of performance indicators that can be optimized. In individual businesses,
typical performance indicators are sales revenue, profit generation and growth in
market capitalization. At face value, these performance indicators may seem harm-
less. However, organizations across the past few decades are fanatically obsessed
in achieving stellar performance across these indicators. So much so that they are
relentlessly innovating for the sake of producing and delivering products and services
that are faster, cheaper and with little to no consideration to the ecological aspects
of their actions.

Herewe cite the example of China’s now defunct bike sharing companies, because
you can see the paradigms magnified and amplified due to the sheer size and speed
of the Chinese market. Bike-sharing started as an innovative business concept with
good intentions. The idea of crowd-sharing assets can lead to a reduction of mate-
rial usage while fulfilling the needs of consumers. However, with the execution of
the innovation, the exact reverse happened. These companies were blinded by the
desire to achieve unicorn status and the need to seize market share as fast as they
could. Consequently, these companies invested huge amounts of capital into the
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sector regardless of the actual demand [10], which led to excessive overcapacity and
damaged bikes, forcing many of the companies to declare bankruptcy and leaving
massive number of bicycles being strewn haphazardly.

This is a recent prime example of a hazard that arise from our relentless pursuit
of economic growth. While it is still fundamentally important for organizations to
pursue economic growth, we need to also remember that organizational growth must
be ecologically sustainable for our ecosystem too.

In the same vein, we must also not forget that the world’s population is continuing
to grow, and it is projected to reach 8.5 billion in 2030 and 9.7 billion in 2050 [11]. A
growing population will also proportionately increase the use of resources to satisfy
our basic needs. However, as we reiterate, Earth’s resources are limited. Without
a regenerative timescale, the continued depletion of Earth’s resource will further
threaten the survivability of our planetary ecosystem. Therefore, circular economy
has become such an appealing concept because it advocates for an innovative process
of rethinking and redesigning products to a state where the materials required to
construct it can be recycled indefinitely without degradation of its properties.

The transition to a circular economy is a logical proposition. It will do more than
saving the planet. It will also create vast new economic opportunities [12]. Despite
the potential upsides, we have a strong sentiment that innovation for the circular
economy today are still largely driven by the rising pressure for organizations to
behave more sustainably and responsibly. As a result, organizations tend to react
with haste by delivering quick-fix solutions as opposed to developing one that is
holistic and can maximize the impact translation to society.

Many organizations also relegate innovations around sustainability to be a Corpo-
rate Social Responsibility (CSR) initiative, and do not invest into creating a long-
term, economically robust model for these projects. Not surprisingly, the projects
would subsequently be side lined due to conflicting, higher priority, and/or short-
term profit-driven demands. Only when circular economy innovations can generate
true economic impact to the project sponsor, and can be measured, that we will
see sustained efforts and outcomes to the betterment of our environment. Simi-
larly, perhaps due to the lack of corporate attention, many models of innovations (as
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summarized in Table 1 above) do not emphasize the unique characteristics of circular
economy needs.

Therefore, as we extend our discussion towards understanding the current state
of innovation designed for the circular economy today, we would also want to take
this opportunity to inspire more innovators to introduce holistic innovations in our
society.We aim to do that by highlighting some commendable initiatives and sharing
our thoughts on how we feel they can take a step further with their circularity efforts.

5 Examples of Innovations Designed for the Circular
Economy

A remarkable product innovation designed for the circular economy is BASF’s
ecovio®. It is a high-quality and versatile bioplastic that is certified compostable and
bio-based. As a material, it has a wide range of applications. It can be used for injec-
tion molding to produce hard plastic goods or used as flexible plastics for shopping
bags, waste bags and food packaging. With reference to its technical specifications,
ecovio® possess superior attributes and is undeniably an eco-friendlier alternative to
petroleum-based plastics [13]. With its compostable properties, ecovio® can also be
converted into compost in specially designed and operated facilities.

Despite its product superiority and capabilities, BASF does not provide any end-
of-life options for their customers to properly dispose and reap the benefits of using
ecovio®. As such, for customers who lacks access to a composting facility, they will
presumably dispose their waste in a general waste stream, which will likely end up
being incinerated or landfilled, and defeats the good intentions of adopting ecovio®.

Though it may be beyond BASF’s scope and position as an organization, in our
opinion, BASF can take a step further to ensure that their customers’ waste loop
is truly circular. They can form key partnerships with organizations that has an
established waste collection system for compostable products. This will reduce the
leakage of post-consumption ecovio® products into the environment on land, into
waterways, and the ocean. It will also ensure that these post-consumption products
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are sent to the appropriate facilities and returned to Earth as compost and hence,
serving its purpose.

Another notable example is Philips’ commercial lighting services. For commer-
cial premises, Philips installs, maintains, and manages the lighting throughout its
lifecycle. This makes it possible for their customers to purchase light as a service
rather than invest in new hardware upfront [14]. By innovating on the business model
and modelling it after a managed service business instead of direct sale, Philips was
able to unlock a new revenue stream.

Coupledwith a strong andgroundedprofit formula, this businessmodel innovation
allows Philips to generate recurring revenue while being able to collect its lighting
equipment back for reuse or recycling. This approach has enabled Philips to achieve
circularity in their commercial lighting business.

Furthermore, Philips has also placed considerable thoughts on the ecological
aspects of their products as they innovate to improve its performance. Some of
their efforts include modularizing the connectors of their new lighting product and
making them more energy-efficient and more durable. Taking a step further, Philips
can explore ways to modify this successful commercial offering and cater it towards
the consumer retail market.

Another interesting example is a young Singapore-based startup Insectta. Insectta
is an urban insect farm that breeds black soldier fly larvae by feeding it with discarded
foodwaste. It then takes these black soldier fly larvae and convert it into biomaterials,
including one known as chitosan—a biodegradable polymer typically derived from
crustacean shells [15]. Insectta claims that these biomaterials can be repurposed as
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semiconductors in devices such as phones and computers, or as protein and probiotics
in animal feed additives.

Insectta has also innovated on their business model. While their competitors
harvest and sell their insects whole to customers, Insectta created a mechanism
that allows it to separate their black soldier fly larvae into different parts through a
biorefinery processes to produce its chitosan, organic semiconductors, and protein
and probiotic products. This differentiation allows Insectta to triple the larvae’s final
product value.

In summary, to effectively design innovations for the circular economy, it would
be beneficial for both organizations and innovators to have a holistic understanding
of innovation, especially the dynamics of a successful innovation. As a brief recap
and summary, we learnt that good innovations could create and capture new value.
Further, we learnt that these innovations can either be incremental or radical, and
they come in all shapes and sizes. Above all, we learnt that innovations build on other
innovations. For organizations to affect a real positive impact to the stakeholders they
serve, they would first need to have a clear understanding of what’s the “Job-to-be-
Done”. After which, they must also be bold in experimenting with numerous types
of innovations until they are able to develop and introduce an all-rounded solution
that customers are willing to “hire” to get the job done.

Lastly, we must not forget that the fundamental reason for a monumental shift in
global consumer behavior and demand towards green and responsible consumerism,
is climate change. To combat climate change, we need substantial innovations to be
built, deployed, and scaled at a massively fast pace.

Therefore, in the following part of this chapter, wewill be exploring what happens
if we attempt to build, deploy and scale innovations that are designed to do good for
our health, humanity and the environment at a massively fast pace. How would they
grow? and what are the implications? For that, we turn towards understanding the
concept of Restorative Innovation, which is co-created by the authors of this chapter.
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6 Introduction to Restorative Innovation

Restorative Innovation is an innovation model that aims to accelerate the adoption
of innovative solutions designed to restore our health, humanity, and environment,
with interventions aimed to drive down the economic costs.

With more organizations and individuals starting to understand that making a
profit and doing good do not have to be mutually exclusive, we are starting to see
a surge of nascent entrepreneurs launching new ventures aimed at trying to make
the world a better place. However, it is empirically observed that these impact-
driven enterpriseswould have very diminished impact or become social enterprises or
charitable organizations. We believe this is due to the lack of a robust and predictable
economic model to justify and anticipate returns from continued investments into the
innovation development. It is universally acknowledged that introducing innovative
products and services is an expensive undertaking, an undertaking that is fraught
with very high risks and uncertainty.

Typically, the beginning of the innovation adoption curve is flat or erratic. Hence,
a model to project the growth curve under certain conditions and parameters can
offer a guide to the potential future growth if the hypothesized conditions are met.
Disruptive Innovation, a model developed by the late Clayton Christensen, enjoys
widespread support and adoption by innovators and entrepreneurs because it offers
a predictable model for the switchover effect.
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In a nutshell, Disruptive Innovation offers innovators a predictive model of how
innovations from the low-end, typically with an initial sub-par performance but satis-
fies a niche market demand, can replace its mainstream counterpart, in part due to
the mainstream technology overshooting its performance to customers’ needs [16].

Such a model does not exist for innovations designed to restore our health,
humanity, and the environment. Therefore, even with all the best intentions, the
lack of a good profit formula or visibility on expected returns would produce an
enterprise that is either economically unsustainable or it will lack the ability to scale
beyond its initial, evangelists-led market.

We also believe that innovations can be the key to solve the critical issues facing
our earth. It is well established that innovations, when applied correctly, have the
ability to enable organizations to achieve continued economic growth. However,
there is minimal research and evidence to support the fact that innovations can also
empower these impact-driven enterprises to simultaneously do good for the society
and thrive economically.

We also observe that innovations which are restorative or for the betterment for
our health, humanity and the environment tend to be priced at a substantially higher
level than its mass market alternatives at launch—at a price point that prohibits
widespread adoption—and remains at a niche level, often relying on corporate social
responsibility (CSR) or other social innovation initiatives to drive adoption. Thus,
how do we offer a model to enable a predictable path towards a business-sustainable
growth? The Disruptive Innovation paradigm addresses the switch-over effect from
new entrants when the performance of the Disruptive Innovation reaches on-par with
the mainstream needs [16].

Therefore, it is imperative to develop a new innovation model and framework
that can accurately expound on the growth pattern of innovations that are restorative
and contribute to the betterment of society. The authors thus embarked on a research
project which culminated into the Restorative Innovation framework, a framework to
illustrate how innovators can develop solutions for the betterment of society, amass
profits, and achieve scalable growth, all at the same time.

We offer this framework to pave the way for a whole new set of possibilities
as Restorative Innovation changes the global narrative of innovation for the good.
This new narrative offers entrepreneurs and innovators the way to explain how their
innovative solution can bring profits and returns to investors, paving the way for
capital injection to develop the restorative solution.Moreover, Restorative Innovation
can also be used as the innovation model to explain how we can use innovation to
accelerate our societal progress towards achieving the United Nations Sustainable
Development Goals (SDGs), where the goals are largely connected with positively
improving our health, humanity and the environment.
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7 The Theory of the Latent Conscientious Consumer

To explain Restorative Innovation, let us first establish that we all want to be a
conscientious consumer. We all have an inner desire to live a healthier lifestyle, be
more humane, and to protect the environment. These needs, we shall label them as
latent needs as they tend to be subconscious, omnipresent, and intrinsic in all of us.
Even though we possess these latent needs, our decisions to pursue and satisfy them
are often overridden by explicit counter signals from our fast-moving consumptive
environment.

Let us use grocery shopping as an example to illustrate such counter signals.When
we think about healthy eating, the first thought that naturally comes to our mind is
to consume organic products. However, when we start shopping for these organic
products, we would discover that there is a staggering price difference between
the organics and non-organic products. Using cow’s milk as an example, a study
by Nielsen in 2018 [17] states that the average unit price of organic cow’s milk is
84% higher than the average unit price of its non-organic alternative, and more-
over, depending on where you purchase groceries, the premium you pay for organic
produce can even go as high as 300% more [18]. This exceeds the upper-bound esti-
mate of 50%more price premium that consumers are willing to pay for a commodity
organic food item [19], which correlates to our own research by way of qualitative
interviews that a switch-over effect occurs between 30 and 50% premium over mass
goods. Unless the conscientious good is within this premium range, many consumers
end up suppressing the desire to satisfy their latent needs and instead, anchor to what
is mass produced and widely available.

Here we can clearly see the psychology of price anchoring as having an effect to
suppress our latent needs. Due to our highly optimized supply chain for mass produc-
tion, the parallel, not-yet-optimized supply chain is used only to serve niche market
segments like organic produce. While we inherently know that organic produce is
healthier for ourselves and our families, we are unwilling to pay the higher price, thus
creating an ever-increasing price gaps between the two supply chains. Note that we
use the word ‘unwilling’, and not ‘unable’ because we submit to you that for many of
our households in developed countries, we can absolutely afford the healthier option.
However, due to the price anchoring, our latent needs are suppressed from the choice
dilemma, often not even entering our conscious decision-making. Thus, how do we
break this cycle of ever-increasing price gaps?

8 How Restorative Innovation Works

Given that deepwithin us,we all desire to be a conscientious consumer and arewilling
to pay a slight premium for goods that cater to our latent needs. Our proposition is,
we can close the price gap and eliminate the inherent complication of price anchoring
with innovation and technology.
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To do so, we need impact-driven leaders to not only introduce more innovative
solutions that cater to our latent needs, we also need them to actively problem solve
on the following dimensions: (1) increase the production availability and capacity,
(2) improve the efficiency of their supply chain, and (3) drive the adoption of the
innovation with targeted go-to-market strategies.

By improving on these dimensions, either singly or collectively, the price premium
will be reduced. This drives the innovation into a downward price cycle due to the
cost savings. The savings can then be passed on to increase the convenience and
accessibility for consumers to adopt these new innovative solutions. More impor-
tantly, the savings can also be used to reduce the overall cost of production and
the selling price. This will greatly strengthen the product’s appeal and attract more
mainstream consumers to adopt it over existing mass-market alternatives.

The increased product adoption will further accelerate the reduction of its respec-
tive production cost. Thiswill pave theway for these innovative solutions to gradually
enter the acceptable price zone. As a result, mainstream consumers will make the
switch and adopt these innovative solutions that cater to their latent needs and allow
the restorative effect to proliferate.

The illustration on the Restorative Innovation Model below will help readers
visualize the growth pattern of these innovative solutions that are designed for our
latent needs.
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9 The Principles of Restorative Innovation

Impact-driven leaders play an instrumental role in enabling the above growth pattern
for their innovative solutions. These leaders are passionate and intrinsically driven
by their altruistic vision. They prioritize the potential impact translation of their
innovative solutionmore than the scale of potential earnings. Therefore, these leaders
possessed a radically different decision-making mindset as opposed to the profit-
driven leaders.

It is empirically observed that these leaders want the best for their consumers
and will not compromise on the product quality. They will take a solution-based
approach to ensure that their innovative solution is holistic and is able to maximize
the impact translation to society. In addition, they will also carefully consider all
aspects of the product and ensure that only the best and most appropriate materials
are incorporated into the finished product. This ensures that their newly introduced
innovation achieves its functional purpose without harming our health, humanity, or
the environment.

These innovative solutions would often possess superior product attributes and
capabilities as compared to their mass market alternatives, which would then result
in a higher initial true cost of production. In most instances, the higher true cost
of producing the innovative solution will be directly translated to a higher starting
price point. This explains our natural interactions with the explicit counter signals
against our desire to satisfy our latent needs. An example of a product with superior
attribute and a higher starting price point would be ecovio®, the bioplastic material
that BASF has created. As we have discussed earlier, unlike its petroleum-based
plastics alternatives, ecovio® is able to be composted and return to Earth as compost.

Nevertheless, some impact-driven leaders may choose to introduce their inno-
vative solutions at a lower price point in efforts to hasten consumer adoption. In
most cases, these leaders will use their resources to artificially lower the selling price
and make it as competitive as the existing mass market alternatives. Gradually, with
greater consumer adoption, the efficiency of the production and supply chain will
improve and that would translate to a lower true production cost.

Below is a table summary to encapsulate what we have learned on Restorative
Innovation.

Table Summary of Restorative Innovation

Pre-conditions 1. We possess a latent need to be a conscientious consumer and
we want the best for their health, humanity and the
environment

2. Products with impact to these 3 dimensions are
multi-stratified. They can be catered for the low-end, mass or
high-end market

3. Restorative Innovation are always enabled and championed by
impact-driven leaders, who often possess a decision-making
mindset that is more inclined towards impact translation than
profit generation

(continued)
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(continued)

Principles and characteristics 1. As compared to its existing mass market alternative,
Restorative Innovation solutions often possess superior
attributes, especially on the latent need attributes that
customers value

2. Restorative Innovation always come with a higher initial true
cost even though it contains new value propositions to attract a
new (and often) niche customer segment who is willing to pay
a price-premium for the attributes

3. Restorative Innovation inherently spreads socially and can
influence and co-opt more adopters as the choice dilemma
reduces (degree of latent needs vs. willingness to pay)

4. Restorative Innovation can co-exist with mainstream products
for an extended (even indefinite) period and create a parallel
and duo consumption pattern

10 Case Study: Closing the Loop with TRIA Bio24

TRIA is a Restorative Innovation champion and an aspiring leader in designing
and implementing innovation for the circular economy. TRIA is a sustainable food
packaging company based in Singapore.

As a food packaging company, TRIA is not a new kid on the block. Today, they
are manufacturing and supplying disposable food packaging and food service wares
(collectively known as foodware) to some of the largest food services player in Asia.

Founded by impact-driven leaders Ng Pei Kang and Tan Meng Chong, TRIA’s
mission is to enable and empower the global food services industry to move towards
more sustainable patterns of consumption and eventually emerge as a truly zerowaste
service provider.

To accomplish this feat, TRIA has invested heavily to innovate on multiple
fronts and has translated its Research and Development efforts to create and launch
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Bio24, a breakthrough zero waste system that is perfectly aligned with the 12th
Goal of the United Nations Sustainable Development Goals (UN SDGs)—Respon-
sible Consumption and Production. Tout as the world’s first holistic “table-to-farm”
system, the Bio24 system is a marvel to behold. The entire system is capable of
converting foodware, together with food waste, into good-quality compost within
24 h. This integrated approach provides an elegant solution to recycle single-use
food-ware & food waste without the need for segregation nor any changes to the
client’s existing operations.

For this closed-loop system to work, it requires several components to work in
unison. Firstly, TRIA’s foodware must be constructed using their proprietary mate-
rial, NEUTRIA®—a bioactive polyester derived from plant-based sources—which
allows it to be fully compostable. In every aspect, NEUTRIA® is superior in product
performance over its petroleum-based plastic counterpart and it does not compromise
on its functionalities.

NEUTRIA® Food Ware Collec�on 

When thrown into TRIA’s Bio24 digester—which is the second component to this
equation—the NEUTRIA® material ages and breaks down rapidly. Fed with natural
enzyme, NEUTRIA®, together with the food waste will undergo a chemical-free
catalytic degradation process and be converted to compost within 24 hours. TRIA
will retrieve and enrich the quality of compost to make it suitable for commercial
agricultural use. Ideally, TRIA aims to sell the commercial organic compost back to
their own clientele base for use in their own farms, and hence, truly closing the loop.

To ensure this outcome is achieved, TRIA has also orchestrated and established
a landmark cross-industry partnership, known as the Bio24 Alliance. The Bio24
alliance includes a waste management company, who is responsible for collecting
and transporting the waste to the digester plant, and an impact-driven outcome-
based certification body who will independently quantify, analyze and publish the
performance of the Bio24 ecosystem and their respective participating clients in
achieving zero waste. These key partners will contribute their expertise and pool
their resources to enable and ensure that TRIA is able to consistently close the loop
for their clients and contribute to the betterment of society.
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(TRIA’s Digester Plant in Singapore)

Bio24 is TRIA’s answer to the commonly faced challenges in the recycling
industry. Before the inception of Bio24 as a closed-loop system, there was no sustain-
able solution (from both environment and economic aspects) in managing single-use
foodware. Even if the foodware is constructed with eco-friendlier options like renew-
able, biodegradable, or compostable materials, most of it will still be burnt down in
the incinerator or disposed in the landfills creating negative environmental impact.

Among all the eco-friendlier options, composting offers themost attractive propo-
sition as it has the potential to turn waste materials into resource. Even so, a report
by the Food and Agriculture Organization (FAO) of the United Nations found that
depending on the methods used to carry out the composting process, the active
composting period ranges from 3 weeks to 2 years [20] in an industrial composting
site. If left to compost in an open environment, it can take decades for it to degrade.
As the active composting process is carried out in an industrial composting site, the
entire composting process would require storage space and resources tomanage, thus
making it economically non-viable to operate and consequently, it creates a situation
where most composting sites are rejecting bioplastics. Existing food waste digestors
and infrastructures are also a contributing factor. As they are incapable of simultane-
ously managing both foodware and food waste, food waste recyclers are required to
segregate and remove inorganic contents from their collected waste before sending
it to be composted. This introduces additional operational costs and complicates
the entire composting process. Similarly, for recycling bioplastics, there are solvent
solutions that can chemically degrade the bioplastic material. While effective, it also
relies heavily on the purity of the feedstock and thus, waste will still need to be
separated before the bioplastics can be recycled.

Holistically, the Bio24 system is a state-of-the-art ecosystem approach to simulta-
neously and sustainably manage and treat both single use foodware and food waste.
By synergistically adding and blending layers of innovation together, TRIAwas able
to create a breakthrough experience that alleviates the most faced challenges in the
recycling industry. Following the footsteps of Apple’s successful iPod and iTunes
combination, TRIA tailored its NEUTRIA® material composition to work seam-
lessly with its complementary catalytic digester. This deliberate optimization allows
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for the Bio24 to achieve peak degradation performance of at least 20 times faster
than the current top of the line composting method (24 hours vs 3 weeks).

On top of this product innovation, TRIAhas also implemented process innovation.
TRIA has streamlined Bio24’s operations and deployment process to allow for their
participating clients to conduct their “business as usual”. With this current deploy-
ment process, TRIA is confident in onboarding and enabling their clients to go zero
waste within a month or two. TRIA will work closely with their client to design and
manufacture their foodware according to their functional requirements. Afterwards,
all that is left is for the participating clients to replace their existing foodware with
the NEUTRIA® foodware. Everything else stays the same and this means there are
no further changes to their current modus operandi. The participating clients will
not need to sort and separate their waste before recycling, neither do they need to be
trained on any new processes and procedures before utilizing Bio24. This enables an
effortless recycling process and it further eliminates the need for incurring additional
time and manpower cost.

In addition, TRIA has also placed considerable effort on innovating and extending
its businessmodel. Apart from generating revenue through the sale of its NEUTRIA®

foodware, TRIA has also paved the way for a new revenue source by ingeniously
conceiving a cost-effective method to enrich and sell the by-product of the Bio24
system—which are organic compost—to members of the agricultural community.

Bio24 may seem to be the perfect formula to accelerate societal progress towards
a greener, cleaner, and more equitable world. However, the implementation of the
Bio24 system comes with its own set of challenges and resistances too. Evidently,
TRIA’s Bio24 hasmet all the conditions to be classified as a Restorative Innovation. It
is ledbypassionate impact-driven leaders and its innovationhas superior performance
and attributes, especially on the latent need attributes that customers value—which in
this case is environmental consciousness. As a result, TRIA’s Bio24 system follows
the Restorative Innovation growth pattern and started off with a higher initial true
cost due to scarcity and limitations in resources and/or inherent inefficiencies.

For a 12oz Cold Cup
Material Degrada�on Cost
PP Plas�c Incinera�on or Landfilling 

(up to 1000 years) ≈SGD$0.07Styrofoam
Paper (Lined) ≈SGD$0.08
PLA Plas�c Biodegrada�on (3-6 months) ≈SGD$0.12
NEUTRIA® Compos�ng (24 Hours) ≈SGD$0.13

Adopting Bio24 creates a choice dilemma. In TRIA’s case, this choice is made
on the consumer’s behalf by TRIA’s clients. In the food services business, each unit
of sale yield a tiny profit margin. In most cases, a percentage of this profit has been
pre-allocated to cover the cost of foodware. Hence, the additional premium to adopt
NEUTRIA® proves to be the greatest resistance as these food services businesses
will opt for foodware that fulfils their functional requirement and within their budget.
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Exceeding their budget will correspondingly reduce their profit. As such, even if they
are environmentally conscious, it is not easy for them to readily make the switch.

Nonetheless, TRIA believes that the sustainability uptake for the food service
providers can be a zero-sumgame and they have creatively experimentedwith various
strategies to encourage adoption. With their vast experiences in the food packaging
sector, TRIAhas observed that their brand-savvy clients have the strongest inclination
towards sustainability. As these brand-savvy clients leverage heavily on the use of
marketing and branding as their competitive advantage, they tend to be constantly
on a lookout to stay relevant with the latest trends by re-positioning and re-aligning
themselves to it.

Fortunately, today, there is a monumental shift in consumer’s behavior towards
green and responsible consumerism. As such, TRIA capitalized on this opportunity
and offered these prospective clients an attractive propositionwhereTRIAwill render
their award-winning design expertise to help them design and develop foodware that
are appealing, distinctive, and can be incorporated as part of their overall brand
experience, should they choose to adopt NEUTRIA® foodware and be part of the
Bio24 ecosystem.

The strategy to bundle in award-winning designs as part of the NEUTRIA® food-
ware is the critical first step towards increasing availability of the Restorative Innova-
tion goods. The early customers would not be willing to pay a premium for a circular
economy innovation when it is not yet in the mainstream, but they are willing to
pay for a more beautiful foodware package, as typically, this budget is parked under
marketing and branding. We think this early strategy of offering a value proposition
that customers are willing to pay for, in the early stage of Restorative Innovation, is
a critical factor to start the downward cost curve.

Prior to mainstream adoption, few customers would be willing to pay more for
a ‘sustainability’ or ‘do-good’ value proposition. We dub this the ‘Fancy Horse’
strategy and offers a win-win arrangement for both the Restorative Innovation
champions and their customers.

This approach is proving to work and as a result, TRIA has been able to
convince larger industry players to jump on the bandwagon and go green. Following
the Restorative Innovation growth pattern, the authors firmly believe this product
adoption strategy will gradually improve TRIA’s operational efficiencies and
consequently, eliminate unnecessary cost and reduce their overall cost of production.

With time, the Bio24 ecosystemwill progressively enter the acceptable price zone
and this will encourage more food service providers to make the switch and adopt
these innovative solutions that cater to their latent needs.



Innovation for Circular Economy 391

For now, the authors have determined that TRIA is close to the second point and
is progressing well to be a successful Restorative Innovation.

11 Conclusion

To conclude this book chapter, let us remind ourselves that the world’s population
is soon reaching 10 billion, which will create unprecedented resource stress on our
planet. If we continue to singularly focus on innovation as a relentless pursuit of
economic growth, we may find ourselves depleting what nature intends for us, in
terms of positive growth and change. We believe the time has come to encourage
more innovators and business leaders to reimagine value creation in terms of how
we can restore health, humanity, and the environment. The changes that are causing
negative effects to our health, our societal values, and our environment have been
addingupgradually, and ifwe are blindedby thegradualness of changes and evolution
in our Darwinian world view, wemay not be ready when a bifurcation event happens,
suddenly and on a large-scale, as such changes almost always do in a complex system.

We explored the various models of innovations and provided an in-depth anal-
ysis of Apple’s iPod, in how Apple is able to create an ecosystem to deliver the
exponential benefit of music-on-the-go of own preference to mass consumers, at an
affordable cost, with speed, fidelity, and convenience. This required Apple to build
this ecosystem in stages—first by attracting an initial group of iPod consumers with
fast file transfers with a superior UI/UX—then by adding in the ability to purchase
individual music scores at an affordable unit-price. To accomplish this, required a
reconfiguration of the music supply chain to offer a lower cost distribution and the
willingness of music publishers to forego a larger unit sales revenue in exchange
of a promise of a larger total revenue from an exponentially larger audience. This
promise is amply realized by Apple, to the delight of her shareholders.
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We believe this model is instructive for how to drive larger adoption of Restora-
tive Innovations. Instead of relying on the do-good contributions from various stake-
holders under the “Corporate Social Responsibility” umbrella, Restorative Innova-
tion champions should take aim at intervening at any or all three critical points: (1)
Increase supply availability, (2) Increase efficiency of supply chain, (3) Increase
demand to arrive at a price premium that is not greater than 30% to existing,
mass-consumer equivalent.

We then looked at TRIA, a restorative champion in the initial stages of imple-
menting such interventions. One tactic to accomplish these interventionsmay involve
use of a ‘fancy horse’ offer where the buyer is paying the premium for a non-
restorative feature. We look forward to contributors to add to this body of knowledge
in offering other tactics to achieve the success that all restorative innovations deserve,
for the sake of our planet.We hope this book chapter, and especially Restorative Inno-
vation, will serve as an inspiration to ignite our collective imagination on what is
possible and change the innovation narrative from relentless pursuit of economic
growth to pursuit of value from a more balanced view on what is good for economy
and what is good for us. Innovation should serve a purpose for society and should
not be a solely monetary pursuit.

Questions

1. Why do most innovations and initiatives around sustainability ends up becoming
a Corporate Social Responsibility initiative or equivalent?

2. Whydoorganisations pursue incremental innovationmore frequently than radical
innovation?

3. What is Restorative Innovation?
4. Why is it important to learn and understand Restorative Innovation?
5. What are the key interventions impact-driven leaders need to introduce to drive

their restorative innovations into a downward price cycle and increase adoption?

Further Discussion Questions

1. What example(s) can you think of, a conscientious product that was introduced
in recent years but have not reached mass adoption, and hypothesize on the
reason(s)?

2. Can this product innovation benefit from a Restorative Innovation framework?
3. What intervention point(s) would you consider to be the most effective? and

why?

Answers

1. Organizations tend not to invest into creating a long-term, economically robust
model for innovations and initiatives around sustainability. As a result, these
efforts often get side lined due to conflicting, higher priority, and/or short-term
profit-driven demands. To resolve this issue, the organization must consider
embedding a mechanism that delivers a quantifiable economic benefit back to
the organization.
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2. As radical innovation often involves the translation of breakthrough research, it
often comes with heavy resource commitments, including capital and labor, and
the use of special resources which are not easily attainable. In addition, radical
innovation also involves considerable regulatory hurdles to cross, substantial
risks in the ability to deliver the expected product with stable performance and
the unpredictable market receptivity to the innovation.

3. Restorative Innovation is an innovationmodel that aims to accelerate the adoption
of innovative solutions designed to restore our health, humanity, and environment,
with interventions aimed to drive down the economic costs. It explains how
innovations that contribute to the betterment of our society goes to market and
scale.

4. It is important for us to learn andunderstandRestorative Innovation as it illustrates
the possibility of creating and delivering innovations that are capable of achieving
continued economic growth while simultaneously contributing to the betterment
of society.

5. Impact-driven leaders needs to work on (1) increasing the production availability
and capacity, (2) improving the efficiency of their supply chain, and (3) driving
the adoption of the innovation with targeted go-to-market strategies.
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The Business Opportunity of a Circular
Economy

Ellen MacArthur Foundation

Abstract Business leaders and governments around the world are increasingly
looking beyond the linear ‘take, make, waste’ model of growth, with a view to
making a strategic move towards an approach fit for the long-term. Research by the
EllenMacArthur Foundation and others has demonstrated the potential of the circular
economy—a model that decreases resource dependence and increases prosperity. In
addition to creating direct economic benefits for businesses and households, a circular
economy represents a significant opportunity to help tackle global challenges such as
the climate crisis, biodiversity loss and land degradation. This chapter examines the
business opportunities of the circular economy in three key sectors: the food system
in India; the built environment in China’s cities; and mobility in Europe. It further
quantifies the economic, environmental and social benefits of these opportunities and
explores what are the levers to bring them to scale.
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the example of China
Learn what the circular economy strategies are for the mobility sector,
the EU example
Understand the enabling factors to accelerate the transition towards a circular
economy.

1 Introduction

Our Current Linear System is Ripe for Disruption

Our linear ‘take, make, waste’ economy relies on fossil fuels and does not manage
resources such as land, water, and minerals for the long-term. Its extractive
and wasteful nature leads to greenhouse gases (GHG) emissions, pollution, and
contributes to biodiversity loss. These negative effects are set to worsen in future if
rapid industrialisation of emerging economies and mass consumption in developed
economies continues in a linear system. By 2050, the global population is projected
to reach 10 billion, with an emerging middle class expected to double its share of
global consumption. This welcome broad-based rise in prosperity will cause emis-
sions to exhaust the available carbon budget by a large margin. The related impacts
put further pressure on the other planetary boundaries, for example, biodiversity
loss. Recent studies have demonstrated that around a million species of animals and
plants are already at risk of extinction. Overall, resource extraction and processing
are responsible for more than 90% of land- and water-related environmental impacts
(water stress and biodiversity loss), with agriculture being the main driver. A funda-
mental change in the way goods are made and used is required to address these global
challenges.

What is the Circular Economy?

Moving away from today’s linear model towards an economy that is regenerative
by design is increasingly seen as required to meet the Sustainable Development
Goals (SDGs) and tackle global environmental challenges. In such an economy,
natural systems are regenerated, energy is from renewable sources, materials are
safe and increasingly from renewable sources and waste is avoided through superior
design of materials, products and business models. A circular economy offers a
positive way forward by redefining value creation to focus on society-wide benefits.
It addresses the shortcomings of the current system, while creating new opportunities
for businesses and society.

In short, a circular economy aims to decouple growth from the consumption of
finite resources and build economic, natural and social capital. It is built on three
principles: design out waste and pollution; keep products and materials in use; and
regenerate natural systems (Fig. 1).

The circular economy framework distinguishes between technical and biological
material cycles. In biological cycles, food and biologically-based materials—for
example, cotton, wood—feedback into the system through composting or anaerobic
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Fig. 1 The 3 principles of the circular economy

digestion. These cycles regenerate living systems—for example, soil—whichprovide
renewable resources for the economy. Technical cycles recover and restore products,
components and materials through strategies including reuse, repair, remanufacture,
refurbishment and in the last resort recycling. Digital technology has the power to
support the transition to a circular economy by radically increasing virtualisation,
dematerialisation, transparency and feedback-driven intelligence (Fig. 2).

Fig. 2 Outline of the circular economy
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2 The Circular Economy Is Increasingly Recognised
as a Value Creation Opportunity and Solutions
Framework to Address Global Challenges

Materials Cost Saving and Innovation Opportunities

In recent years, businesses from key industry sectors have made bold circular
economy commitments. Since its launch in 2018, more than 450 organisations have
signed the New Plastics Economy Global Commitment to work towards eliminating
unnecessary plastic packaging, innovating what is needed so it is reused, recycled or
composted rather than becoming pollution. The business signatories represent 20%
of global plastic packaging use, with some having made bold new targets in the past
year. Action is not restricted to plastics—it is happening across sectors. In agricul-
ture, for instance, companies including Unilever, Danone and Nestlé joined the One
Planet Business for Biodiversity coalition in September 2019, which recognises its
members’ strategic reliance on biodiversity and the urgent need to take action to
restore it, notably through regenerative agriculture, a core circular economy oppor-
tunity. In textiles, the circular economy is also increasingly driving innovation both
in terms of business models and materials: H&M plans to sell a garment made from
an innovative material that uses recycled cotton from March 2020; and Adidas &
Stella McCartney are piloting sweaters made with an innovative process to turn used
cotton into new fibres.

A Solutions Framework for Addressing Global Challenges

A consensus is rapidly building that the circular economy offers a route to prosperity
that responds to global imperatives. As amegatrend, this positive, innovation-centred
vision for the future of the economy is increasingly on top of mind for business
leaders being a strategic priority for some of the largest companies in the world. It is
also increasingly high on the agendas of major international organisations, including
the One Planet Summit, the UN Climate Change Conference (COP), the G7 and
the World Economic Forum. A growing number of governments and international
institutions view the circular economy as a delivery mechanism for wider goals.
The European Green Deal Circular Economy Action Plan with an investment plan
set up to mobilise at least EUR 1 trillion over the next decade, aims to promote a
‘just and inclusive’ growth but also ‘to protect the health and well-being of citizens’.
The circular economy is now clearly seen as a solution framework to tackle climate
change, alongside the energy transition. As of COP25, circular economy measures
will be integrated into meeting countries’ Nationally Determined Contributions to
reducing emissions.

The circular economy can providemultiple value creationmechanisms decoupled
from the consumption of finite resources. Shifting towards this model could deliver
better outcomes for the economy, people and the environment. By embarking on
circular economy transformations, countries could leverage high levels of growth
and development. According to analyses by the Ellen MacArthur Foundation, this
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transformation could yield annual benefits for Europe of up to EUR 1.8 trillion in
2030 [1]. For China, activating broader circular economy solutions in cities could
significantly lower the cost of access to goods and services and could save busi-
nesses and households approximately USD 11.2 trillion in 2040 [2]. For India, the
annual benefits could amount to USD 624 billion in 2050, compared with the current
development path [3].

3 A Circular Economy for Food in India: Scaling
up Regenerative Practices

The Current Food System Has Many Negative Consequences

The food system meets vital societal needs as nutrition and provides ecosystem
services, such as pollination. The food industry is a key pillar of many economies.
It is the world’s largest sector, accounting for around 10% of global GDP, and
employing over 1 billion people.While the food system has made significant produc-
tivity gains over the past half-century, many negative consequences are already being
felt. Growing food demand and environmental challenges associated with climate
change, land degradation and biodiversity loss are putting increasing pressure on the
system.

3.1 Six Circular Economy Opportunities to Reshape
the Indian Food System

The agricultural system is crucial to the Indian population and the economy. With
some 854 million people living in rural areas, India houses the world’s largest rural
population and agriculture is the principal means of livelihood for 58% of rural
households. In 2013, India became the world’s sixth largest net exporter of agri-
cultural products. A broad range of circular economy opportunities exists for India
to consider when shaping the future of its food system and agricultural activities.
Applying circular economy principles to the development of the Indian food system
could create annual benefits of USD 61 billion in 2050, reduce greenhouse gas
emissions, water usage, environmental degradation and play a fundamental role in
securing long-term food supply [3].

– Regenerative agriculture production
A regenerative agricultural system preserves the integrity of the natural system,
phases out toxic materials and minimises nutrient leakage. The system uses prac-
tices like crop rotation and cover cropping and minimises tillage to retain natural
capital. It often combines livestock with crop production to create additional
nutrient loops. These practices can build ecological resilience to changing climate



402 Ellen MacArthur Foundation

conditions such as extremeheat or severe droughts andother environmental shocks
like pests and diseases outbreaks, while increasing yields for farmers. Organisa-
tions like INORA, Kalpavruksha Farm, Organic India and Govardhan Ecovillage
are applying regenerative practices at different scales and report increasing yields,
health and income. Native, Brazil’s largest sugarcane producer, cultivating over
20,000 ha and realising profits of USD 10 million, demonstrates that regenerative
practices can succeed at large-scale. These practices comewith additional benefits.
They can help mitigate climate change by increasing the amount of carbon stored
in soils and reducing the need to apply fossil fuel derived synthetic fertilisers.

– More efficient agriculture practice enabled by new technology
Sophisticated agricultural approaches that leverage IT, big data, remote sensing
and real-time environmental data can optimise returns, while reducing envi-
ronmental externalities. Non-digital technological solutions, such as systems to
improve irrigation, can also create value. Digital technology is changing farming
by enabling increasingly sophisticated precision agriculture approaches, as well
as whole farm management through the emergence of integrated data platforms.
Precision farming can increase the efficiency of conventional agricultural systems,
but has proven, especially effective combined with regenerative practices. In
India, small farm size limits the feasibility of such solutions, particularly in
the short-term. But Indian farmers could profit from adopting low-marginal-
cost, cloud-based digital solutions that would scale easily to support many small
farmers.

– Asset and knowledge sharing via digital platforms
Asset sharing can increase innovation, productivity and yield. High fragmentation
of land has limited the adoption of innovation in India, as farms are often too small
to justify the capital investment required to implement more efficient technologies
and systems. As a result, average yield rates in the Indian agricultural sector
are low by international standards. Sharing platforms can give farmers access
to machinery that they otherwise would not be able to afford. Digitally enabled
knowledge-sharing solutions are expected to encourage adoption of best practices,
increase yield and advance regenerative agriculture. These solutions would let
farmers share local and traditional knowledge on a peer-to-peer basis and receive
information on innovative practices customised to their region and crops. Digital
Green is a non-profit organisation that trains farmers in more than 2,000 villages
to make and show short videos that record their problems, share solutions and
highlight success stories.

– Digitised food supply chains
Indian farmers sell their produce pretty much as they have done for the last
50 years. The system relies on the government-regulatedMandimarketing channel
that, according to the Task Force on Agricultural Development, is ‘characterised
by inefficient physical operations, excessive crowding of intermediaries, long and
fragmented market chains and low scale, depriving farmers of a fair share of the
price paid by the final consumer’. Digital supply chain solutions increase trans-
parency, decrease the high transaction costs attributable to multiple and various
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intermediaries, and better connect producers with customers. These solutions also
enable better inventory management and self-organised production optimisation
across small-hold farmers. Knowing the size and timing of demand, farmers can
use digital technology to coordinate, adapt and optimise the supply of food to
their region, reducing price volatility and increasing their income.

– Peri-urban and urban farming
Bringing food production and consumption closer together by increasing agri-
cultural activity in and around cities reduces food transport and associated costs
(such as food waste, fuel and environmental externalities) and tightens biological
nutrient cycles, while increasing access to fresh, healthy food and creating new
income streams. Specialised urban farming techniques (like vertical, hydroponic
and aquaponic farms) can be more resource-productive than traditional cultiva-
tion techniques, saving on energy, water and fertiliser. Rapid urbanisation in India
moves food demand closer to urban centres that are also experiencing problems
with overheating. Peri-urban and urban farming could help overcome some of
these challenges, while providing a new source of employment and income.While
not all crops can grow in an urban environment, and scaling presents challenges,
urban farming works well for highly perishable vegetables and herbs, delivering
them to consumers fresh with little investment in resources and transportation.

– Nutrient looping
Not all biological nutrients that reach their place of consumption are actually
used. Some end up as household or industrial food waste, others are consumed
but not absorbed by the human body and discharged in human excreta. Processes
like composting and anaerobic digestion can recover these nutrients for return to
the agricultural system, and in the case of anaerobic digestion, produce energy.
While avoiding foodwaste should be a priority along the supply chain, and several
opportunities mentioned above can contribute to this reduction, residual food
waste in industrial and household kitchens is unavoidable. Indian non-profits
and businesses, in cooperation with municipalities and the informal sector, are
already implementing composting and anaerobic digestion solutions to capture
these nutrients.

3.2 Benefits of a Circular Economy for Food in India

Application of circular economy principles would make agricultural production
more regenerative, creating a more diverse and resilient food system that could
supply fresh, healthy produce to India’s growing population. This development path
would preserve the integrity of the natural system, phase out toxic materials, and
minimise nutrient leakages, reducing negative environmental and health externali-
ties, while supporting rural livelihoods and incomes. Overall, following a circular
economydevelopment path could generate annual benefits ofUSD61 billion in 2050,
compared with the current development path. Following the circular path would also
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Fig. 3 Indian food system: comparison of potential development paths (food and agriculture)

reduce negative environmental impact with 31% less GHG emissions from agricul-
ture, 71% less use of synthetic fertilisers and pesticides and water consumption for
irrigation almost halved (Fig. 3).

4 Circular Economy in the Built Environment in China’s
Cities: Designing Out Waste and Increasing Asset
Utilisation

Cities Play a Critical Role in Economic Growth But Face Many Challenges

By 2050, two thirds of us will live in cities. However, our urban centres are grappling
with the effects of our current take-make-waste economy. Under this ‘linear system’,
cities consume over 75% of natural resources, produce over 50% of global waste,
and emit 60–80% of GHGs. Although recent decades have seen tremendous progress
in improving the energy efficiency of buildings and the liveability of cities, the built
environment sector remains incredibly wasteful for a sector considered as mature
and optimised.
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4.1 Six Circular Opportunities for the Built Environment
in China’s Cities

Many millions of houses will be built in the next two decades and how they are
built will determine China’s mid- to long-term development. Currently, the country
is facing severe challenges from air pollution and construction waste. For instance,
in 2013, China generated a billion tonnes of Construction and Demolition Waste
(CDW). Applying circular economy principles at the design, construction, use and
deconstruction stages would help address these issues and provide economic, envi-
ronmental and societal benefits. Implementing circular levers in a coordinated way
could unleash the remarkable potential in the built environment, creating benefits of
USD 2 trillion in 2030, compared to the current development path [4].

– Design for flexibility
Facing the wave of new construction needed in China over the next two to three
decades, designing buildings for flexibility has the potential to create economic,
environmental and societal benefits. New and advanced technologies, including
innovative materials, products and services are being designed for modularity,
repair, flexible upgrade and disassembly which could help to reduce maintenance
costs and extend the economic viability of buildings and structures, ensuring
such assets are used optimally over time. By designing flexible building cores,
for instance, developers can enable a building to switch user and purpose later
in its use cycle. Buildings designed to be modular and flexible are also easy to
disassemble, allowing the materials used in them to retain their value by being
reused, reducing waste and the consumption of virgin resources.

– Industrialise construction process
The industrial manufacturing of standardised and modular building components,
combined with on-site assembly, reduces construction costs, time to comple-
tion and waste. Modularisation could also contribute to lower operational and
maintenance (O&M) costs at the end stage of a building, as all its compo-
nents can be easily disassembled and/or replaced. The Broad Group, a Chinese
constructor specialising in modular construction, has managed to increase effi-
ciency in production, installation and logistics six to ten times with almost zero
materials wasted and 40% lower total cost of construction through such design
approaches. Another technology that could accelerate the shift to more efficient
and industrialised construction is 3D printing. In 2014, the Chinese construction
company WinSun 3D-printed and assembled ten 195 m2 houses in 24 h. Using
such technology decreases material use by 30–60%, thereby reducing costs and
waste compared to conventional methods. Alongside new technologies, renew-
able and local materials could be widely employed in urban construction in the
circular economy scenario. For example, bamboo is a fast-growing and sustain-
able material for houses. The cost of a bamboo house could be 60% lower than
that of a concrete one and be built in a modular and adaptable fashion.
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– Share space to increase asset utilisation
Space sharing could provide a goodway of improving utilisationwithout requiring
new construction. The space-sharing market in China is growing fast. In 2016, the
total turnover in hospitality and office sharingwasUSD3.9 billion—an increase of
131% from2015. The public is no stranger to platforms, such asAirbnb, that adopt
a customer-to-customer (C2C) model to rent out underutilised residential space,
and the adaptation of such models to the working environment is gaining ground.
In the office-sharing market, co-working schemes provide options for freelancers,
entrepreneurs and start-ups to have a small office in a central business district with
cheaper rents, flexibility and access to office facilities. A number of international
and domestic companies have entered this market and opened offices in large
cities, including SOHO 3Q, UR Work, Naked Hub, People Squared, WeWork,
WE+ and Cowork. With the start-up boom in China (on average, there were
15,000 new company registrations every day in 2016), the office-sharing model
has rapidly expanded in major cities such as Beijing, Shanghai and Guangdong
province, and has now started to expand into smaller cities such as Suzhou and
Urumqi.

– Design buildings to improve energy efficiency
Building innovation offers great potential not only for buildings that haveminimal
running costs, but also for enhancing the health andwell-being of users. The bene-
fits of ‘green buildings’ are reflected in lower energy and water usage and reduced
O&M costs. Indeed, energy efficient buildings have the potential to bring down
energy consumption by 30–50%. For example, Building Integrated Photovoltaic
(BIPV) and grid-connected generating technologies could be a solution for solar
energy utilisation in China’s densely populated cities. The world’s largest stand-
alone building with an integrated PV system is in Shanghai Hongqiao Railway
Station. More than 20,000 solar panels on the 61,000 m2 roof produce 6.3 million
kWh of electricity annually. Rolling this technology out further would form an
important part of the energy plan for a circular city. One concrete example of
green building in China is the passive house. Compared to traditional houses,
passive houses save 80% of heating energy and 50% of energy for cooling and
dehumidification. Currently, only a minority of new buildings are passive houses,
so there is a clear case for development here that could be economically and
environmentally beneficial.

– Improved digitisation
The concept of a ‘smart city’ is gaining traction in China thanks to the devel-
opment of digital technology, in particular, the Internet of Things (IoT). Smart
building technology—such as sensors, data storage and computing services—is
a prerequisite of the smart city concept and is increasingly part of people’s day-
to-day lives. Smart meters for electricity and gas allow residents and owners to
make informed decisions about their energy usage and can result in substantial
cost savings. The use of such smart-equipment technologies could result in a 40%
reduction in electricity use and an 87% reduction in gas consumption. Scaling
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up such technology could see measurable improvements in energy efficiency and
productivity throughout China’s built environment.

– Scale up reuse and recycling of construction and demolition waste
While the construction of a 10,000 m2 building will create 500–600 tonnes of
waste, its demolition will create 7,000–12,000 tonnes of waste, so there is a
clear need to address the after-use phase of buildings. Discarded materials could
be recovered and reused in a variety of ways, such as for gravel, road building
materials or flooring.Maximising the use of repurposedmaterials and components
in this way would reduce the need for virgin materials and would cut the pollution
caused by CDW in the urban environment. In China, tiles, bricks and bamboo are
traditional materials that could be used more, even in new buildings, and at a later
point, the materials can be potentially recycled again.

4.2 Benefits of a Circular Economy Approach to the Built
Environment of China’s Cities

In a circular economy scenario, the identified opportunities impact different parts
of the value chain, interacting and amplifying each other’s effects on the overall
built environment. The buildings are assumed to be designed for longevity, be shared
widely, built by industrialised construction and make use of smart home/office tech-
nology. Flexibility, modularity and shareability are the key attributes of future build-
ings. In this scenario by 2030, 70% of urban new builds would be green buildings,
60% of CDW in cities would be recycled and reused and 25% of urban buildings
would be built using industrialised construction processes such as prefabrication or
3D printing. In 2040, the cost of building construction in a circular scenario could be
61% lower than that in the current development path. This cost reduction is mainly
due to improved resource productivity in the construction phase, driven by the adop-
tion of industrialised construction technology. CO2 emissions could decrease by 9%
in 2030, and by 24% in 2040, compared with the current development scenario.
The reduction is driven by promoting energy efficient buildings, smart buildings and
space sharing. In a circular scenario, virgin material consumption drops 18% in 2030
and 71% in 2040, when compared with the current development path. In 2030, this
reduction is driven by space-sharing opportunities, which increased building utili-
sation. In 2040, scaling up reuse and recycling of CDW would further decrease the
level of raw material consumption (Fig. 4).
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Fig. 4 A circular built environment: the benefits for China’s cities
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5 Circular Opportunity for the Mobility Sector in the EU:
Keeping Products and Materials in Use

This sector has been vital to Europe’s development, captivating customer imagi-
nation, spearheading economic growth and creating some of the most respected
companies on the continent. Mobility is vital for the economy and for the quality of
life of citizens as they enjoy their freedom to travel. But the current transport system
is costly and tied to a linear depletive model. Cars expose 90% of city residents in
Europe to air pollution at levels deemed harmful by the World Health Organisation
(WHO). The core challenge is the waste embedded in the transport system. European
cars are parked on average 92% of the time. When the car is used, only 1.5 of its 5
seats are occupied. As much as 50% of inner-city land is devoted to mobility but,
even at rush hour, cars occupy only 10% of the average European road. Congestion
cost approaches 2% of GDP in cities like Stuttgart and Paris [5]. These problems
require a systemic approach to rethinking mobility in Europe.

5.1 Five Circular Economy Opportunities in the EU Mobility
Sector

The convergence of disruptive technologies, social trends and new business models
promises to disrupt mobility in Europe, and around the world. In the coming decade,
at least four major levers—sharing, electrification, automation and materials evolu-
tion—look likely to transform the personal car, which accounts for more than 80%
of the average European’s motorised transportation on land today. A fifth lever—the
system-level integration of transport modes—has yet to achieve scale but could allow
users to shift between personal and public transportation.

– Sharing mobility service
Mobility services and vehicle sharing businesses are thriving, thanks to smart-
phones, big data and the growing popularity of a sharing economy. In Europe car
sharing grew 40% a year between 2010 and 2013. E-hailing or shared e-hailing:
on-demand hiring of a private or shared-occupancy car via a service that matches
passengers and driver is a booming market. Car sharing through a fleet operator
offers on-demand, short-term rentals of cars owned and managed by the fleet
operator. OEMs are entering this space rapidly. Peer-to-peer car sharing is a vari-
ation on the fleet model. Users share individually owned vehicles on an online
platform. Drivy is the largest platform in Europe. App-enabled car-pooling such
as BlaBlaCar links a non-professional driver with passengers to fill empty seats.
Sharing models are also popping up in transit transportation.

– Electrification
Electric Vehicles (EV) cost less to operate since their fuel (electricity) is much
cheaper than petrol (about 30% lower); their powertrains are at least three times
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more efficient, but suffer from conversion losses at the power plant, they also have
fewer moving parts and other maintenance requirements. Maintenance cost can
drop at least 50–70% as EVs need no transmission fluid, engine tune-ups, or oil
changes and experience dramatically less brake wear due to regenerative braking.
Their lower operating cost, therefore, lower total lifetime costs make EVs likely
to dominate the high-utilisation world of sharedmobility, which would also create
significant environmental benefits. To get the full environmental benefit, Europe
would need to supply the grid with more renewable energy. Hydrogen fuel cells
might be another technology adopted widely.

– Autonomous driving
With sufficient penetration, autonomous vehicles could improve the mobility
system. They have optimal acceleration and deceleration and can convoy with
other autonomous vehicles, which could reduce congestion more than 50% by
closing space between cars (1.5 m versus 3–4 car lengths today) and improve
energy efficiency significantly. Autonomous and self-driven vehicles can reduce
weight by removing unnecessary human interface equipment like brake pedals
and can cut accidents 90%—saving lives, and nearly eliminating damage repair
costs. People could use their time productively in transit. In spite of these large
benefits, the adoption of autonomous and driverless vehicles may be slowed by
regulatory barriers and consumer customs.

– Material evolution
Material evolution is already happening today as potential disrupters like River-
simple and incumbent OEMs like BMW are using carbon fibre to create
lightweight vehicles with better aerodynamics and much longer life. Renault is
planning to upgrade lifetime-dependent components to more durable and easily
recyclable materials to get a longer life for the vehicle. Renault is investigating
many types of materials for greater durability such as high-quality and thinner
steel, aluminiumchassis andpowertrain parts,magnesiumbodypanels, in addition
to serial production solutions like plastic fenders, that could reduce vehicle weight
and the mechanical stresses at the same time. Expensive and capital-intensive
materials like aluminium, high-quality steel and carbon fibre create strong incen-
tives for remanufacturing vehicles. Renault’s disassembly and remanufacturing
plant at Choisy-le-Roi is the company’s most profitable industrial site. It reuses
43% of carcasses, recycles 48% in foundries to produce new parts and valorises
the remaining 9%. Making remanufacturing and thereby upgradeability work at
scale is likely to become a key driver of OEM performance, once more durable
products are in the market.

– Integrated transport mode
The technology and digital revolution could anchor the integration of trans-
portation modes that would let people shift between personal, shared and public
transportation in an optimised mobility system. While the technology for devel-
oping efficient public transportation exists, city governments often have diffi-
culty balancing stakeholder interests and implementing a modern public transport
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system. But some European cities are taking steps towards an optimised system
solution. Helsinki has launched a programme to make personal cars irrelevant by
2025, by implementing a comprehensive mobility on-demand system. Vienna is
developing a prototype for an integrated mobility smartphone platform that inte-
grates diverse mobility offerings into one option based on user needs. Lyon has
seen the number of cars entering the city drop 20% over the last decade, encour-
aged by bike-sharing schemes and car clubs. Green spaces and parks have taken
the place of car parks.

5.2 Benefits of a Circular Economy Approach to the Mobility
System in the EU

The circular scenario lays out an optimistic vision, in which European towns, cities
and businesses would recognise the huge potential of circular mobility, invest to
overcome today’s barriers to its development, and see the quality of the mobility
system improve dramatically. The circular scenario would take advantage of the
five levers that stand to transform mobility in Europe in an integrated way. This
path would build an automated, multi-modal, on-demand system. The system would
have multiple transportation options (like biking, public transit, ride-sharing and car
sharing) at its core andwould incorporate automated individual transport as a flexible,
but a predominantly last-mile solution. A circular path could decouple the rebound
effect, increasing consumer utility, GDP and jobs by adding passenger-kilometres,
while reducing car-kilometres, congestion, GHG emissions and resource consump-
tion. In the circular scenario, user benefits could increase at least by a factor of three
by 2050. This increase in passenger-kilometres would not increase congestion or
time cost for households. In fact, this opportunity cost through transport standards
would decrease by a factor of five, from EUR 2,600 per household to EUR 475, as
total car-kilometres (not passenger-kilometres) in Europe would drop 25%, thanks
to greater use of public transportation and non-motorised transport and more passen-
gers per car as shared services became more popular. Besides congestion costs, other
indirect cash-out costs and opportunity costs include infrastructure and governance
costs, the societal cost of CO2, and costs related to pollution, noise and accidents.
These costs could drop from EUR 3,350 to 1,330 per household in the circular
scenario thanks to the overall decrease in car-kilometres, the shift to silent, non-
polluting, renewable-powered EVs and almost accident-free autonomous cars. The
circular scenario would create better environmental results. By 2030, with roughly
half of passenger-kilometres delivered in a system-optimised way, emissions could
be expected to fall 55%. By 2050, the sector could be almost entirely decarbonised
(95%) as the vehicle and public transport fleet would be electrified and powered by
renewable energy. Some minor emissions would likely remain in production, but
would be reduced by extending the average car’s lifetime and looping the materials,
decreasing the extraction of virginmaterials (95%) to achieve an almost fully circular
system (Fig. 5).
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Fig. 5 EU mobility system: potential economic and environmental impact of current development
scenario versus circular scenario for the mobility system

6 Accelerating the Transition

The circular economy’s potential to generate value while responding to global imper-
atives can be included in company strategy at the highest level. When it comes to
complex materials streams like plastics, textiles, or food, the whole value chain
needs to cooperate and align around a common vision. High levels of commitment
and incentives and actions at the pre-competitive level are needed from those with a
stake in the way materials cycle in the economy. Additionally, through pilots, incu-
bators and demonstration projects, circular business solutions can be tested, and a
better understanding can be gained of the benefits they generate for business, society
and the environment.

6.1 Enabling Conditions

Achieving the transition requires concerted action from multiple stakeholders
including policymakers, the finance sector and academia to provide the necessary
enabling conditions for business to scale circular economy opportunities.
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– Policymakers

Circular economy ambitions can be integrated into supranational, national and city
strategies, roadmaps and long-term targets, as it offers a viable contribution to the
mitigation of negative externalities such as CO2 emissions and biodiversity loss.
Some EU member states are for example integrating circular economy measures in
their National Energy and Climate Plans. At the national level, circular economy
criteria can be included in public procurement tenders, which could incentivise
market innovation, as well as support research. The French government, through
its law on circular economy adopted in February 2020, introduced a ban on various
single-use plastics and on the destruction of unsold products, including clothing,
shoes and beauty products—a measure the German government has subsequently
adopted. In the UK, the export of plastic waste to non-OECD countries is now
restricted or banned to ensure greater management of materials at home. This latter
policy echoes China’s 2017 National Sword policy to ban the import of certain
types of waste, which, as part of a decades-long effort to increase the circularity
of the country’s economy has had a massive impact on trade flows of used plas-
tics globally. From a local perspective, fiscal measures can include tax benefits for
circular economy products or businesses, tax increases on undesirable waste streams,
tax reductions on the use of secondary materials and tax reductions for businesses
that share, repair and recycle. Cities have a particularly important role to play in
ensuring the effective recirculation of materials, products and nutrients in urban
areas. Enabling this will require infrastructures such as asset-sharing infrastructure,
waste collection systems, treatment facilities, material banks and disassembly and
recycling centres.

– Finance

Investors can play an essential role in directing more assets and capital to busi-
nesses that are capturing higher values in circular supply chains, through product
innovation, upscaling efforts and developing markets for secondary materials and
refurbished goods, thereby offering the opportunity to significantly reduce GHG
emissions and generating greater resilience to climate change. Strategies that could
increase the financeability of circular business models include: taking end-of-life
value of products into account for a financial business case; determining the residual
value of used products in second-hand markets; offering multiple forms of capital
such as bank finance, venture capital, capital market financing and impact investing;
cash-flow optimisation and shortening the pay-back period to manage the risk of
circular business model contracts, for example, by charging higher fees in the first
years of pay-per-usemodels, and offering contract opportunities in place of hold over
assets for service-based business models. For instance, the Intesa Sanpaolo Bank and
the European Investment Bank (EIB) are cooperating together to provide a EUR 1
billion credit facility to support circular economy projects carried out by mid-cap
companies and Italian SMEs.
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– Education

Embedding circular economy principles into teaching across all ages of learning
supports a mindset shift that will enable future leaders and young professionals to
gain circular economy insights, skills and capabilities which they can take forward
within their careers. For example, University of Exeter offers a number of learning
opportunities through its Centre for Circular Economy. As an engine for innovation,
applied research can provide the critical insights and knowledge required to initiate
industry and policy shifts. Stimulating academic research on circular economywhere
many crucial topics remain unexplored or at an early stage will be vital to develop
understanding and knowledge to support industry to act differently.

6.2 Measuring Progress

Non-financial accounting and the ability to measure company success based on its
impact on the society and environment have been on the rise in the past decade.
Environmental, Social and Governance (ESG) measurement-based investments are
worth USD 30 trillion, which is significant given that these methods have evolved
in the past decade or so. More lately, studies have increasingly shown a tendency
for companies which score well on environmental and social indicators also creating
short and long-term value. Furthermore, early 2020, has given a boost to many
of these non-financial indicator sets. In his letter to CEOs, Larry Fink, CEO of
BlackRock, featured visibly Sustainability Accounting Standards Board (SASB) and
Task Force on Climate-related Financial Disclosures (TCFD). The World Economic
Forum International Business Council (IBC) issued the ‘Compact for Responsive
and Responsible Leadership’, which curated a suggestion for common non-financial
metrics. Circular economy is increasingly considered a key element of these indicator
sets as it has been recognised as a concrete means to meeting many environmental
aspirations such as emissions reduction and reaching a number of SDGs.

While circular economy is starting to gain a foothold in broader non-financial
accounting discussions, the development of circular economy specific measurement
is at an early stage and in full swing by multiple organisations. Examples of notable
company level efforts in this space are Circulytics [6], by the EllenMacArthur Foun-
dation, the Circular Transition Indicators byWorld Business Council for Sustainable
Development, Global Reporting Initiative’s upcoming circular economy reporting
guidelines in the context of waste and others.

The increasedneed fromcompanies tomeasure performance in a circular economy
and the growing number of solutions to address that need stem from the rapidmaturity
of the concept of circular economy. Circular economy is reaching a point where
the social and environmental benefits have been established and its business case
proven. The concept has been embraced in concrete actions (e.g. the New Plastics
Economy Global Commitment). Organisations are now increasingly moving into
implementing real-life changes to business processes to transition from a linear way
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of doing business to a more circular one. Implementing these changes can only be
done effectively when we have a vision of a future state in terms of circular economy,
understand the current state of affairs and are able to track how effectively we are
moving between these two states. Measuring progress with indicators that describe
these two states and having the ability to track changes is a must-have enabling factor
for the transition to happen.

More specifically, measuring progress on a company level is necessary for
strategic decision-making and required by third parties (e.g. financiers and policy-
makers) to provide enabling conditions (e.g. preferential financing terms for circular
economy related projects, favourable regulations for circular economy) for the tran-
sition to a circular economy. However, we need tools to measure progress on other
levels as well. The maturity of tools on these different levels varies and includes—a
non-exhaustive list:

• The impact circular economy has on broader environmental and social goals, such
as GHG emissions reduction and the SDGs. Most publicly traded companies have
such goals, and circular economy is recognised as an effective means to work
towards both, but a concrete way of measuring this impact is currently lacking.

• Circular economy performance of products. Recirculation of materials is at the
heart of circular economy, and companies’ ability to make the right design and
materials choices is key. Tools to help companies on this front exist (for example,
the Material Circularity Indicator by the Ellen MacArthur Foundation and Granta
Design;CircularDesignGuide) andmany are developedby companies themselves
to suit their specific situations.

• Circular economy performance of services. Services of different types enable the
recirculation of materials. This can take many forms such as: services to increase
the intensity of product use (e.g. car sharing), services to keep materials in use
(e.g. refurbishing), enabling downstreamplayers in a value chain to produce goods
for a circular economy (e.g. chemistry for electric car batteries). Currently, there
are no broadly adopted tools to measure services comprehensively, but the Ellen
MacArthur Foundation’s Circulytics is increasingly developing these elements
for company level metrics.

Furthermore, when increasing the scope from company to the economy, it is
important to be able to measure circular economy performance for policymakers
as well. Here, indicators on a regional or national level enable the measurement of
the systemic change that the transition to a circular economy requires. To ensure
conformity of performance indicators on different levels, the core of these indicators
needs to be the same on all levels of granularity from products to the economy. In
this way, the aggregate impact from company level progress can be reflected on a
national or regional economy level. It also allows straighter forward optimisation of
policies to support circular economy. At the time of writing, economy (or country)
level metrics are nascent, and we expect to see rapid progress within the EU and
in select countries in other regions (e.g. Chile) during 2020, and coming years as
national governments set circular economy targets, for instance, the Netherlands has
announced to have a fully circular economy by 2050).
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7 Conclusion

By embarking on this transformation, launching new circular economy initiatives and
reinforcing existing ones, India, China and the EU could achieve resource-efficient
and competitive economies that enhance natural capital and protect citizens’ well-
being. But achieving the circular economy transformation will require concerted
efforts—no organisation can do it alone.

Questions

1. How can a circular economy help tackle climate change?
2. List a few of the circular economy levers for the food system in India.
3. Who are the key actors that can enable a system-level approach?
4. Why is it important to be able to measure progress towards a circular economy?

Answers

1. The circular economy can contribute to reducing carbon emissions by trans-
forming the way we make and use products. This can be done by increasing the
use rates of assets such as buildings and vehicles, and recycling the materials
used to make them. In the food system, using regenerative agriculture practices
and designing out waste along the value chain can help mitigate climate change
by increasing the amount of carbon stored in soils and reducing the need to apply
fossil fuel derived synthetic fertilisers.

2. Digitally enabled knowledge-sharing solutions are expected to encourage adop-
tion of best practices, increase yield, and advance regenerative agriculture. Peri-
urban and urban farming can help reduce food transport and associated costs
(such as food waste, fuel and environmental externalities) and tighten biolog-
ical nutrient cycles. Composting and anaerobic digestion solutions can recover
nutrients for return to the agricultural system.

3. Investors can play an essential role in directing more assets and capital to busi-
nesses that are capturing higher values in circular supply chains. Policymakers
can integrate circular economy strategies into supranational, national and city
roadmaps and long-term targets. Academia can embed circular economy princi-
ples into teaching across all ages of learning to enable future leaders and young
professionals gain circular economy insights, skills and capabilities.

4. Circular economy is moving into the implementation phase and it is critical to
know the current state, the vision of a future state and measure progress between
these two states in order to track implementation success. Measuring progress is
also important to create an enabling environment for the transition, for example,
to unlock financing to high performing companies and inform policy decision-
making. On a more micro level, it is also important for making the right designs
and procurement choices for products and services.
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1 Introduction

Supply chain management has traditionally been concerning how to efficiently and
effectively deliver goods from the sources to the consumers. Economic returns are
the main focus of this linear economic model where the resources are extracted
or acquired to make products and then disposed of after their potential lives. This
model often ignores societal implications and conservation of scarce resources. It is
only recently that managing of the supply chain has been gradually moving away
from the “take-make-use-dispose” practice and starts to include “reverse logistics” to
collect end-of-life products, recreate values of the returned products in “closed-loop”
supply chain, and now recouple economic values of the returned materials as inputs
in “circular economy”.

Figure 1 illustrates traditional linear supply chainwhere virginmaterial is acquired
and transported to the raw material producer. This raw material is then sent to the
product manufacturer to produce the finished goods, which is sold to the consumer.
After the end of the product useful life, the product is discarded as waste. The circular
supply chain begins similarly as in the linear supply chain. However, in the circular
supply chain, the used products can be reused by the consumer or go directly to a
resell market (such as garage sell or an online platform like Craigslist). Some of them
are collected and sorted by a collector. Certain used products could be refurbished
or remanufactured, and so they can be used by the product manufacturer. Some
returned products need to be recycled or recovered by being physically transformed
into raw-material-like substances prior to being reused later on in the circular supply
chain.

Fig. 1 Linear supply chain and circular supply chain (Credit: Illustration by Sawaros Thongkaew
from STEAM Platform)
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Circularity of material is the key feature in circular economy and the need for a
new supply chain model is prominent. Materials such as gold, silver, zinc, indium,
iridium, hafnium, and terbium which are vital to many industries could be depleted
in the next fifty years if we remain business as usual. Commodity prices have been
drastically increasing since the turn of this century, erasing all the price decline due
to production and logistics efficiency of the entire previous century. An estimate of
three billion additional middle-class consumers are entering the market by 2030,
while the total world population is going to exceed nine billion by 2050. This growth
of the global population accelerates increasing demands; at the same time, catalyzes
the needs for radical changes in material efficiency, minimization of energy, as well
as reduction of waste along the supply chain. Without any change, there may not be
enough futile lands, materials, and other resources for future generations.

Despite various arguments on how the circular economy (CE) is rooted, it offers
a new economic concept that is both restorative and regenerative by intension and
design. CE encompasses environmental economics, industrial ecology, ecological
economics, and “cradle-to-cradle”. To realize the potentials of CE, changes in
economic and social activities in allmicro-level (individuals andwithin a firm),meso-
level (network of firms), and macro-level (policies and regulations) are required. The
following principles are examples of how changes may be formulated.

2 R Principles

In every supply chain, there are flows of materials, information, and fund. The three
flows are intertwined through space and time. For example, an order triggers produc-
tion and causes a request to transport the product to the customer, while there are
financial transactions throughout the supply chain between the parties involved in
the chain. Operation activities are usually monitored and data are collected and
analyzed to improve the efficiency, transparency, and connectivity along the supply
chain. By-products and wastes are treated, recycled, or disposed of.

In addition,CE includes simple yet effective actions for us as individual consumers
and firms to lessen the burden for material input requirements. Those actions are
Reduce, Reuse, Remanufacture, Recycle, and Recover.

• Reduce: Reduction of material or resource requirements lessens the need for
virgin material acquisition. To reduce the need for resources, it often entails
rethinking or redesigning of the product or process. Examples of new designs
can now be seen in everyday life such as juice and water containers, as well as
food packages that use less materials but maintain or sometimes exceed their
primary functions. New production processes are equipped with modern tech-
nologies in conjunction with information collection function to adjust parameters
suitable for the inputs or production plan to not only reduce the amount ofmaterial
inputs, but also save energy and cost.
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• Reuse: Certain products can be used several times without losing their main
functions. Coffee shops that discount the drinks to customers who bring their own
reusable tumblers are commonly seen nowadays. To encourage shoppers to reuse
shopping bags, supermarkets in several countries charge bag fees if customers
request new plastic or paper bags from the stores.

• Remanufacture:When a product malfunctions, repairing, refurbishing or reman-
ufacturing can prolong the useful life of the product. Replacing certain parts while
retaining otherwell-functioning parts reduces the need for newmaterials and saves
cost. It is projected that new generations of mobile phones will be redesigned so
that new models can be remanufactured using parts from the discarded ones.
Customers who turn-in their used mobile phones may be benefited by obtaining
a discount to purchase a new phone.

• Recycle: If the products cannot be reused or remanufactured, another option is
to try to recycle their materials. Recycling requires transforming physical phases
of materials through energy with proper handling and processes. Metals, plastics,
and papers are commonmaterials that are recycled. Certain recycledmaterials that
if they are used to produce the original products can exhibit inferior properties in
comparison to virgin materials. These materials could be used for different but
yet valuable products. An example is a fabric made from recycled plastic bottles.
The fabric is now used to make raincoats and reusable shopping bags.

• Recover: Recovery is employed when waste is converted into resources such as
heat, electricity, or even fuel. Once considered aswastes, biomasses from farming,
particularly in agriculture-base countries, are converted into sources of energy to
be used in postharvest processing. Plastic waste is known to be able to be turned
into fuel although its economic viability remains questionable.

Reduce, Reuse, Remanufacture, Recycle, and Recover (5R) principles should
be applied by all the parties throughout the supply chain including the customers
themselves. From the perspective of reducing the need for virgin materials, reduce in
the 5R principles tends to be more effective as it directly decreases the demands and
material needs. To reuse the product, the customermay need towash or clean it which
may induce environmental impact from the cleaning process with a cleaning agent.
For remanufacture, recycle, and recover, the impacts to the environment increases,
respectively, when the principles are practiced. Thus, it is advised to start from reduce
and then extend to other principles as shown in Fig. 2. Disposal is used only after
all the above options are exploited. Common disposal methods are landfilling and
incineration.

3 Circular Supply Chain Models

For a long-lasting business, its operations must create economic value or the equiv-
alence of financial return. Circular economy is relatively a new economic concept.
For the concept to work, it requires an innovative value creation with radical
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Fig. 2 Hierarchy of 5R principles (Credit: Illustration by Sawaros Thongkaew from STEAM
Platform)

or incremental changes to deliver that value—through goods or services—to the
customer.

For example, Google data centers have adopted the circular economy concept
and are able to claim hundreds of millions of dollars per year in cost saving and
new revenue earning. Circular economy practices at Google can be grouped into
three dispositions: inventory management, re-sale/remarketing, and material recy-
cling (see Google Data Centers example for details). Another example is a French car
maker, Renault, who is also an early adopter of the circular economy model. Renault
makes changes in several of its operations, including remanufacturing of used compo-
nents, managing material flows, manufacturing service improvement, and new busi-
ness model of electrical-vehicle battery ownership. These changes generate nearly
$270 million dollars annually and saving of 20–88% in various operations along the
company’s supply chain (more details are in Renault example).

Google Data Centers [6]

Once servers at any Google’s data centers are decommissioned, they are dismantled.
Usable components such as CPUs, motherboards, hard disks, and memory modules
that pass the quality inspection are kept as refurbished inventory. These refurbished
parts are then used to build remanufactured servers and are deployed back into the
centers. The centers thus utilize both the latest technology platforms, as well as older
ones. Both new components and refurbished ones are equivalent once they are in the
inventory.

Maintenance and repair are also practiced regularly to prolong the life expectancy
of the servers. Google internally assesses component inventory every quarter. Any
excess is sold to secondary markets through selected remarketing partners. In 2015
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alone, Google resold almost 2 million units. Components such as hard drives and
storage tapes that cannot be resold are crushed and shredded. They are securely
processed as electronic waste and sent to recycling partners. Recycled materials can
later be turned into reusable materials. The saving from these dispositions of circular
economy throughout the supply chain of the data centers ranges from 19 to 75% of
Google’s normal operations.

Renault [2]

Since the adaptation of circular economy, Renault has been realizing economic bene-
fits in several of its operations. The followings are examples of circular economy
practices at the company.

Part Remanufacturing: The company invested in redesigning its automotive
components to increase the reuse ratio and standardize components for easy sorting.
Although the labor cost has increased, the saving is realized in less machining of
parts, higher material yield as there is less waste, as well as energy and water usage
reduction.

Raw Material Stream Management: End-of-life vehicles are dismantled and
quality materials are recycled. Design adjustments of several parts enable materials
from used vehicles to be turned into high-grade materials for new cars. Renault also
works closely with the steel recycler to provide steady streams of raw materials.

Internal Service Improvement: Across Renault’s supply chain, the company
actively seeks collaborations with its suppliers to benefit from circular activities.
The cutting fluid used in the company’s machining centers is an excellent example.
Renault asked the supplier to not only supply the cutting fluid, but also maintenance
and waste disposal services. The supplier then reengineered the cutting fluid and
usage process, yielding 20% of ownership cost reduction and 90% less discharge
volume which become savings in waste treatment.

New Battery Ownership Model: Renault was the first car manufacturer to lease
batteries for its electrical vehicles. Renault’s batteries are now fully traceable to
enhance closed-loop collection rates for recycling.

3.1 Circular Value Creation

Value creation or economic realization in circular economy may be categorized into
at least four models.

• Reuse, Refurbishing, and Remanufacturing: These simple activities have
proven to yield fast and substantial saving in practice. Reuse, refurbishing, and
remanufacturing often lead to less materials to process; thus they require less
energy andwater, and discharge lesswaste. These footprints are shared throughout
the product’s useful life. Associated externalities such as greenhouse gasses
and environmental toxicity are also reduced. With less utility usage and waste
treatment, cost saving could be realized.
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• Longer Circularity: The idea of longer circularity is to maximize the life of the
product in every cycle in order to avoid new product creation. A new product
ownership model can encourage repair, reuse, or remanufacture actions of the
new owner to extend the life expectancy of the product. Second-hand apparel is
an example of prolonging product life cycle through change of ownership.

• Cascaded Usage: Once a product reaches its maximum usage in one function,
it may be transformed or reused in another function. Fabric made from recycled
plastic that is earliermentioned is one example of a cascaded use.Another example
is cotton clothing which is now reused as a substitute for virgin materials in
fiber-filled upholstery.

• Pure Inputs: Uncontaminated materials increase collection efficiency and reuse
ratio. Quality used materials are also easier to processed and recycled which helps
increasing material productivity and extending material longevity. Collection of
uncontaminated materials is still a challenging task and is driven by the market
price mechanism where uncontaminated materials are priced higher than those
contaminated ones. However, in the future, the used material collection could be
executed more effectively through digital technologies and tracking information.

Noted that there are still the three flows (materials, information, and fund) in the
circular supply chain but in certain areas, they are utilized for a different purpose,
so-called Repurpose. For example, the data from product traceability which was
difficult to trace from the customers is now used by the product manufacturer for
repair and maintenance due to change of ownership in the business model. Financial
benefits could be created and captured through applications of each model or their
combinations. With the current technologies, most products are incinerated or put
into landfill at the end of their useful lives (as shown in Fig. 3). With better technolo-
gies and changes in customer behavior, these burdens to our environment could be
alleviated or completely eliminated.

3.2 Energy Cycle and Bio-Base Materials

An important driver of circular economy is renewable sources of energy such as solar,
wind, wave, and biomass which in return significantly save energy cost for goods
production. The cost of solar PV based electricity is now less expensive than that
produced by fossil fuel since 2012, and the price continues to drop. In agricultural-
based regions, organic wastes are processed through anaerobic digestion to produce
biogas, usable to make heat, steam, and electricity which are utilized in postharvest
production of several agro-industries.

Cassava starch production, for instance, has used its bio-base wastes to generate
biogas, produce fertilizer, and mix with other ingredients in animal feed. The biogas
obtained is processed to produce heat for the drying process, as well as to generate
electricity to power the production plant. A similar practice is seen in the canned
pineapple industry. The skin of fresh pineapples and pineapple cores are used to
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Fig. 3 Value creation models in circular supply chain (Credit: Illustration by Sawaros Thongkaew
from STEAM Platform)

produce methane (biogas). The wastewater collected from the pineapple canning
processes is mixedwithmicroorganisms to produce liquid fertilizer that is sometimes
given back for no cost to neighboring pineapple farmers and communities. From
these examples, the energy needed to power the economic cycle can at least partially
be migrated to more bio-nutrient sources to decrease fossil fuel dependency and
increase system resilience. Circularity of biological materials to the biosphere are
usually preferred over technical materials which are more difficult to decompose.

Through digital technologies and regulation changes, it is now possible to
exchange and/or trade energy with a local network of energy producers, consumers,
and prosumers (an entity that behaves as a producer at one instance and a consumer
at another instance) in many parts of the world. One such technology is virtual power
plant (VPP). Through VPP, an energy producer in a sunny area may sell excess elec-
tricity to those in shady ones; or an agro-business may sell its biogas surplus during
the harvest season but buy other forms of energy during other periods of the year.
VPP allows community energy trade without having to establish large power plants.
Large power generation plants are not so welcome nowadays as they often lead to
local pollutions to nearby communities.

3.3 Post-consumption Collection Schemes

After products are used or reach the end of the useful life, they are discarded. To
further reuse the products or certain parts of them, they need to be collected. There
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are several schemes to systemically gather these post-consumption products. The
followings are some examples of the collection schemes.

• Advanced deposit fee: When a product is purchased, there could be a fee charged
at the price of the product. The fee is refunded to the customer only when the used
product is deposited to a collection center such as a supermarket in the right
condition. This collection scheme is often used with beverage cans and plastic
bottles.

• Take-back program: In some countries, the manufacturers of certain products
are required by law to take back the used products. For examples, waste electrical
and electronic equipment (WEEE) and batteries in the European Union need to be
collected by the producers because they may contain substances that are harmful
to human health or have negative impacts to the environment. This legislation
initiative is a part of extended producer responsibility (EPR) aiming to increase
product recovery by passing the responsibility to the producers or polluters.

• Trade-in or rebate: Products that reach the end of their useful lives could some-
times be exchanged, or so-called traded in, for some discount to purchase new
products. Although the discountmay be devised primarily to attract sales, the used
products get collected and treated. The returned products are processed to lessen
effects on the environment and are sometimes recycled to make new products.
Examples of products that have used this collection scheme are used clothes and
mobile phones.

• Pick-up system: Household wastes are often seen using this collection scheme
where the wastes are collected from customer locations in exchange for some fee.
The collected wastes are then transported to local municipals to be sorted, treated,
or sent to landfill locations.

• Public recycling facility: In some areas, the consumers are responsible to deposit
a certain used products at a designated public recycling facility. The recycling
service can be provided at no cost or for some small fee. The returned products
get recycled at the center or sent out to other special recycling facilities.

The next section provides basic building blocks of the circular economy concept
and suggests certain assessment guidelines.

4 Circular Economy Building Blocks and Measures

It is important to understand factors that influence the success of circular economy
in existing organizations so that these enabling factors can be imitated and amplified
in other firms. From the literature, key building blocks of circular economy can be
grouped as follows.

Business and product design: Identify value creation, value capture, and value
distribution in a given business context. Broader business models should be explored
such as a service or performance-based one, value-added service, product return with
intended incentive, and cascaded use of products.
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Circular design: Identify means to extend the useful life of the products. Certain
techniques can be deployed such as design for easy end-of-life disassembly and
sorting, eco-design, standardized components, innovative ways to reutilize by-
products and wastes. Reengineering of materials in certain applications can prolong
material recycling ability.

Forward and reverse supply chain: Identifies operations that contribute to effi-
ciency and effectiveness in forward and reverse chain such as delivery logistics,
customer services, returned product sorting, green purchasing, material leakage
points, and risk assessment. These activities are potential cost savings, enhancing
product collection and treatment system, as well as effective towards end-of-life
product services.

Environmental and societal consideration: Consider environmental and social
issues in business strategies and operations. These issues include health of both
employees and communities, populationgrowth, job creation, climate change, quality
agriculture, conservation of renewable sources, and customer awareness. Environ-
mental and social issue inclusion make circular economy more sustainable beyond
material circularity and profit-making in traditional business.

System and infrastructure: Enable the system through digital transformation,
new forms of partnerships and collaborations. Use new regulations as incentives
to internally change the organization and rethink organizational characteristics and
financial models.

Several instruments and models could be deployed to promote circular economy.
The next issue is to assess how well the organization performs under the context of
circular economy. There exist several ideas to measure the CE performances such as
the following metrics (Table 1).

These metrics are not exhaustive. They are merely examples of measures that can
be used to benchmark with other organizations. The user should be selective of the
measures or develop new ones to fit the context of the organization. For instance,
from the Google Data Center example, the company optimizes end-of-life or servers
based on the total cost of ownership instead of industry accounting standard. This
keeps Google stay technologically competitive and yet economical.

Although there are several metrics for assessing circularity, economic value is
one of the most common metrics. Economic values may not account for externality
costs in some products, but these values could at least signal relative scarcity. The
economic value could be estimated in several ways, but a simple one is from the
market prices.

For a used product, it is possible that only certain parts or a fraction could be
recirculated. Let c be product-level circularity, then the product circularity can be
expressed from its economic value as

c = economic value of recirculated parts

economic value of all parts
(1)

Wemay think of a product as consisting many parts. Some parts are recirculatable
(r ), while the others are non-recirculatable (n). For any product or part i , then
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Table 1 Circular supply chain metrics

Category Metric detail

Resource efficiency Measures relating to part/product over its lifetime
Metrics: recycling efficiency, product longevity,
supply risk and scarcity, conservation of value,
value change and retention, resource productivity,
energy efficiency, life cycle assessment, net
material saving

Material stocks and flows Measures relating to resources and usage
Metrics: stock availability and concentration,
down-cycling quality loss,
recycling/remanufacturing potentials, resource
productivity, cascading use, product traceability

Product-centric and environmental impacts Measures relating to product, waste, and
environment concerns
Metrics: amount of virgin stock and secondary
materials, process inputs, product toxicity,
cradle-to-cradle certification, eco-labeling, waste
disposal, greenhouse gas emission, reuse/recycling
complexity, pollution reduction, shift to renewable
energy, land productivity and soil health

Economic and other performances Measures relating to product, waste, and
environment concerns
Metrics: financial growth, investment recovery,
job creation, health impacts to animal and public,
take-back rate, resource sharing, information
exchange among partners (trust level), technology
assisted circulation, price volatility reduction

ci = ri
ri + ni

(2)

The term ri + ni can be thought of the value of a new product (or part). Services
involved in producing the product may be considered through the non-recirculatable
term in Eq. (2). Using this assessment metric, the product circularity is always
between 0 and 1.

Example A laser printer toner cartridge consists of a plastic casing and ink powder.
The plastic casing can be reused after the cartridge is depleted, but the ink is not.
Suppose that to refill the reused cartridge it requires some labor work of $5 per
cartridge. The plastic casing is worth $40 each and the ink powder $30 per cartridge.
Then the circularity of this cartridge is

c = plastic casing cost

plastic casting cost + (ink powder cost + labor cost)

= 40

40+ (30+ 5)
= 0.533.
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In addition to economic and environmental impacts of circular economy, social
implications are perhaps the most difficult aspect to measure. Corporate reports
usually account for immediate financial consequences in their financial statements.
There is yet a diverse debate in the academic literature of appropriate methodologies
to include social externalities in financial values in corporate financial reports. For
example, food waste in inner-city areas that are once unwanted could be turned into
energy for urban families through the circular economy concept. It does not only
reduce negative environmental externalities, but potentially improve the resiliency of
the communities in being more energy independent. Managing all the food waste can
be a challenge, but at the same time, it creates business opportunities for individuals
or possibly the entire communities.

Methods to explicitly measure, collect, and analyze data on social impacts are
still evolving. The consequences remain in including these social externalities in
the fund flow of the circular supply chain. It is possible that social externalities are
contextual depending on activities, communities, industries, and the risks involved.
Without social impacts measured, however, assessment of circular supply chain is
not completed, and the full potentials of circular supply chain may not be obtained.
The benefits of circular supply chain could be underestimated or completely ignored,
particularly the social implications.

5 Circular Supply Chain Implementation Strategies

To execute circular economy, strategic activities must be established. Clear plan of
action is a fundamental requirement needed in the organization.A starting actionmay
be to identify certain materials, understand the flows of materials, information, and
fund, and determine material leakage points together with their quantities—which
from another angle could be considered as potential benefits. Then map out relating
operations, barriers, and technological landscape to explore themost promising areas.
Product andmaterial usagemay need to be redefined from the perspective of intended
use, alternative use, and use period. This can help create new businesses or facilitate
replacement and financial return periods. Improvement of existing operations should
be continually executed, while identifying stakeholders to support short, medium,
and long-term goals.

Once there is a clear plan of action, enabling mechanisms can start. The reverse
loop may need to be set up if it does not already exist. Select the material from
a preferred short list that is suitable for the circularity. Identify the right partners
and agree on a business model that the benefits are shared. Follow mutually agreed
roadmap among the partners. Quantification of economic impacts may begin with
material flow or material circulation in comparison to no circularity. A focus could
be on inputs such as material, energy, water, labor, and/or outputs such as wastes and
carbon emissions. Assessment may include innovation development and leakage
point reduction.
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Several successful companies who implement circular economy philosophy have
expanded their business from suppliers to business solution providers by which idle
assets are better utilized (seePhilipsLighting as aService for an example).Ownership
and take-back models are being rethought over or taken control in the form of rental
and leasing. This allows high-cost products to compete with low-cost ones over
traditional sale model. At the same time, the products or assets are better utilized and
the cost is shared among the parties including the customers to gain better services
for the customers, better quality of returned products to the producer, as well as a
more stable stream of revenue to the involving partners.

Collaboration and sharing can accelerate circular economy. Collaborative plat-
forms may allow people to exchange intangible assets such as skills, experience,
knowledge, and space. These platforms could be a marketplace for recruitment and
outsourcing small jobs. Redistributive markets such as eBay and Craigslist are also
possible through internet technologies. These virtual markets reduce shopper’s travel
trip and potentially save carbon emission. Information technology is a key enabler to
mobilize circular economy in many industries. Reverse material data and Big Data
analysis can be utilized to improve material circularity. Innovative materials that can
endure circularity longer may need to be engineered with perhaps external experts
or new partners.

A connection between digitization and circular economy is becoming promi-
nent in recent years. We have seen that digital technologies have been adopted in
several functions of the supply chain such as in inventory and warehouse manage-
ment, material purchasing, enterprise resource planning (ERP), freight management,
and financial transaction record keeping. Modern digital technologies may include
machine learning and predictive analysis to project the future outcomes or detect
certain behaviors in that function. For circular supply chain, in many cases, it is the
digital technologies that initiate changes in the infrastructure that in turn facilitates
circular supply chain transformation of the company. Digitization in circular supply
chain is often used to connect data among suppliers, service providers, customers,
and their devices. Data storage and data access could be executed through cloud. This
can greatly benefit companies that operate in several locations to be able to share,
synchronize, and analyze the same set of data in real time or almost real time. Conse-
quently, once the data access and transparency is improved the decision-making of
the entire organization can be made faster and with the most updated information.
This would improve operational efficiency and optimize business impact.

Several technologies and digitization of supply chain operations are gaining popu-
larity, including blockchain, big data, data visualization, e-commerce platform, smart
mobility, cloud service, virtual reality, augmented reality, artificial intelligence, busi-
ness intelligence, and optimization. Whichever of these technologies are selected,
they should improve at least some of the circular supply chain activities such as
product design, target customer attraction, product tracking, technical and mainte-
nance support, and end-of-life activities. An area of concern for the digitized circular
supply chain is data security.While sharing of data enables collaboration in the supply
chain, some datamay need to be securely isolated and shared onlywhen necessary for
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the purpose of competitive advantages. Data security measures and data privacy poli-
cies should be put in place when digitization is implemented. Ethical issues should
be clearly discussed early on when data digitization is employed to a personal or
community level.

Philips Lighting as a Service [2]

Philips became a pioneer who shifted from selling light bulbs to lighting as a service
provider. Philips’ business models redefine the notion of access versus ownership of
lighting systems, but the businessmodel was in fact generated from circular economy
principles. Through the service, Philips install, maintain, manage end-of-life light
bulbs. The customers no longer need to invest in the lighting system upfront, nor
stocking light bulbs for emergency replacement. Since Philips retains the ownership
of the products, this allows easier and better management of discarded light bulbs
for recycling and reclaiming valuable materials. The lighting services include rental,
leasing, pay-per-use, and pay-per-service models.

The role of the consumers in circular supply chain is another area that is largely
unexplored and requires further investigation. Circular products need to be designed
in such a way that they are appealing to general consumers. Educating the general
public of the quality of the circular products, as well as marketing and pricing, are all
essential to move circular economy forward and make the whole supply chain more
sustainable.

6 Conclusion

Climate change and environmental conditions are posting unprecedented threats to
the world’s growing population. It is our duty to resolve those threats. Circular
economy is offering a solution to alleviate those threats while being economically
viable. Its fundamental concept is to maximize material utilization to reduce the need
for virgin material and maintain environmental balance, and yet continue economic
growth.

Several companies have adopted circular economy throughout their supply chains
and found success. Examples of different activities and areas where other companies
should concentrate on circular economy are given in the chapter. These could be
a starting point for novice circular economy adopters. Nevertheless, the context of
the individual business should also be considered and adaptation may be needed.
Several measures to assess how well the parties in the circular supply chain are
performing are suggested, although they too are context-dependent. Sectors that
have already realized benefits from circular economy through their supply chains
include packaging, food, electronic and electrical equipment, transport, furniture,
buildings, and construction. While new problems require innovative solutions and
determination to overcome, businesses and customers together need to be resolute in
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mobilizing circular economy and circular supply chain to realize their true potentials
and maintain the balance of our environment for future generations.

Questions

1. Compare the traditional and circular supply chain models in terms of involving
parties, advantages and disadvantages, ease of implementation, etc.

2. Select an existing supply chain. Then apply the circular supply chain concept to
it.

(a) Discuss different business models, material leakage points, material flows, etc.
(b) If the selected supply chain is already a circular supply chain, try to improve it

based on different metrics.
(c) Propose technologies that can improve the circular supply chain.

3. Select a product. Propose how to improve its collection and recyclability. Assess
economic, environmental, and/or social impacts of your proposed solution.

4. Recommend relevant digital technologies that may improve the circularity of a
product. Different technologies may be utilized for different parts of the supply
chain of the product.

5. It is possible that a disruptive event such as a natural disaster or global pandemic
(COVID-19 for instance) can affect a circular supply chain. Suggest preventive
or corrective measures to alleviate impacts from such disruptive event.

6. It is still a debatable topic in how social externalities be measured in financial
terms.

(a) Discuss advantages and disadvantages of different assessmentmethods of social
externalities. Select one method (or create one) and suggest how it should be
integrated into circular supply chain, particularly in the financial flow.

(b) Are there any business opportunities from the lack or incomplete assessment of
social externalities in circular supply chain?
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Circular Economy Business Models
and Practices

Anna Itkin

Abstract Business model is at the heart of every business. It is the way a company
creates, captures, and delivers value and it is a prerequisite for a strategy to be
implemented throughout an organization. Traditionally, value was considered to be
purely financial. However, with increasing global environmental, social, and political
challenges, we need to create a more sustainable society where economic growth is
decoupled from resource consumption. In order to enable the transition to circular
economy, businesses are expected to play a significant role in the shift to a circular
economy by implementing circular business models.

Keywords Business model · Circular business model · Value · Innovation ·
Design · Sustainability · Resource loops

Learning Objectives

• What is a business model?
• What is value?
• Business models as a value creation mechanism
• Circular Economy Business Models as an archetype of Sustainable Business
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1 Introduction

1.1 Introduction to a Business Model

Business, since it first began in pre-historic times, was about selling at profit. The
business model (BM) concept became prevalent with the dawn of the Internet in
the mid-1990s (Fig. 1). And in 2010 Alexander Osterwalder and Yves Pigneur had
offered a comprehensive definitionof aBMas “…the rationale of howanorganization
creates, delivers, and captures value” (Fig. 2). This definition is built on a broad
underlying theory that represents company’s interactions with its value chain and
broader network of stakeholders, fulfillment of its existing business strategy, and can
be used as a tool for innovation and communication.

Osterwalder and Pigneur have designed Business Model Canvas (BMC) (Fig. 3),
that lays out and connects assumptions about key resources and activities of the value
chain, value proposition, creation, delivery and capture, customer relationships, key
channels, customer segments, cost structures, and revenue streams [1]. The proposed
nine building blockswill have a specific configuration for each company that describe
and define how it creates, captures, and delivers value. BM is not a static structure,
rather it’s a continuous work in progress, given a company wants to stay relevant

Fig. 1 Major Milestones in Business Model Development

Fig. 2 Core pillars of the business model. Whalen, K [12], Ph.D. thesis
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Fig. 3 Business Model Canvas (BMC) tool developed by Osterwalder and Pigneur [1] (strate-
gyzer.com) build on the BMC, Ellen McArthur foundation in collaboration with IDEO have added
prompts and questions to facilitate design of a circular business model [24]

and profitable in the long-term. Similar to the scientific method–it starts with a
hypothesis, which is then tested and revised with changing business environment. In
increasingly volatile, uncertain, complex, and ambiguous (VUCA)world, companies
can use this approach to become resilient and to remain relevant. Consideration of
a wide range of stakeholder interests – including environment and society among
them – in the BM, serves as an important driver of business innovation that can help
to embed sustainability into a business purpose, processes and strategy, and serve
as a key to creation of competitive advantage. How can we encourage companies
to significantly change the way they operate to ensure more responsible production
and consumption? Business Model Innovation (BMI) is an approach that helps to
deliver sustainability [2] and circularity through BM reconfiguration and broader
value creation.

1.2 Value Creation Through a Business Model

From a value creation perspective, BMs traditionally focused on satisfying the
customer needs, economic return to shareholders, compliance, regulation or legisla-
tion requirements, long-term economic viability or continuity of the firm. Sustainable
business models (SBM), however, widen the notion of value creation to include envi-
ronmental and social value. Environmental value creation covers sustainable use of
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natural resources, biodiversity conservation, avoidance ofwaste and pollution or their
safe recycling and elimination, regeneration of ecological services such as natural
climate regulating systems, pollination, and soil fertility. Social value creation is
concerned with issues such as all stakeholder inclusion and participation in decision-
making, responsibility, labor standards, human rights, community relations, welfare,
culture, poverty alleviation, and equal opportunity to access resources [2]. In order to
shift from traditional BM to SBM, companies undertake BMI activities (Fig. 4) that
enable them to generate competitive advantage whilst also creating environmental
and social value and contributing to sustainable development.

A definition of SBMbySchaltegger et al. states that “A businessmodel for sustain-
ability helps describing, analyzing, managing, and communicating (i) a company’s
sustainable value proposition to its customers, and all other stakeholders, (ii) how it
creates and delivers this value, (iii) and how it captures economic value while main-
taining or regenerating natural, social, and economic capital beyond its organizational
boundaries” [3].

One subset of SBM are Circular Business Models (CBM) – these are BMs and
industrial processes which embed extended use of products, their parts, andmaterials
by means of designing out waste and pollution. Beyond immediate environmental
benefits at its core, the circular economy is about economics and competitiveness,
says Professor Walter Stahel. In 1970s, he pioneered work on extending the life
cycle of products and later coined the term Performance Economy (or Functional
Service Economy), which focuses on selling performance/services instead of goods
in a circular economy, internalizing all costs (using closed loops, cradle to cradle
approach) [4]. In 1981, Stahel articulated these ideas in his paper “The Product-
Life Factor” and identified selling service instead of products as the ultimate SBM
of a circular economy: selling service enables to create sustainable profits without
an externalization of the costs of risk and costs of waste [5]. From the business
perspective, longer product-life strategies and the impact of circular industrial design
deliver competitive advantages to companies when compared to simply recycling.
Taking plastic as an example, McKinsey & Company calculated that plastics reuse
and recycling could generate profit-pool growth of $60 billion for the petrochemicals
and plastics sector [6]. The “The New Plastics Economy: “Rethinking the future
of plastics” report by World Economic Forum, Ellen MacArthur Foundation and
McKinsey&Company calculated that plastic packagingmaterial value loss translates
into an annual value loss of $80–120 billion [7].

1.3 Expanded Schools of Thought

Asmall number of thought leaders and scholars devised additional schools of thought
around what circular economy is about (Fig. 5). Professor John T. Lyle proposed the
idea of regenerative design where all systems, from agriculture onwards, could be
conceived and executed in a regenerative manner-that processes themselves renew
or regenerate the sources of energy and materials that they consume [25].
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Fig. 4 A value mapping tool for sustainable business modelling [26]

Michael Braungart and Bill McDonough have developed the Cradle to Cradle™

concept [27] and certification process [28]. The Cradle to Cradle framework focuses
on design for effectiveness in terms of products with positive impact, which funda-
mentally differentiates it from the traditional design focused on reducing negative
impacts.

Industrial ecology is a man-made ecosystem that operates in a similar way to
natural ecosystems, where the waste or by product of one process is used as an
input into another process, thus closing the loop on the notion of waste with an
emphasis on natural capital restoration. Industrial ecology adopts a systemic point of
view, designing production processes in accordance with local ecological constraints
while looking at their global impact such that they perform as close to living systems
as possible. Principles of industrial ecology can also be applied in the services sector
with a focus on social wellbeing [8].

Janine Benyus defines her approach—Biomimicry—as “a new discipline that
studies nature’s best ideas and then imitates these designs and processes to solve
human problems”. Biomimicry relies on three key principles where nature serves as
model to emulate forms, processes, systems, and strategies to solve challenges; as
an ecological standard to judge sustainability of all innovations; and as a mentor to
learn from rather than a reservoir of resources to exploit [9].

Natural capitalismwas described byPaulHawken,AmoryLovins, andL.Hunter
Lovins in their book “Natural Capitalism:Creating theNext Industrial Revolution” as
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Fig. 5 Extended Schools of
Thought (the image by
Sawaros)

a global economy inwhich business and environmental interests overlap, recognizing
the interdependencies that exist between the production and use of human-made
capital and flows of natural capital [10]. The idea of natural capitalism relies on four
principles:

1. Radical change in design, production, and technology that prolongs the use of
natural resources resulting in savings in cost and time, and therefore, increased
productivity.

2. Eliminate the concept of waste, inspired by nature where all systems are
circular—an output of one process becomes and input of another.

3. Product as service business model where value is created through continuous
flow of services rather than product sales.

4. Restore and regenerate natural capital—the world’s stocks of natural assets
including soil, air, water, and all living things.

Blue Economy initiated by former Ecover CEO and Belgian businessman Gunter
Pauli. The idea of Blue Economy is based on 21 founding principles using locally
available resources and sufficiency. It is driven by innovative business models
that provide competitive advantage through innate virtues and values connecting
untapped local potential [11].

1.4 Overview of Circular Business Models

Existing CBMs are difficult to assess because of the diverse value constellations and
various extent of contributions towards achieving Circular Economy. It was found
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that firms contribute to a circular economy through two main overarching circular
business model strategies: “Extending Product Value” and “Extending Resource
Value” [12] (Table 1).

The sole theoretical classification of CBMs currently available in academic liter-
ature can be seen in Fig. 6 [13]. Building on this concept, Whalen [12], classified the
archetypes according to their value proposition, creation & delivery, and capture
(Table 2). The classical definition states that CBMs capture, create, and deliver
value by slowing, closing, and narrowing resource loops [12]. Slowing resource

Table 1 .

Adopted fromWhalen (2020) Proposed a framework to illustrate circular business models elements.
Developed from an empirical review of circular business models. Note value capture spans both
columns, as similar approaches apply to both categories [12]
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Fig. 6 Circular Business Models Archetypes adapted from Bocken et al. (2016)

loops includes product-life extension strategies such as maintenance, repair, refur-
bishment, and remanufacturing, while closing resource loops is linked to capturing
the residual value from by-products or “waste” through business model innovation
[14]. Narrowing resource loops focuses on reducing the demand for energy and
resources, thereby reducing demand for primary extraction of resources, reducing
waste to landfill,CO2 emissions, andother pollutants. This latter approach contributes
towards system-wide reduction of resource consumption, efficiency in material, and
energy. However, optimization and efficiency implemented in silo, without regarding
the system in which companies operate, generates rebound effects [15], and wider
negative impacts. In addition, since productivity and efficiency in manufacturing
often mean automatization and novel technology adoption, these trends have led
to increased unemployment and resulting social sustainability issues [16]. Hence,
CBM need to incorporate wider environmental and social considerations and aim at
positive social impacts alongside environmental sustainability.

Case Study 1

Lehigh Technologies

Lehigh Technologies is a specialty chemicals company that produces highly engi-
neered, versatile raw materials called micronized rubber powders (MRP) that can
replace up to 20% of traditional oil-derived and rubber-based feedstocks in a wide
range of applications. High-quality, micron-scale MRPs are suitable for a number
of high-performance consumer and industrial applications, including tires, plastics,
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Table 2 Theoretical archetype framework for CBMs

Archetype Value
proposition

Value creation &
delivery

Value capture

CBM1 Access/Performance
Model

Delivery of
functionality or
use instead of
ownership

Lower cost of
ownership to
consumer; offers
firms economic
incentives to slow
resource loops
(perform
maintenance,
undertake repair)

Pay per unit of
service; pay for
functionality;
pay per use

CBM2 Extending Product
Value

Use and/or
recovery of
used products or
components

Collection or
redistribution or
used products;
perform repair;
refurbishment;
remanufacturing

New forms of
value; reduced
material or
overall costs

CBM3 Classic Long Life Offer
long-lasting
products

Durable,
high-quality product
and long-term
customer service

Usually
premium price

CBM4 Encourage
Sufficiency

Encourage
reduced
consumption

Quality products,
high levels of
customer service;
firm takes
stance against
obsolescence

Premium pricing
due to slower
sales

CBM5 Extending Resource
Value

Use and/or
recovery of
wasted resources

Take-back;
collection,
recycling;
recovery; and/or use
of waste;
often takes place at
product level

Reduced
material of
overall costs

CBM6 Industrial
Symbiosis

Waste outputs
used as inputs

Outputs used as
feedstock for
different use; often
takes place at
manufacturing and
process level to
benefit business

Reduced
operating cost;
new business
lines

Adapted from Bocken et al. (2016) and created by Whalen [12]
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asphalt, and construction materials among others. Importantly, MRPs are a lower
cost, sustainable alternative to virgin rubber and oil-based materials, providing a
boost to the bottom line.

Lehigh Technologies developed an approach to value recovery from a waste-
stream using proprietary cryogenic (freeze-dry) turbo mill technology that turns
end-of-life tires into competitive feedstock for new products. As of April 2018, the
company has manufactured over 500 million new tires using its circular model,
reducing the amount of tires and post-industrial rubber discarded to landfills.

Every pound of Lehigh’s MRP helps save: 10kwH of energy and 40% of the CO2

produced with traditional alternatives [17].
The company is not only a manufacturer of specialty chemicals, but also a

technology company and a provider of consulting services to their customers.
The company used the approach of closing resource loop for value proposition,

creation and capture, and a narrowing resource loop during itsmanufacturing process.
Focus of value proposition here is ExtendingResourceValue—the company offers

products made from recovered resources (i.e. old tires). The value is created and
delivered via manufacturing of new products from recovered resource and the source
of value captured is many fold—revenue from previously obsolete product (old tires
destined to landfill), cost savings, service contracts, partnership agreements, and
environmental and social benefits.

Credit: Lehigh Technologies business model (http://www.lehightechnologies.com)
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Case Study 2
“Since 1959, Vitsœ has made long-living furniture, always striving to be better rather
than newer”[18]. Vitsœ is a shelving and storage manufacturer and supplier. It was
founded as a radical design-driven company, introducing a modular and timeless
design philosophy to product design. Its vision is to manufacture furniture to last
as long as possible, be adaptable and infinitely reusable, and not subject to fashion
trends. The company specifically avoids built-in obsolescence and avoids fashion-
able furniture trends. Customers receive bespoke service through allocated personal
planner to ensure that every detail is taken care of and… it’s free of charge! The
key ingredient is trust: customer trusts that the company has their best interest in
mind, the product purchased now will be around for years to come, and they can
purchase additional units as they need (when redecorating or moving to a different
house). Company’s products reflect longevity, durability, modularity, and long-term
close relationships with customers. The furniture is made directly at their factory and
delivered directly to the customer worldwide. Vitsœ takes a stand against inflated
prices and following “discounts”. In the absence of a middlemen, their markup is
lower than the industry norm allowing customers to receive higher-quality furniture
for this price via fair, honest price lists—“…the only difference between the price
lists is the inclusion of the cost of our administration and packaging depending on
the customer’s location in the world”.

This case illustrates Cradle to Cradle framework approach where network/system
perspective is taken in design of the business model. At the basis of it is not
only long-lived and durable furniture design manufactured in sustainable manner
(reduced resource consumption andminimal environmental impact), but importantly,
consumer education and awareness that encourages sufficiency—business that seeks
to moderate overall resource consumption by curbing demand through education
and consumer engagement. The company has 5 locations and ships its products to
60 countries around the world.

This company offers an example of a circular business model where sustainability
is embedded throughout the business, with vision, value, and organizational culture
(norms, values, and governance) driving the initiatives on sustainable consumption
and production [2]. “Our reason for being: allowing more people to live better, with
less that lasts longer. When you visit Vitsœ, you will find that we are walking the
talk—everywhere. As I type, I can see our chef making use of the leftover food for
another meal. How do you measure that? There are hundreds of similar examples—
many too small to botherwith.But they all addup.”—saysMarkAdams theManaging
Director of Vitsœ.

http://www.lehightechnologies.com
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Credit: Vitsœ

Case Study 3
Time Magazine wrote about them: “The best part: no sizes.” The revolutionary
process, offered in San Francisco and HongKong, eliminates inventory, fabric waste,
and ill-fitting standardizations to provide the only actually sustainable model that
exists.

Unspun®’s mission is to permanently alter design, manufacturing, and consump-
tion of fashion utilizing technology.While doing so, they aim to reduce global carbon
emissions by 1% (note: in 2019, global CO2 emissions reached 36.8 Gt) [19]. On
their website you can find the following statement: “We strive for global change and
massive impact so ensure the planet continues to self-regulate and support all life”.

What are they doing differently? First, there is no inventory—by focusing
on designing timeless garments that won’t go out of style, and are made only
when someone asked for them (i.e. on-demand manufacturing). Second, they are
implementing localized production, and third, use low impact fabrics. With these
steps they are creating a future of closed loops, zero-waste supply chains where
jeans can be disassembled and assembled again, meaning garments won’t go to
landfill/incineration after they’ve been worn down or no longer wanted.

Being only in the beginning of their journey, Unspun®’s jeans manufacturing
process already emits 24% less CO2, compared to traditionally produced pair of
jeans, based on Cradle-to-Grave Life Cycle Assessment (LCA) [20]. The dissolvable
thread collaboration launched with Resortec® and paired with a 3D weaving project
(not yet released) eliminates cut waste entirely and allows to dismantle and reuse
the denim material. In the future, the company estimates that these innovations will
reduce the CO2 impact by 53%. That’s over half the CO2 per one pair of jeans.
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The focus of Unspun®’s value proposition is offering durable products, as well
as offering services related to these products and their recovery. Value creation and
delivery is centered on “wear more, keep longer, and buy less” principles. Jeans
are custom-made using the highest quality materials so that they last. If each person
doubled the amount of times theywear a garment,GreenHouseGas (GHG) emissions
would be 44% lower, which saves 36% of carbon per pair of jeans [21]. The company
also offers repairs and alterations to ensure the longest wear.

The company captures value from premium pricing, environmental and social
benefits, service offerings, and partnership agreements.

Credit: Unspun®



450 A. Itkin

Case study 4
PramShare and PramWash were founded in Singapore, by newly minted parents
thatwanted to address challenge facedbymanynewparents—strandedprams,wasted
materials, expensive baby gear, frequent equipment replacement, andmaintenance—
these pain points drove the founders of PramShare and PramWash to use a different
approach to prams and their maintenance in Singapore, and provide parents with an
enhanced user experience.

PramShare offers long-term and one-time rentals of high-quality prams, strollers,
and car seats. Parents select the kind of gear they want to rent via the website, make a
payment, and collect their rental at a designated self-pickup point or opt for delivery.
While at PramWash, specialists do detailed cleaning of prams, strollers, baby carriers,
car seats, play pens, and even soft toys.

A product-as-a-service business model that provides parents with high-quality
prams, free of hassle of cleaning and maintaining, buying new gear, and stocking
the old one, all while reducing waste and keeping materials in the value chain for as
long as possible. Usually, at the end of the use of a pram, parents will dispose of it ,
where it will either end up in a landfill or will be incinerated. However, increasingly,
parents choose to sell their prams or even give them away for free to other parents
or companies like PramShare for continuous use. At the end of life, about 80% of a
pram’s materials can still be reclaimed and recycled into a new product.

The business model of PramShare draws inspiration from the sharing economy
where customers rent products for the period of time they need them instead of
owning the product. Through this approach, PramShare is able to maximize the use
of their fleet of prams instead of the less efficient conventional business model where
prams are sold to consumers, used for several months, and then are either disposed
or left idling for months or even years.

PramShare applies the concept of circular economy to create value fromunderused
products where they reuse and up-cycle used prams to fully working, as good-as-new
condition. Recovering, recycling, and repairing used prams reduces environmental
impacts by avoiding the need to extract and process rawmaterials in order tomanufac-
ture brand new prams. This value is captured through creation of new revenue stream
from underused resources, results in cost savings for the company and customers,
generates service contracts, and provides social and environmental benefits (original
case study was published here [22].
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Credit: PramShare

Questions

1. How to create a Circular Business Model?
2. How can circularity at the level of an organization can be assessed?

Answers

1. Shifting from linear to circular business models requires a fundamental system
change. This process is called business model innovation. There are numerous
tools available to assist with such endeavor. They range from generic a BMC tool
(Fig. 3), tools for eco-design, for sustainable business modeling to game-based
tools.

2. Earlier this year, Ellen McArthur Foundation released Circulytics [23] tool,
calling it “the most comprehensive circularity measurement tool.” It uses wide
range of indicators across its entire operations and assigns a score card with
comprehensive results that helps companies to track their results and level up
their aspirations.
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Abstract The transition to a circular economy requires themobilization of resources
and investments that support the adoption and upscale of ecological design and new
technologies and business models. Policy instruments, including economic instru-
ments, play a key role in ensuring that the prices of goods and services reflect the
economic damages or benefits associated with their production and use, thereby
creating incentives for circularity. Such incentives can help create a more playing
level field for innovative technologies and business models and play a key role in
freeing and reallocating resources that are currently used in the linear model. Finance
instruments will be instrumental to scale up funding in new business models to
support the transition toward a circular economy.
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ments?

S. Enriquez (B)
International Consultant, Mexico City, Mexico
e-mail: senriquez@gmail.com

E. Sánchez-Triana
The World Bank, Washington, D.C., USA
e-mail: esancheztriana@worldbank.org

M. G. Guerra López
International Finance Corporation, Sao Paolo, Brazil
e-mail: mguerralopez@worldbank.org

© Springer Nature Singapore Pte Ltd. 2021
L. Liu and S. Ramakrishna (eds.), An Introduction to Circular Economy,
https://doi.org/10.1007/978-981-15-8510-4_23

455

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8510-4_23&domain=pdf
mailto:senriquez@gmail.com
mailto:esancheztriana@worldbank.org
mailto:mguerralopez@worldbank.org
https://doi.org/10.1007/978-981-15-8510-4_23


456 S. Enriquez et al.

• What are the key trends and available tools that can help to mobilize private sector
investments into circular economy business models and technologies?

1 Introduction

Economic growth and industrialization have increased demand for resources and
waste generation, amplifying pollution and emission of greenhouse gasses, environ-
mental degradation and biodiversity loss. Economic instruments are incentives that
aim to incorporate environmental costs into the budgets of households and enterprises
and encourage environmentally sound and efficient production and consumption
through full-cost pricing [1].

This chapter examines how environmental policy instruments and financial mech-
anisms can support the transition toward a circular economy model. Section 2
describes the broad range of environmental policy instruments that are available
to support the transition to a circular economy, including phasing out of harmful
subsidies that consume significant government resources and represent amajor disin-
centive to promote a circular economy approach, as well as the adoption of other
instruments that can provide clear price signals and economic incentives favoring
circularity. Section 3 focuses on opportunities and challenges to maximize finance
for a circular economy and Sect. 4 presents our conclusions.

2 Environmental Policy Instruments for Circular Economy

Circular Economy shifts away from the current “take-make-dispose” model and
aims at decoupling economic growth from resource consumption by retaining as
much value as possible from products, parts, and materials and organizing the
economic activities into a closed-loopprocess of “resource-production-consumption-
regenerated resource” (Fig. 1).

Circular economy encourages a circular flow of materials and energy, based on
waste reduction, repair, reuse, remanufacturing, and recycling practices. The transi-
tion to a circular economy implies the adoption ofmeasures that reduce the extraction
and use of natural resources; and includes ecological design, new business models,
an adequate political context, economic instruments, and financing (Fig. 2). Envi-
ronmental policy instruments and financing enable investments in eco-design and
the adoption and scaling up of new technologies and business models. They include
incentives to free up and reallocate resources that are currently used in the linear
model, as well as mobilizing new funding to support the transition toward a circular
economy.
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Fig. 1 Circular economy cycle. Source Authors

Fig. 2 Circular economy needs. Source Authors

Institutional, market, and policy failures such as the absence of secure property
rights, environmental externalities,1 and subsidies, distort prices of natural resources
and environmental assets. As a result, producers and consumers do not receive the
correct price signals which in turn leads to overproduction and overconsumption of
products/services that are resource depleting or environmentally harmful. Economic

1According to the OECD [2], externalities refer to situations when the effect of production or
consumption of goods and services imposes costs or benefits on others which are not reflected in
the prices charged for the goods and services being provided.
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instruments such as the removal of environmentally harmful subsidies, property
rights, pollution taxes, tradeable emission permits, and refundable deposits aim to
correct these failures, by reflecting environmental impacts and resource scarcity in
prices so that producers and consumers can respond appropriately [3, 4].

This section will explore how economic instruments, including market-based
instruments (MBIs), can support the transition toward a circular economy.

2.1 Phasing Out Subsidies

Subsidies are deliberate policy actions that maintain consumer prices artificially low
leading to higher consumption of subsidized goods, which in turn results in higher
natural resources extraction, consumption, pollution, and GHG emissions [5].

Subsidies for goods and services can result in severe environmental degradation.
Examples of harmful subsidies include fossil fuels that increase greenhouse gas
emissions, air pollution and congestion, and discourage energy efficiency; agricul-
tural subsidies that can lead to the overuse of pesticides and fertilizers; and water
subsides that can promote its overexploitation. By not pricing the waste management
system and bearing the costs it generates, governments implicitly subsidize waste
generation. Subsidies may also lead companies to under-invest in more efficient and
environmentally friendly technologies, discouraging innovation and moving away
from adopting a circular economy approach [5, 6].

Restructuring environmentally harmful subsidies represents a “win–win” oppor-
tunity for the economy and the environment [7]. For instance, removing fossil fuel
subsidies would reduce greenhouse gas emissions and airborne pollutants and would
increase government revenues. According to the InternationalMonetary Fund (IMF),
fossil fuel subsidies were estimated at $4.7 trillion or 6.3% of global GDP in 2015
and $5.2 trillion or 6.5% of GDP in 2017. Efficient prices would have decreased
carbon emissions by 28% and would have avoided 46% of the deaths caused by
fossil fuel-related air pollution in 2015 (Fig. 3) [8]. Subsidies also result in lower
prices for other fossil fuel-based products, such as diesel, gasoline, or plastics.

Mexico successfully phased out subsidies to gasoline and diesel between 2008
and 2011. During this period, subsidies were reduced a few cents every month. The
gradual reduction of fuel subsidies resulted in savings of an estimated 112 million
tons of carbon dioxide [9]. An economy-wide assessment conducted in 2013, found
that elimination of all energy subsidies would be associated with a 1.5% higher GDP
growth over the long term because resources that were being used to pay for subsidies
could be used instead to increased government expenditure, potentially including the
expansion of public healthcare [10].

Even though energy subsidies are often well-intentioned, they usually do not
benefit the poor or even the lowermiddle class.Wealthier people have bigger homes to
heat, own more and bigger cars, and use more energy. Therefore, resources that were
meant to protect the poor are ultimately transferred to the wealthier part of society.
For example, in Mexico, the bottom 20% of the income distribution purchased only
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Fig. 3 Environmental gains from removing energy subsidies, 2015. Source Coady et al. [8]

3% of the gasoline and diesel in 2010 (Fig. 4). Given that the subsidy was applied per
unit of fuel, 97% of the assistance went to the top 80% of income earners in Mexico
[11]. In Indonesia, half of all petroleum subsidies were transferred to the wealthiest
20% of the population (Fig. 5) [12].

In addition, when governments provide subsidies, they spend scarce resources that
could have been invested in projects, such as health, social protection, environment,
education or infrastructure, which could genuinely benefit those who are most in
need [13]. A comparison of 109 Low-and-Middle-Income-Countries found that an
increase in the amount spent of energy subsidies equivalent to 1% of GDP was
associated with public expenditures in education and health that were on average
lower by 0.6% of GDP [14].
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Fig. 4 Mexico’s distribution of spending on gasoline and diesel by income decile in 2010. Source
Authors based on data from Mexican the Secretariat of Finance and Public Credit

Fig. 5 Distributive impact of fuel subsidies in Indonesia, 2014. Source National Socioeconomic
Survey of the Central Statistics Agency, Indonesia

Subsidies have clear and well-documented negative economic, environmental,
and social impacts. Yet, they are difficult to reform because they are extremely
popular politically and attract groups willing to mobilize politically to resist their
restructuring [12]. Political risks that are possible to occur as a result of subsidies
reforms can be reduced through a combination of communication and compensation
strategies. Communication with stakeholders on the costs and opportunities of a
reform can determinewhether it turns out to be successful or not. Communication can
build support and acceptance, trust, and understanding of the political decisions that
underpin the reform. Disseminating information on the negative effects of subsidies
and how those resources will be spent in the future is key to gaining social support
for subsidy reform [15]. A compensation strategy should ensure that the poorest do
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not end up suffering the most from the subsidy removal/reduction by, for example,
implementing a better-targeted social protection system [16].

Subsidy reforms are not a single event but a process that takes times and effort
to implement. Creating social assistance programs to compensate the poor may take
years and often includes administrative and technological innovations. Ideally, social
assistance should be implemented in the form of direct transfers of cash that vulner-
able groups can then decide how best to allocate [12]. Lessons from energy reforms
undertaken by countries around the world suggest that reforms are more likely to
be successful if they are part of a comprehensive long-term strategy for the energy
sector, developed in consultation with stakeholders. In addition, the reduction of
subsidies should be based on automatic and transparent pricing mechanisms with
the aim of depoliticizing the issue [17].

2.2 Circular Economy and Environmental Policy
Instruments2

As mentioned in the previous section, subsidies can be harmful because they arti-
ficially lower the prices of products and activities. However, even in the absence
of subsidies, prices generally fail to reflect the environmental damage and natural
resource depletion caused by production and consumption of goods and services
because of externalities, which arise when the agent making the production or
consumption decision does not bear all of the costs or benefits of this decision [2].

Addressing externalities is central to promote a circular economy. Disposal of
industrial effluent into a waterway may be a low-cost solution to waste disposal
for the polluter, but firms and individuals downstream may suffer consequences
through higher costs from lost fishery production, higher water treatment costs, lower
amenity values (for recreation), or loss of critical drinking water supplies. A similar
situation could exist with environmentally beneficial decisions. For example, a firm
that cleans polluted intake water and then discharges clean water after using it in its
internal process would be creating a positive externality. Whereas the example of the
negative externality is illustrative of the predominant take-make-dispose model, that
of the positive externality would be expected in a circular economy.

A number of environmental policy instruments are available to correct negative
externalities and promote positive ones, with the aim of facilitating the transition
toward a circular economy. At one extreme, such instruments include fines or sanc-
tions that are linked to traditional command-and-control (CAC) regulations.3 At the
other extreme, they include laissez-faire approaches that require consumer advocacy

2This section draws largely from Sánchez-Triana et al. [18].
3According to Giner [19], command and control regulations focus on preventing environmental
problems by mandating standards and technologies to control pollution. This approach generally
relies on emissions standards, ambient standards, and technology-based and performance-based
standards in conjunction with enforcement programs.
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or private litigation to act as incentives for improving environmental management.
In between are the more familiar tax-and-subsidy approaches, as well as the less
familiar mechanisms relying on traded property rights [18].

There is no single standardized definition of an incentive-based or market-based
instrument (MBI), but the commonly held understanding and the definition employed
here is that an MBI must, foremost, attempt to align private costs with social costs to
reduce externalities [3]. Within this definition, the particular strength of anMBI then
depends on the degree of flexibility that a polluter or resource user has in achieving
a given circularity target. A very weak environmental policy instrument essentially
dictates through regulation the type of technologies that firms must use, or the targets
theymustmeet. This is the inflexibleCACapproach—which also entails an economic
incentive to the extent that failure to comply can result in monetary sanctions. A very
strongMBI allows market signals rather than explicit directives to determine the best
way to meet a given standard or goal.

Flexibility is operationalized by equating it to the level of decentralization that
occurs in transferring social (or state) decisions to the private (individual) level. A
strong MBI decentralizes decision-making to a degree that the polluter or resource
user has a maximum amount of flexibility to select the production or consumption
option that minimizes the social cost of achieving a particular level of environ-
mental quality. When the polluter or resource user is driven by profit- or utility-
maximizing behavior, a strong MBI also generates the lowest social cost outcome
for the achievement of a given policy objective.

Table 1 illustrates the broad spectrum of instruments that might be available,
all of which implicitly or explicitly have some incentive effect. They fall across a
continuum ranging from very strict CAC approaches to decentralized approaches
that rely more on the market or legal mechanisms.

As illustrated by Table 1, there is a broad range of environmental policy instru-
ments available to address externalities and promote a circular economy. A key
consideration in selecting the most appropriate instrument is cost-effectiveness. For
example, the asymmetry of information often implies that individual agents, private
firms, or community associations are more likely than governments to identify the
most cost-effective means for achieving a given environmental goal, such as less
water withdrawal, less water pollution, or more forest coverage. This forms the basis
for the common theoretical result that—if one focuses entirely on private costs—
strong forms of MBIs are more cost-effective than their weaker counterparts or than
CAC approaches ([20]).

Another advantage of stronger MBIs is that, to the extent that they provide
economic agents flexibility to choose how they achieve a given environmental objec-
tive, they provide incentives for innovation, such as the development and adoption
of better abatement technologies [21]. In a seminal article, Porter and van der Linde
[22], argued that more stringent but well-designed environmental regulations trigger
innovation to such an extent that it can increase the competitiveness of the regulated
firms. This argument, known as the Porter Hypothesis, suggests that pollution is often
a waste of resources and that innovation aiming to increase efficiency in their use
may lead to an improvement in the productivity with which resources are used [23].
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Multiple empirical studies have been developed to test the Porter Hypothesis.
Some of these studies find that environmental regulation is associated with increased
Research and Development by firms, particularly when regulation is stable and flex-
ible [24]. They also find that environmental regulation can increase productivity, as
in the case of refineries located in Los Angeles, California, which achieved signifi-
cantly higher productivity than other U.S. refineries despite their need to complywith
a more stringent air pollution regulation than those located in a different geographic
area [25]. In a different study, stricter regulations led to modest long-term gains
in productivity in a sample of 17 manufacturing sectors in Quebec. Productivity
slighthly fell in the first year of the regulation’s adoption, but steadily increased in
subsequent years, resulting in a net increase in overall productivity. This finding is
consistent with the Porter Hypothesis assumption that innovation may take time and
underscores the need to ensure the stability of regulations [26].

In addition to addressing externalities and ensuring cost-effectiveness, policy
makers often have a third goal when designing an appropriate economic incen-
tive system: revenue generation. Stronger MBIs have the advantage over conven-
tional CAC regulations of delivering a double dividend, meaning that, in addition
to advancing environmental goals, they also generate government revenues. This is
particularly the case of charges, taxes, and fees, and potentially of tradeable permits
in which the initial allocation of permits is auctioned. The government may use
revenues collected through these instruments to increase its expenditure and invest-
ment in socially desirable areas, such as further environmental protection [20]. The
revenues collected by taxing “bads” such as pollution can be used to lower existing
distortionary taxes on desirable activities such as labor, thereby establishing clear
and consistent price signals that incentivize greater circularity.

There are, however, practical tradeoffs to consider between revenue generation
and incentive effects. For example, it would be possible to levy a very high charge that
effectively discourages all polluting activity. Abatement levels would be very high in
such a case, but no revenue would be generated. Similarly, very low charges would
generate little revenue and generate little abatement because there is no incentive
for firms to reduce pollution. Typically, revenue is maximized at some intermediate
level of abatement. A policy decision must be made relating to how much additional
revenue (beyond the maximum) a government is willing to give up to generate higher
levels of abatement. The answer to this policy question should be related to the
marginal benefits of pollution abatement. However, it is typically more a function
of government budgetary realities that regard such taxes as a convenient means for
underwriting environmental management efforts.

The following subsections provide more details and examples of the available
circular economy and environmental policy instruments.

2.2.1 Command and Control Regulations, Fines, and Penalties

Command and control approaches relying extensively on regulatory guidelines,
permits, or licenses have traditionally been the preferred mechanisms for controlling
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environmental impacts in urban areas. For instance, many countries have recently
adopted regulations banning single use plastics. As of July 2018, 83 countries had
adopted bans on free retail distribution of plastic bags and 61 countries had banned
their imports [27].

Command and control regulations can be separated into two types: technology-
based and performance-based [21]. Technology-based regulations specify the
methods and equipment that firms must use to meet the preestablished target.
Conversely, performance standards set an overall target for each firm, or plant, and
let firms decide how to meet the standard but hold them to a uniform level across the
industry.

Although it is technically simple to impose regulations with specific fines for
noncompliance, the problems associated with implementing them and achieving
compliance are insurmountable for many developing countries. First, regulated enti-
ties might need to dedicate significant time and resources to comply with existing
regulations, instead of using them to grow their businesses. As a result, regulations
can drag economic development. Second, the capacity to implement regulations
is often limited because of inadequate human resources, or inadequate supportive
infrastructure such as environmental information or monitoring networks. Third,
local financing constraints arise because the authority for environmental regulations
is often delegated to lower (local) levels of government without adequate sources of
financing for implementing and monitoring the regulations. Fourth, conflicting stan-
dards often prevail where individual ministries or departments have been responsible
for setting environmental regulations within their own departments; lack of coordi-
nation often leads to conflicting or overlapping regulations. This is often the case for
water-related issues, because of the numerous stakeholders involved in water use.
Finally, conflict of interest within government programs exists where government
agencies are themselves the implementing or investing authority; self-regulation
becomes problematic under such circumstances and seldom are their built-in incen-
tives to ensure compliance. This is especially a problem with common infrastructure
facilities that typically are a government mandate.

In addition, command and control regulations give the manufacturer little incen-
tive to improve efficiency and environmental performance. While these regulations
were successful in securing the first tranche of emissions reductions from previ-
ously unregulated industries, they are now viewed as increasingly burdensome [28].
Esty [29] argues that the twenty-first century sustainability challenges call for a new
policy framework that goes beyond governmentmandates, prioritizes innovation, and
includes regulatory strategies that engage the public and businesses in environmental
problem-solving.

2.2.2 Pollution Charges and Taxes

As other economic instruments, pollution charges seek to influence a producer or
consumer behavior through a monetary incentive and can be applied in different
ways: (i) charges to emissions or effluents; (ii) charges to users; and (iii) charges
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to products. These instruments are based on the “polluters pay principle” where the
polluting party pays for the damage done to the natural environment [30].

Emission or effluent charges are applied to emissions that are released into the air,
water or soil and are most suited for large stationary sources. They can be levied on
emissions that are directly metered, on a proxy source (for instance, water consump-
tion can be used as a proxy for wastewater emissions), a presumptive pollution level
or in the form of a flat rate [31]. When a presumptive pollution level is considered,
a firm is compelled to pay the charge with no specific monitoring conducted. If the
firm wishes to reduce its tax burden, it must conduct monitoring at its own expense
(but still subject to regulatory audit) to demonstrate that its actual pollution loads are
less than the presumed loads. Emissions charges can be used to address local chal-
lenges: for example, taxes for airborne pollutants such as Nitrogen Oxides (NOx)
and Sulphur emissions and water pollution provide a continuous incentive to imple-
ment pollution-abatement options and encourage innovation. For instance, Sweden
has accomplished reductions in NOx emissions through emissions charges. In 1990,
the Swedish Parliament passed a legislation introducing NOx charges emitted from
energy generation at combustion plants. The charge is applied tomeasured emissions,
or to presumptive emissions levels and plant operators may choose to pay the charge
on the basis of presumptive emissions levels or by installing measuring equipment.
By 2004, Sweden achieved a 65% reduction in NOx emissions compared to 1990
[32].

User charges are payments for specific environmental services, such as collective
or public treatment of effluents or waste disposal. These payments are intended to
reflect the costs of providing the service. Taxes onwaste, based onweight or quantity,
can promote reuse and recycling practices while diverting waste from landfills [33].
The Netherlands uses a combination of charges to finance its water-related services.
Three different water levies are currently applied in the Netherlands: (i) a water
systems levy to cover the costs of flood protection measures and to provide surface
water; (ii) a wastewater treatment levy related to the cost of treatment; and (iii)
a pollution levy for direct discharges to surface waters. The three are earmarked
taxes that provide the Regional Water Authorities (RWAs) with sufficient funds for
necessary investments and maintenance. These charges have proven to be effective
to reduce water pollution. For instance, in 1981, untreated sewage had a nitrogen
removal rate of 53% and by 2014, the removal rate was 86% [17].

Product charges are applied to products that pollute in the manufacturing,
consumption, or disposal phase and can be based either on the characteristics of
the product or on the product itself. These charges can create more favorable market
conditions for “cleaner” products and less favorable conditions for polluting prod-
ucts. In 1986, Denmark introduced a tax on domestic manufacturers and importers of
pesticides sold for agriculture. The tax amount started at 3% of the wholesale price
for all pesticides and increased over the years. By 1997, the country reached a 47%
reduction in pesticides consumption [34].

Before fixing the tax rate, governments need to carefully analyze the country’s
economic, social, and political context. If not correctly designed and implemented,
pollution taxes may sometimes cause undesired effects or disproportionately affect
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low-income groups. To prevent these cases from happening, models can be useful in
predicting potential leakage or distributional impacts and mitigation measures [35].

2.2.3 Market Creation: Tradable Permits

At a more complex level, market-oriented approaches can include some form of
market creation. The most complex system involves tradable permits where regu-
lators establish an allowable level of pollution which is distributed among firms in
the form of permits. Polluters that need important amounts of money to reduce their
emissions can buy emissions allowances from polluters that have cheaper abatement
costs [36], and companies that manage to keep their emissions below their allocated
level can sell their surplus allotment to other firms or use them to cover excess emis-
sions in other parts of their facilities [37]. Emission trading systems enable emission
reductions where it is cheapest to achieve them [38].

One of the most well-known cases of tradable permits is the European Union
Emission Trading System (EU ETS) that was set up in 2005, as the world’s first
international ETS and is the major carbon market worldwide. The EU ETS works on
the “cap and trade” principle where a cap is set on the total amount of greenhouse
gasses that can be emitted by installations covered by the system. In this context,
companies receive or buy emission allowances that can be traded among the different
actors. Each year, a firm must prove that it has enough allowances to cover all its
emissions in order to not get fined. If a company reduces its emissions, it can keep the
spare allowances to cover its future needs or else sell them to another company that
is short of allowances. The cap reduces with time to achieve a reduction of emissions
[39]. Emissions from stationary installations have declined by around 29% between
2005 and 2018 [40].

Instruments to set a price on carbon have gained prominence in the fight against
climate change.Asof 2019, 46national and31 sub-national governments had adopted
or were analyzing the adoption of taxes, emissions trading systems, or a combination
of both to promote the transition to a decarbonized economy [32].4

Another example of the application of tradable permits is the Regional Clean Air
Markets (RECLAIM) program in California. RECLAIM was established in 1994,
to reduce nitrogen oxide and sulfur dioxide emissions in the Los Angeles area and
is the world’s first comprehensive market program for reducing air pollution. The
program sets a factory-wide pollution limit for each business and lets them decide the
most cost-effective way to meet their emission limits. As in the case of the EU ETS,
allowable emission limits decline a specific amount each year and companies that
can reduce emissions more than required can then sell excess emission reductions to
other firms. Each firm participating in the program receives trading credits equal to its
annual emissions limit that are based on past peak production and the requirements of
existing rules and control measures. By 2018, RECLAIM achieved a 73% reduction

4Data from the Carbon Pricing Dashboard: https://carbonpricingdashboard.worldbank.org/map_
data.

https://carbonpricingdashboard.worldbank.org/map_data
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for NOx emissions and a 70% reduction for SOX emissions compared to 1994 levels
[41].

One potential advantage of tradable permit systems is that theymay reduce bureau-
cracy and government participation in the process. Such decentralization of decision
making is particularly important in high growth economies where regulatory drag
might otherwise be a problem.

2.2.4 Market Creation: Deposit-Refund Systems

In a deposit-refund system, regulators impose a monetary sum that is paid when
a product is purchased. This deposit is refunded when the item or its packaging
are returned for recycling or appropriate disposal. This model has advantages over
taxes that are applied directly to waste and has been successfully implemented in
many countries. A deposit-refund system can be effective in coping with some of the
challenges that arise fromwaste management taxes that are applied directly to house-
holds. For instance, households might turn to waste burning or illegal dumping when
waste disposal is directly taxed. Conversely, rebates for products that are returned
constitutes an incentive for appropriate waste management.

In Sweden, the private company Returnpack is responsible for the deposit-refund
system of metal cans and recyclable PET bottles. The system is regulated by a
Deposit Ordinance decided by the Swedish Parliament that states that “Anyone who
professionally fills plastic bottles or metal cans with ready-to-drink beverages or
who professionally imports ready-to-drink beverages to Sweden in plastic bottles or
metal cans shall ensure that the bottles and cans are included in an approved recycling
system.” In 2018, the recycling rate reached 85% for both aluminum cans and PET
bottles. More than 2 billion cans and bottles were recycled or the equivalent to 201
packages per person. Containers are collected in return machines that can be found
in supermarkets, sports clubs, and cafés, and are returned to a plant that reprocess
the materials into new products.

In the United States, deposit-refund systems are applied to different products as
lead-acid batteries, pesticide containers and tires. The Battery Council International
(BCI), recommends retailers to charge a $10 deposit on all batteries sold, the fee
is reimbursed when the customer returns the used battery for recycling within 30–
45 days of purchase. According to the BCI, lead batteries have a recycling rate of
99.3% and are the most recycled consumer product in the US. The rate of recycling is
attributed to industry investment in a state-of-the-art closed-loop collection and recy-
cling system which keeps more than 129 million lead batteries away from landfills
annually [42].

Deposit-refund systems have been used extensively to promote recycling. Around
23 countries have adopted requirements for taking back of single-use plastics through
deposit-refund schemes, most of them focusing on beverage bottles [27]. Such
schemes are also appropriate for difficult problems such as toxic and hazardous
waste management.
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2.2.5 Extended Producer Responsibility

Extended Producer Responsibility (EPR) refers to a policy that aims to make
producers responsible for the environmental impacts of their products throughout
the value chain, from the design to the post-consumer phases [38]. EPR systems
have been adopted with the aim of alleviating municipalities’ burden for managing
waste, reducing the amount of waste destined for final disposal, and increase rates
of recycling. Also, by shifting the responsibility upstream toward the producer, EPR
systems aim to provide incentives to producers to take into account environmental
considerations when designing their products. Hilton et al. [43] identified about 400
EPR systems in operation worldwide, most of them in OECD member countries.
Electronics, tires, and packaging are the products for which a larger number of EPR
systems have been adopted worldwide.

EPR systems may include a physical responsibility for adequately collecting and
treating the waste and/or a financial obligation to pay for such collection and treat-
ment. The deposit-refund systems described above are generally used by producers
to comply with their financial responsibility.

2.2.6 Market Creation: Property Rights

Another potentially important type of market creation involves conferring some form
of property right (either individual or collective) to environmental assets.

This instrument is generally regarded as the solution to a situation, generally
known as the “Tragedy of the Commons” [44]. This refers to a situation in which
resources are shared among a very large group and there is no way of excluding
anyone from consuming such resources. Each individual obtains all the benefits from
consuming the resources, but the loss resulting from overconsumption is shared by
all group members. As a result, every individual has an incentive to overconsume
the resource. In contrast, in a situation with property rights, right holders have the
incentive to manage resources sustainably and resource depletion is internal to the
owners/users. The consequence of this internalization is that the owners will not
engage in resource extraction unless the price of the resource commodity covers not
only the extraction cost but also the depletion or user cost,which is the foregone future
benefit as a result of present use. With secure property rights, the price of resource
commodities such as minerals, oil, and timber would reflect the resource depletion
cost and provide the right signals for efficient use and conservation. Property rights
are particularly applicable to land and soils (land rights), water resources (water
rights), minerals (mining rights), and other natural resources that can be parceled out
or easily demarcated.

Sri Lanka’s coastal fisheries have applied property rights in the form of rights of
access for a long time. In earlier times, beach seine owners controlled the access
to coastal waters and had associated fishing rights that were inherited by descent
or marriage. Although at the start, each beach seine owner had his own beach for
which he had exclusive rights to operate, each of his children had only a fraction,
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not of his beach, but of his right to fish off the beach along with his brothers and
brothers-in-law. Outsiders are not allowed to anchor or beach the fishing boats along
the shoreline of the community, and labor is not recruited from outside the village
[3].

2.2.7 Final Demand Intervention

Final demand interventions provide information to investors, consumers, and the
general public and decentralize decision-making to the final consumer. These tools
can encourage behavioral change of consumers toward long-term sustainability,
encouraging producers to adopt more environmentally friendly approaches.

2.2.8 Final Demand Intervention: Eco-labeling

Eco-labeling has been used as an effective instrument to make production and
consumption patterns more environmentally friendly. Labeling gives information
about the environmental impacts associated with the production or use of a product
and might shift consumption and production toward socially responsible and
sustainable alternatives [45].

An eco-labeling certification is often voluntary but may be mandatory in certain
instances, such as for identifying toxic ingredients. The International Organization
for Standardization (ISO) recognizes three types of voluntary labels: (i) type I labels
are based on a pass-fail multi-criteria approach that indicates the overall environ-
mental performance of a product and are verified by a third-party; (ii) type II labels
are defined as “self-declared” environmental claims made by manufacturers and
businesses without set criteria or quality checks; (iii) type III labels are third-party
verified under established programs based on a product’s life cycle assessment [46].

ENERGY STAR is a voluntary labeling program established by the United States
Department of Energy (US DOE) and the United States Environmental Protection
Agency (US EPA). The program aims to reduce energy consumption and green-
house gas emissions by power plants and helps purchasers identify and purchase
energy-efficient products. Products can earn the ENERGY STAR label by meeting
the energy efficiency requirements set forth in ENERGY STAR product specifica-
tion. Since 1992, ENERGY STAR products have achieved over 3 billion metric tons
of greenhouse gas reductions. In 2017, $30 billion in energy costs have been avoided
in the United States [47].

2.2.9 Final Demand Intervention: Environmental Certification

Unlike eco-labeling, which gives information on the impacts associatedwith a partic-
ular product, environmental certification programs assess the overall environmental
policy and management of a company and provide information on its environmental
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impacts, processing, and production methods, including resource use, production
techniques, and emissions. There are two internationally accepted environmental
certification schemes: the ISO Environmental Management System (EMS) stan-
dard and the Eco-Management and Auditing Scheme (EMAS). These certifications
provide overarching comparisons between industries and outline fundamental envi-
ronmental codes for the industry. Additionally, there are sector-specific environ-
mental certification schemes that can providemore specialized and detailed guidance
to companies within the same industry.

2.2.10 Final Demand Intervention: Disclosure Requirements

A more aggressive form of final demand intervention involves promulgating disclo-
sure requirements. While labels convey a signal of how environmentally friendly
a product is, disclosure requirements provide information on the environmental
performance of a firm, including emissions to air, wastewater discharges, waste, and
compliance with standards. Principle 10 of the Rio Declaration, established during
the United Nations Conference on Environment and Development in June 1992,
reinforces the principle of public access to environmental information in achieving
sustainable development. Public access to environmental information can empower
people to make decisions relating to environmental issues [45].

There are no sanctions attached to such disclosure, but it gives consumers the
choice of how to deal with the products of particular firms. Public disclosure schemes
have been applied in many countries around the world. Philippines introduced the
program Eco-watch in 1996, to provide incentives to industries to comply with envi-
ronmental regulations. Through it, the government was able to set up an environ-
mental grading system to categorize companies’ environmental performance using a
color labeling system. A black label was used for firms with no pollution control or
causing serious damages to the environment, blue for firms thatmet all environmental
standards and required procedures, and gold for firms that met environmental stan-
dards for three years in a row and conducted at least two environmental programs,
such as waste reduction and recycling projects. In 1997, before the program came
into effect, over 92% of plants were found to be non-compliant; by 1998, the number
of compliant plants increased to 58% [48].

In Colombia, the Cauca Valley Corporation adopted a water pollution charges
program. The effluent fees paid by firms were publicly disclosed and the publicity
influenced the reputations and decisions of company leaders reducing the discharge
of water pollutants [49].

2.2.11 Final Demand Intervention: Supply-Chain Management

Supply chain management (SCM) refers to the process through which a company
manages all the processes related to the planning, sourcing, processing, manufac-
turing, and delivery of goods and services in order to meet consumers’ demand with
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more efficient use of resources. As consumers becomemore concerned with the envi-
ronmental and social sustainability of the products they consume, more producers
have integrated environmental and social criteria into their supply chain. Through
supply chain management, private sector companies can extend their influence in
pollution control and abatement beyond their own operations by collaborating with
partners throughout the value chain [45]. Supply chain management is also key to
improve a company’s sustainability performance because it accounts for more than
80% of a typical consumer company’s total GHG emissions and more than 90% of
its impacts on air, land, water, biodiversity, and geological resources [50].

Firms are increasingly sensitive about the environmental and social context in
which their suppliers operate and have introduced environmental and social criteria
into their supply chain. In such cases, firms downstream in the supply chain intervene
in the upstream production processes of their intermediate products by insisting
that certain environmental protection activities are undertaken during production.
This type of intervention has resulted in upstream firms installing pollution control
equipment to satisfy their buyers’ sourcing criteria.

A number of frameworks are available to assess the sustainability of key supply
chains. For instance, WWF offers more than 50 performance indicators that help
assess the security and governance, environmental, social, and economic and finan-
cial risks in the value chain. WWF has worked with several companies to apply its
framework and achieve specific goals, including helping McDonald’s to increase
the amount of agricultural raw materials for its food and packaging products that
come from sustainable sources; supporting Johnson & Johnson to assess the envi-
ronmental and social risks of sourcing palm oil and other naturally derived materials;
and helping EDEKA to improve sustainability performance along its value chain
through measures spanning ecosystem and biodiversity protection, soil and water
management, waste management, responsible and reduced use of agrochemicals,
and ensuring occupational safety and health.5

2.3 Liability Legislation

Liability for environmental harm is designed to compensate affected individuals
or groups, with a particular focus on restoring or replacing damaged resources
and/or compensating lost value [51]. Litigation-oriented approaches to environ-
mental management require only that legislation be in a place that confers relatively
straightforward rights and obligations to resource users. These approaches form a
legal umbrella for court cases, which then consider the nature and extent of envi-
ronmental damages on a case-by-case basis. Advocates of liability legislation argue
that it is a highly efficient instrument to address externalities because it only requires
monitoring of specific incidents, rather than a need tomonitor behavior, as is required
by regulation [52]. Most of these approaches are relatively new and have seen very

5https://supplyrisk.org/.

https://supplyrisk.org/
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limited application in developing countries (quite often because legal systems are
themselves weak in such countries). India offers several examples of cases in which
the courts have ordered polluters to compensate for the environmental damages they
caused, including the cost of reforestation and cleanup of polluted rivers. In an
emblematic case, one of India’s largest smelters was found to be operating without a
valid environmental permit. The Supreme Court ruled that the company had to pay
10% of its profits before depreciation, interest, and taxes for the 15 years it operated
without a permit, or $15.5 million [51].

Common challenges faced in developing countries include difficulties in esti-
mating damages and the required compensation and limited accountability for
ensuring that recoveries intended for restoration are actually spent to that end [51].
Even in industrial countries, the use of liability legislation is hampered by the analyt-
ical difficulties of establishing cause and effect, or of ascribing blame or negligence.
One significant objection to using litigation-oriented mechanisms is neither environ-
mental nor economic: it is social. Because such systems assume that all have equal
access to the courts, the mechanisms often discriminate against the poor and others
with limited access to legal recourse.

3 Maximizing Finance for Circular Economy

The transition to a circular economy requires the development of new business
models, and therefore, financing opportunities. A McKinsey analysis for the Ellen
MacArthur Foundation found material cost savings worth up to $630 billion per year
by 2025, in EU manufacturing sectors [53]. Accenture has identified a $4.5 trillion
global opportunity before 2030, through avoiding waste, making businesses more
efficient and creating new employment opportunities [54]. The Ellen MacArthur
Foundation also found that opportunities in India amount to $218 billion per year by
2030 [53].

Through its different products and services, the World Bank Group has already
financed several projects supporting the transition to a circular economy. Between
2004 and 2018, the World Bank committed more than $49 billion targeting pollution
management and circular economy interventions, covering sectors from solid waste
management to water pollution control, air quality management, management of
chemicals and toxins and policy reforms, among others.

The World Bank assistance to client countries includes: (i) Investment Project
Financing, providing loans, grants, and guarantee financing to governments for activ-
ities that create infrastructure; (ii) Development Policy Financing that supports policy
and institutional actions designed by client countries; (iii) Program-for-Results that
links disbursement of funds directly to the delivery of defined results; (iv) trust funds
and grants that allow scaling up of activities; and (v) Private Sector Financing.

In addition to the loans and technical assistance that explicitly promote environ-
mental goals in line with a circular economy, the World Bank requires that client
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countries manage environmental and social risks of all projects through its Envi-
ronmental and Social Framework, that proactively integrates standards to improve
the environmental and social performance of projects. These include standards on
resource efficiency and pollution prevention and management that are fully aligned
with a circular economy approach. A project implemented in Morocco, illustrates
the Bank support to the modernization of waste management, including at sites
like Oum Azza, near Rabat, where traditional trash-pickers now operate a recycling
collective in improved conditions. The International Finance Corporation (an orga-
nization of the World Bank Group) is supporting the private sector on recycling
actions. For example, it invested $33 million in a recycling facility in Mexico, that
will convert post-consumer plastic bottles into food-grade, recycled resin that will
be sold to the Mexican soft-drinks bottling industry. The success of the project relied
on a stable domestic supply on the one hand, and the commitment from a large
soft-drinks company as the main off-taker of the production on the other hand.

While the contributions from international development organizations are valu-
able, theywill be insufficient to support a global transition toward a circular economy.
A key challenge is working with the financial sector to adapt and reassess existing
options and perspectives.

Circular economy presents several financing opportunities that range from
consumer lending and leasing to large project financing, green bonds6 and equity
capital [55]. For instance, many of the key opportunities identified by the Green
Bond Principles cover elements of circular economy, including renewable energy and
energy efficiency; sustainable waste management and land use; clean transportation
and clean water [56]. The World Bank issued the first green bond in 2008, paving
the road for today’s green bond market. Since then, the World Bank has raised more
than US$13 billion through almost 150 green bonds in 20 currencies for institutional
and retail investors all over the globe.

By 2019, the green bond global market had issued USD 257.7 billion through
1788 green bonds from 496 issuers in 51 jurisdictions [57]. Other bonds, as blue
bonds or the Breathe Better Bond Initiative can also help finance circular economy-
related projects. The Breathe Better Bond will be issued by local governments in
developing countries and its proceeds will be used to invest in projects that reduce
both air pollution and greenhouse gas emissions [58]. In 2018, the World Bank
helped issue the first blue bond for USD 15 million in the Seychelles to provide
financing for marine and ocean-related activities. While interest in sustainable bonds
has increased, they represent only a small portion of the global bondmarket. In 2018,
the Global Bond Market reached USD 102 trillion while the Global Equity Market
reached USD 74.7 trillion [59].

Investors are also increasingly interested in sustainable investing, an investment
approach that considers environmental, social, and governance (ESG) factors in port-
folio selection andmanagement, which has potential linkages with circular economy.
By early 2018, sustainable investing assets in the fivemajormarkets worldwide stood
at $30.7 trillion [60]. Reasons for ESG investing might include investors’ interest

6Green bonds are standard bonds created to finance environmentally beneficial projects.
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in aligning their portfolio with their norms or beliefs or wanting to use her capital
to trigger change for social or environmental purposes, such as decarbonization of
the economy. Interestingly, ESG investment has also become a strategy to improve
the risk-return characteristics of a portfolio. Companies with a strong ESG profile
may attract more investors because they are more competitive as a result of more
efficient use of resources, innovation management, or human capital development.
These companies also typically have comparatively higher risk control and compli-
ance standards across the company and within their supply chain management. As
a result, they suffer less frequently from incidents that can impact the company’s
value. In addition, these companies may be less vulnerable to systematic market
shocks; for example, an energy-efficient company is less vulnerable to changes in
energy prices than their less efficient competitors [61]. While rapid growth in ESG
investment is encouraging, there is still a significant challenge in terms of finding
metrics that will accurately reflect whether such investment is in fact contributing to
advance environmental and social goals.7

The transition toward a circular economy requires deep transformations of
supply chains and consumption patterns. New technologies and business models are
becoming available to promote this transition by encouraging the use of renewable,
recyclable or biodegradable resources, extending the life of a product or offering it
as a service and recovering resources at the end of a product life cycle [62]. Flows
of money are also changing along with business models. For example, the pay-
for-use model has a different cash flow structure to the traditional pay-for-ownership
approach, generating a direct impact in the cost structure of a company, and therefore,
its financing requirements [63].

Even though banks are becoming more interested in circular economy and are
already providing services to meet this emerging demand, finance is still considered
a critical barrier in the transition toward a circular economy ([63, 55, 15, 56, 64,
65]). The financial sector can be an important enabler for the transition toward a
circular economy and although there are several financial offerings that can provide
companies with financial opportunities, the sector also needs to mobilize different
forms of capital, adopt a different view of existing offerings and develop new compe-
tencies and ways of thinking. For instance, a circular business model has a different
risk to that of a linear model. Financers may need to reassess the risks of a circular
model but also the risks posed by the existing linear model to, for example, include
externalities [63]. Therefore, understanding how circular businessmodels differ from
traditional business models and what their barriers to financing are is highly relevant
for financiers [66].

7For a critical view on the existing scoring systems to assess firms’ performance based on ESG
factors, see the remarks by US Security Exchange Commissioner Hester M. Peirce before the
American Enterprise Institute, made on June 18, 2019, in Washington, D.C. https://www.sec.gov/
news/speech/speech-peirce-061819.

https://www.sec.gov/news/speech/speech-peirce-061819
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4 Conclusions

The transition to a circular economy implies the adoption of measures that reduce
the extraction and use of natural resources and includes ecological design, new busi-
ness models, an adequate political context, economic instruments, and financing.
Economic instruments and financing enable investments in eco-design and the adop-
tion and scaling up of technologies and new businessmodels. They include incentives
to free up and reallocate resources that are currently used in the linear model, as well
as mobilizing new funding to support the transition toward a circular economy.

Phasing out subsidies on fossil fuels could make significant contributions to move
from a linearmodel into a circular economymodel. By artificially reducing consumer
prices, subsidies encourage overconsumption of products such as fuels and plastic,
and result in increased waste and pollution. They are also regressive and cause severe
strains of governments’ finances.

A complement to phasing out subsidies is the adoption of policies that address
externalities. Several instruments canhelp to reflect in the prices of goods and services
the cost of environmental damage and natural resource depletion caused by the
production and consumption of such goods and services. These range from very
strict command and control regulations to economic instruments such as pollution
charges, emissions trading systems, and deposit-refund systems, to final demand
interventions and liability legislation. Adopting these instruments can incentivize
individuals and firms to change their consumption and production patterns, leading
the way in the transition to a circular economy.

The financial sector can be an important enabler for the transition toward a circular
economy. Although there are several financial offerings that can provide companies
with financial opportunities, the sector also needs to mobilize different forms of
capital, adopt a different view of existing offerings, and develop new competencies
and ways of thinking.

Questions

1. What are economic instruments?
2. What are subsidies and why are they harmful to the environment?
3. What are tradable permits? Provide one example.
4. How can disclosure requirements improve a firm’s environmental performance?

Answers

1. Economic instruments are incentives that aim to correct institutional, policy
and market failures by incorporating environmental costs into the budgets
of households and enterprises so that producers and consumers can respond
appropriately.

2. Subsidies are deliberate policy actions that maintain consumer prices artificially
low. Low prices increase production and consumption which result in higher
natural resources extraction, increased pollution and GHG emissions.
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3. Tradable permits are market-based instruments where regulators establish an
allowable level of pollution which is distributed among firms in the form of
permits. These permits can be traded among companies. Companies that manage
to keep their emissions below their allocated level can sell their surplus allot-
ment to other firms or use them to cover excess emissions in other parts of their
facilities. One of the most well-known cases of tradable permits is the European
Union Emission Trading System that is the major carbon market worldwide.

4. Disclosing information on a firm’s environmental performance to the public
encourages companies to adopt more environmentally friendly production
approaches.
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Abstract Greenhouse gas emissions (GHG) during the life cycle of a product, a
process, or a service are the major cause of global warming and climate change.
The circular economy principle has been proven to help increase resource efficiency
and reduce GHG emissions. From the life cycle concept, it is known that closing
loops or circularity doesn’t always generate positive environmental consequences. To
ensure that circular activities are actually environmentally beneficial, the calculation
of life cycle GHG emissions reduction is essential. The calculation methodology
based on Intergovernmental Panel on Climate Change (IPCC) guidelines and life
cycle assessment standards is described in the chapter. Case studies on opt out of
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• Understand the emission factor and the GHG emissions due to the circular
economy activities

• Be able to assess the life cycle GHG emissions reduction and circularity in
economy activities.

1 Introduction: Circular Economy and GHG Emissions

The circular economy aims to balance economic development with environmental
and resource protection through closing the loop bymaximizing the use of renewable
resources, recirculating of resources and products, and also designing waste out of
the economic system. The transition to a circular economy, in principle, can reduce
GHG emissions. For example, the design for disassembly, modularity, repairability,
flexibility, and biodegradability supports the activities of reuse, remanufacturing,
refurbishment or regeneration, and resulting in waste minimization. The use of recir-
culating materials in the system can reduce GHG emissions from avoiding the virgin
material production and the end-of-life treatment, such as landfill or incineration.
The use of renewable resources, such as agriculture products, can not only reduce
GHG emissions, but also store carbon into soils and plants. So, the circular economy
activities can contribute significantly to the GHG emissions reduction, support the
global action to combat climate change, and impact the sustainable development
goals (especially SDG 13).

2 GHG Emissions from Human Activities—Based on IPCC
Guidelines

According to the Intergovernmental Panel on Climate Change (IPCC), the GHG
emissions from human activities are categorized into 4 sectors which are Energy;
Industrial Processes and Product Use (IPPU); Agriculture, Forestry and Other Land
Use (AFOLU); andWaste. The calculationmethodology for all directGHGemissions
based on the 2006, IPCC Guidelines for National Greenhouse Gas Inventories (see
also 2013 revised supplementary methods and 2019 refinement to the current 2006,
IPCC guidelines) with the tier 1 emission factor (EF) for each sector can be described
as follows.

2.1 Energy

The Energy sector is by far the biggest source of the world GHG emissions which
mainly comes from fossil fuel combustion. From the combustion stoichiometry,
the hydrocarbon converts to carbon dioxide (CO2) and water (H2O) for complete
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combustion. In the real situation, it is always incomplete combustion, resulting in
the additional emission of other GHGs such as methane (CH4) and nitrous oxide
(N2O). GHG emissions are mostly from the stationary combustion, mainly from
energy industries including power plant and refineries. The mobile combustion from
road and other modes of transportation is accounted as the second share of GHG
emissions from energy sector.

TheGHG emissions from energy sector can be calculated as shown in Eq. (1). The
tier 1 IPCC default emission factor can be used, if there is no specific emission factor
(based on country fuel characteristic or combustion technology). The emissions of
all GHGs shall be quantified together in term of carbon dioxide equivalent (CO2eq)
using the Global warming potential (GWP) value of each GHG.

EmissionsGHG, f uel = FuelConsumpt ion f uel × EFGHG, f uel (1)

where: EmissionsGHG, f uel = emissions of a given GHG by type of fuel (kgGHG).
FuelConsumption f uel = heat of fuel combusted (TJ)
EFGHG, f uel = emission factor of a given GHG by type of fuel (kgGHG/TJ).

2.2 Industrial Processes and Product Use (IPPU)

The IPPU sector covers the GHG emissions resulting from various industrial activ-
ities that produce emissions, not directly the result of energy consumed during the
process, and the use of GHGs in products [1], such as refrigerators, foams or aerosol
cans.

The process emissions link directly to the production process reactions in chem-
ical process to polymerize or change form of plastic, the calcination reaction in
cement production, and the process emissions from glass, ammonia, iron, steel, and
aluminum production.

The general methodology to estimate GHG emissions associated with each indus-
trial process involves the product of activity data such as the amount of material
produced or consumed, and an emission factor (mostly tier 1 IPCC default emission
factor) per unit of production according to the Eq. (2). The emission factor is related
to the product and technology of production process. The emissions for each product
may come from several GHGs. Therefore, the specific GWP value of each GHG
should be used to calculate the amount of GHG emissions in term of CO2eq.

EGHG,non−energ y = Amountof P roduct i on× EF product ion−based (2)

where: EGHG,non−energy = emissions of a given GHG from IPPU (kgGHG)
EFproduction−based = emission factor of a given GHG for product (kgGHG/unit

of product).
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2.3 Agriculture, Forestry, and Other Land Use (AFOLU)

The activities in agriculture, forestry, and other land use sector are mostly from
the sources and removals by sinks from managed lands. The GHG emissions are
calculated based on the accounting of biomass, dead organic matter, and soil carbon
stock change in land use and the biomass burning. The non-CO2 emissions from soil
management and biomass burning, and livestock population and manure manage-
ment are also included. The carbon stock change is estimated from land area (e.g.,
climate zone, soil type, management regime, etc.) including stock change of above-
ground biomass, below-ground biomass, deadwood, litter, soils, and harvested wood
products. The default emission factors for each type of area; i.e., forest land, cropland,
grassland, wetland, settlement, and other lands; can be found in the IPCC guideline.

Other non-CO2 emissions from variety of sources are generally determined by
the appropriate specific emission factor related to the activity sources such as area
(e.g., for soil or area burnt), population (e.g., for livestock) or mass (e.g., for biomass
or manure).

2.4 Waste

The waste sector covers the GHG emissions from solid waste disposal, solid waste
treatment (e.g., biological treatment, incineration, open burning, and landfill), and
the wastewater treatment and discharge. The GHG emissions from waste can be
determined from the emission factor depending on the carbon content of waste
and waste disposal method. The wastewater GHG emissions depend on BOD/COD
concentration and wastewater treatment method.

3 Life Cycle GHG Emissions of the Circular Economy
Activities

The life cycle thinking is a systematic framework that considers all the stages of
a product life cycle from “Cradle to Grave”. Life cycle assessment is a tool which
supports the integration of sustainability to avoid shifting the environmental burdens
fromone stage to another (e.g., fromproduction to consumption).Activities related to
circular economy are the effort to re-circulating resources in the life cycle stage. The
circular activities aim to minimize waste and also avoid extraction and processing
of the virgin resources, along the life cycle stages as shown in Fig. 1. Even though
the circular economy activities can reduce GHG emissions from waste disposal and
virgin resources extraction (called embedded GHG emissions), these activities also
emit GHG due to energy and others activities involved. Hence, quantification of the
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Fig. 1 Life cycle of the circular economy activities

life cycle GHG emissions is very important to justify the benefits of the circular
economy activities.

4 Calculation of GHG Emissions Reduction from Circular
Economy Activities

The GHG emissions reduction from circular economy activities are evaluated
comparing to the baseline or typical linear economy activities using the life cycle
consideration (Fig. 2). Direct GHG emissions from each stage of the life cycle should
be included. To cover all stages of the life cycle, the background data can be used
according to the life cycle assessment methodology. The GHG emission factors
(embedded GHG emission factors of resources, processes, and products) from the
life cycle inventory database are needed for calculation.

To compare the GHG emissions from two or more product or process systems, the
functional unit has to be the same for all the compared systems. The functional unit
should describe and quantify at least 3 product properties, i.e., quantity, quality, and
durability. Therefore, the product with extended service life should have less direct
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Fig. 2 Linear economy and circular economy life cycle GHG emissions

environmental impact than the original short-life product (with the same quantity
and quality) considering the functional unit of durability such as “one year of use”.

The GHG emissions reduction can be evaluated using the methodology of life
cycle assessment with 4 main steps; goal and scope definition, life cycle inventory
analysis (LCI), life cycle impact assessment (LCIA), and interpretations (see chapter
“Life Cycle Thinking in a Circular Economy” topic 5 for more details).

Goal and scope definition: The step is to set the goal of the evaluation; e.g.,
evaluation GHG emissions reduction throughout the life cycle, to compare GHG
emissions of the original product/processwith the new product/process using circular
economy concept. The scope has to be defined in this step, such as system boundary,
functional unit, reference flow, data requirement, allocation procedure, assumption,
limitation, impact method, etc.

Life cycle inventory analysis: This step is to collect related inventory data (input
and output) from each process in the defined life cycle stages. The primary data are
usually collected from the main process, while the secondary data can be used for
the other life cycle stages. The direct GHG emissions can be calculated using IPCC
methodology described in Sect. 2. Someparts of the circular activities, e.g., recycling,
refurbishing, remanufacturing may emit GHGs due to some additional processes that
consumed resources. These emissions have to be included in the inventory.

The use of biological resources are encouraged according to circular economy
concept. The carbon dioxide (CO2) emissions from plantation, harvest, digestion,
fermentation, processing, and combustion of biological resources are considered as
biogenic carbon which would eventually return to the environment from its seques-
tration. According to the biogenic carbon concept, for bio-resources, the emissions
of CO2 are neglect, but the emissions of other GHGs, such as methane (CH4) and
nitrous oxide (N2O), should be calculated and accounted the same as others direct
GHG emissions.

Life cycle impact assessment: This step is focused on the Climate Change impact
based on IPCC methodology. The GWP values are reported in the IPCC Assess-
ment Report (AR). Table 1 shows the GWP values of selected GHGs from different
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Table 1 The GWP values
from IPCC Assessment
Report

Greenhouse gas GWP (100 years model),
CO2eq for each gas

AR2 AR3 AR4

CO2 1 1 1

CH4 21 23 25

N2O 310 296 298

SF6 23,900 22,200 22,800

HFCs 124–14,800

PFCs 7,390–12,200

Assessment Reports. So, it is very important to specify which models and which
ARs are used in GHG emissions calculation.

The GHG emissions reduction (or avoided GHG) can be evaluated in terms of
CO2eq by subtracting the total GHG emissions of circular economy project from the
total GHG emissions of baseline or original scenario, as shown in Eq. (3).

AvoidedGHG = GHGemi ssionsbasel ine − GHGemi ssionsCE (3)

where: GHGemissionsbaseline = life cycle GHG emissions of the baseline or
original scenario or linear economy (kgCO2eq)

GHGemissionsCE = life cycle GHG emissions of circular economy project
or after implementation of circular activities (kgCO2eq)
Interpretation: This step is to communicate the results on GHG emissions reduc-

tion together with the economic benefit, and also to identify the hotspots and sugges-
tions for further improvements in the context of circular economy activities andGHG
mitigation actions.

5 Case Study I: Opt Out of Plastic Cutlery—Company A

Company A is a global brand food delivery service in 10 countries throughout the
Asia-Pacific. In Thailand, company’s customers are between 25 and 50 years old,
representing the working-age population with hustling lifestyle. There are more than
1,000 partner restaurants spreading across 8 major cities in Thailand. With over
200,000 orders per month, almost all of the cutlery sent out is plastic.

It is realized that most people order food delivery when at home or at the office
where they have access to durable cutlery. So, for these customers, there are no need
for plastic cutlery sets which will then turn to plastic wastes and result in unnec-
essary (and avoidable) environmental costs. Company’s initiative to reduce plastic
consumption and also plastic waste is to build an opt out system which customers
can decide to reject plastic cutlery (Fig. 3).
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Fig. 3 Company A: Opt out of plastic cutlery

This circular economy strategy would help businesses procure fewer plastic
cutlery sets to meet the reduced demand and also encourage consumers to carefully
consider their plastic needs to reduce resource consumption and waste.

Calculation of GHG Emissions Reduction
The project is aimed to reduce plastic consumption (conserve resource) and also
plasticwaste byOpt out of plastic cutlery platform.CompanyAwould like to evaluate
theGHGemissions (or carbon footprint: CF) reduction from this initiative comparing
to the conventional platform of giving plastic cutlery by default to all delivery orders.
Figures 4 and 5 show the system boundary of each platform. The functional unit is
defined as one month period of food delivery.

It is assumed that the single use plastic cutlery and the sachet are made from
polypropylene (PP) which will end up in landfill. The customer who opts out of
plastic cutlery would use durable cutlery and then clean with water and washing
agent after use. Diesel is used for transportation. Assuming that the amount of diesel
used for transportation of PP cutlery to customers are the same for both platforms.

The primary input and output data were collected during the first trial one month
of the opt out platform (in 2018), i.e.;

• Amount of PP cutlery set delivered to customer and went to landfill; 230,000 sets
for conventional platform and 226,320 sets for the opt out platform

• Average weight of PP cutlery set; 7 grams pet set
• Washing of durable cutlery set (including wastewater treatment); use 5 grams of

detergent and 0.002 m3 of water per set.
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Fig. 4 System boundary of the conventional platform

Fig. 5 System boundary of the opt out plastic cutlery platform

The secondary data and the simplified GHG (CO2eq) emission factors for mate-
rials and processes relevant to both platforms are taken from the Thai national LCI
database and other references, i.e.;

• PP cutlery set (cradle-to-gate data, calculated from raw material extraction to
production)

• Transportation of PP cutlery set as the waste to landfill site (EF, in kgCO2eq/tkm,
based on a mean distance of 40 km using 16-ton truck and 100% effective load-
carrying capacity) [6]. [Note: tkmor ton-kilometer is a unit represents the transport
of 1 ton of goods over a distance of 1 km]

• Landfill (waste management) of PP waste

The results of “cradle-to-grave”GHGemissions fromboth platforms can be calcu-
lated by multiplying the material or activity data and their associated GHG emission
factors (Tables 2 and 3).
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Table 2 GHG emission from using the plastic cutlery of food delivery in one month

Materials or processes Amount (per month) Unit EF
(kgCO2eq/unit)

GHG emissions
(kgCO2eq/month)

PP plastic cutlery set
(pack of spoon, fork and
knife)

230,000 set 0.0226a 5,198.0000

Diesel for transportation
of PP cutlery waste

64.40b tkm 0.0472a 3.0397

Landfill of PP waste
(230,000*0.007)

1,610 kg 0.1590c 255.9900

Total GHG per month 5,457.0297
aThai national LCI database [5]; bTGO [6]; cShonfield [3]

Table 3 GHG emission from opt out of plastic cutlery of food delivery in one month

Materials or processes Amount (per month) Unit EF
(kgCO2eq/unit)

GHG emissions
(kgCO2eq/month)

PP plastic cutlery set
(pack of spoon, fork and
knife)

226,320 set 0.0226 5,114.8320

Washing of durable
cutlery set

3,680 set 0.0002a 0.7360

Diesel for transportation
of PP cutlery waste

63.37 tkm 0.0472 2.9911

Landfill of PP waste
(226,320*0.007)

1,584 kg 0.1590 251.8560

Total GHG per month 5,370.4151
aEF of washing process of durable cutlery set (calculated from Thai national LCI database)

For the opt out of plastic cutlery strategy, refer to Eq. 3, the GHG emissions (per
functional unit) can be reduced by 86.6 kgCO2eq per month or approximately 1,039
kgCO2eq per year, which translates into a 1.6% reduction in the demand for plastic
cutlery compared to the baseline. This reduction may be quite small due to a very
new approach of the food delivery sector and not acquaintance to the customers, as
well as the lack of through public relations during this trial period.

However, company A has a vision to change the default of giving plastic cutlery to
without cutlery unless customers choose to request cutlery during the food ordering.
With this new plan, company A could offer a special discount or promotion to
customers who choose to opt out of plastic cutlery. With the aggressive plan and
action, it is expected that company A would receive opt out plastic cutlery orders
more than 80% of the total orders and could reduce the GHG emissions more than
50,000 kgCO2eq per year. Several partner restaurants of company A currently go by
eco-friendly packaging (e.g., biodegradable boxes).



Life Cycle Greenhouse Gas Emissions for Circular Economy 493

6 Case Study II: Upcycled Fashion Footwear

Company B is a fashion-based social enterprise with circular economy concept in the
Philippines. Realizing that fashion industry is the second largest polluter in theworld,
one of the company missions is to reduce textile wastes. Statistics show that clothing
production accounts for 10% of global GHG emissions. Instead of throwing textile
wastes into landfills, the company collects and turns them into higher value goods
such as footwear, fashion accessories, and lifestyle pieces (Fig. 6). The company also
tries to raise awareness among customers on choosing sustainable fashion products
to help reduce the GHG emissions. On the social aspect, the company has the policy
to cooperate with disabilities, unemployed footwear craftsmen, and local designers.
Rather than calling its business “recycling”, which generally means a down-cycling
of value, the company prefers “upcycling”-more valuable products than the original
waste from the textiles.

Calculation of GHG Emissions Reduction
Presently, virgin materials extraction, resources consumption, and excessive wastes
generation are critical issues in the linear economy. Company B aims to tackle these
issues by replacing virgin textile and substituting with recycled textile and fabric
waste to produce new fashion footwear (called “upcycled footwear”). It is required
to evaluate the GHG emissions reduction from this circular activity, i.e., producing
upcycled footwear comparing to conventional footwear. Figures 7 and 8 show the
system boundary of each footwear production. The functional unit is defined as 100
pairs of footwear produced in one month.

To simplify the calculation, it is assumed that (1) the weight of virgin textile
and fabric waste to produce a footwear are the same; (2) the GHG emissions from
the transportation to the production site of fabric waste and virgin textile are the
same; (3) the energy use during the production process of both types of footwear
are the same (4) the GHG emission factors from the Thai national database will be
used if necessary; (5) there are no significant difference in properties between the
conventional and the upcycled footwear.

The primary data provided by companyB is the amount of virgin textile to produce
footwear, i.e., 10 m2 of lightweight cotton per 100 pairs of footwear (in 2018).

Fig. 6 Company B: upcycled products
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Fig. 7 System boundary of the conventional footwear production

Fig. 8 System boundary of the upcycled footwear production

The secondary data and the simplified GHG (CO2eq) emission factors for mate-
rials and processes relevant to both cases are taken from the Thai national LCI
database and other references, i.e.;

• Area density of lightweight cotton; 135.62 g/m2 [4]
• Washing 1 kg of fabric waste; use 0.009 kg detergent, 0.01176 m3 water, 0.141

kWh electricity, and emit 11.765 L (L) wastewater (ref. 2)
• Ironing 1 kg of washed fabric waste; use 0.27 kWh electricity (ref. EGAT Label

No. 5).

The results of “cradle-to-grave”GHGemissions of both cases can be calculated by
multiplying the material or activity data and their associated GHG emission factors
(Table 4).

For this upcycling activity of company B, referring to Eq. 3, the GHG emissions
(per functional unit) can be reduced by 17.5 kgCO2eq per month or approximately
210 kgCO2eq per year compared to the baseline. It should be emphasized that with
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Table 4 GHG emissions from producing of conventional and upcycled footwear (100 pairs each)

Materials or Processes Amount (per 100
pairs)

Unit EF
(kgCO2eq/unit)

GHG emissions
(kgCO2eq/100 pairs)

Conventional footwear

Virgin textile
(Lightweight cotton
10 m2 per 100 pairs of
footwear)

1.3560a kg 13.1705b 17.8592

Total GHG per 100 pairs of footwear 17.8592

Company B (upcycled) footwear

Fabric waste 1.3560 kg 0 0

Fabric cleaning
(including washing and
ironing)

1.3560 kg

Detergent 0.0122 kg 0.1454b 0.0018

Water 0.0159 m3 0.8006b 0.0127

Electricity (for both
washing and ironing)

0.5574 kWh 0.6933b 0.3864

Wastewater 15.9557 L 0.0001b 0.0016

Total GHG per 100 pairs of footwear 0.4025
aLight weight cotton 135.62 g/m2 [4]; bThai national LCI database [5]

this circular activity of company B, the virgin textile used is reduced by 100% and
the GHG emissions reduction is approximately 0.18 kgCO2eq per a pair of footwear
produced.

Besides upcycled fashion footwear, Company B produces other higher valued
fashion accessories and lifestyle pieces from textile wastes using creative design
circular economy concept. With the global movement toward sustainable lifestyle,
sustainable fashion has gone mainstream with big and small brands producing more
upcycled products. The pollutants, especially the GHG emissions from the fashion
industry would decrease significantly in the future.

Questions

1. What are the main sources of GHG emissions from human activities according
to the IPCC guidelines?

2. Is circular economy a synonym of “circularity”? Does a circular activity always
generate positive environmental impacts? List two examples of circular activities
which generate negative impact on the environment.

3. How does a circular economy respond to greenhouse gas emissions?
4. What is a GHG emission factor? How can you get the GHG emission factors for

materials or processes? How are the GHG emissions calculated?
5. To calculate the GHG emissions reduction from the circular economy activities

comparing to the baseline, what do you need to do to ensure the fair comparison?
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6. What is the difference between recycled product and upcycled product?

Further Reading

1. Deloitte Sustainability. (2016). Circular economy potential for climate change
mitigation. Electricity generating authority of Thailand (EGAT), Label No. 5.
Retrived April 30, 2020, from http://labelno5.egat.co.th/new58/?page_id=1506.

2. Ellen MacArthur Foundation. (2019). Completing the picture: how the circular
economy tackles climate change.

3. Inaba, A. et.al. (2016). Carbon footprint of products. Chapter 2 “Special types
of life cycle assessment”. In M. Finkbeiner (Ed.), LCA compendium. Springer.

4. IPCC. (2014). 2013 Revised supplementary methods and good practice guidance
arising from the Kyoto Protocol.

5. IPCC. (2019). 2019 Refinement to the 2006 IPCC guidelines for national
greenhouse gas inventories.

6. Keidanren (Japan Business Federation). (2018). Contributing to avoided emis-
sions through the global value chain—A new approach to climate change
measures by private actors.

7. Mungcharoen, T., & Olarnrithinun, S. (2014). Life cycle inventory database
and its applications to support public policy. In: Proceedings EcoBalance 2014.
Tsukuba, Japan.

8. World Business Council of Sustainable Development (WBCSD). (2019). CEO
guide to the circular bioeconomy.

9. World Resources Institute. (2019).Working paper—Estimating and reporting the
comparative emissions impacts of products.
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Life Cycle Costing: Methodology
and Applications in a Circular Economy

Piya Kerdlap and Simone Cornago

Abstract Life cycle thinking is important for holistically measuring the environ-
mental and economic costs and benefits of activities in a circular economy. This helps
to avoid shifting problems amongdifferent stakeholders anddifferent stages of the life
cycle. Through methods such as life cycle assessment (LCA) and life cycle costing
(LCC), the environmental and monetary flows of a product or service that passes
through different life cycle stages and stakeholders can be mapped. This chapter
focuses on LCC, a method for quantifying the economic performance of products,
services, and other activities in a circular economy. We provide a brief introduc-
tion on the three types of LCC which are conventional LCC, environmental LCC,
and societal LCC and their respective relevant stakeholders. This chapter mainly
focuses on conventional LCC as its methodology can be applied directly in economic
decision-making for consumers and businesses. The principles of LCC are explained
and a step-by-step procedure is provided on how to conduct a conventional LCC of
a product or service. We provide two case studies of a conventional LCC to help
understand how the LCC methodology explained in this chapter is applied. Finally,
this chapter discusses the relationship between LCC and LCA.

Keywords Financial analysis · Cost–benefit analysis · Economic evaluation ·
Business planning

Learning Objectives

• Understand the principles of life cycle costing,
• Understand the differences between conventional LCC, environmental LCC, and

societal LCC,
• Identify and calculate the total revenue, costs, and value added of a product or
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• Calculate the present and future value of revenue and cost,
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• Calculate the net present value,
• Understand the different stakeholder perspectives of LCC,
• Understand the differences and similarities between LCC and LCA,
• Be able to apply LCC in an economic analysis of a product or service or an activity

in a circular economy.

1 Introduction

Life cycle thinking is crucial for quantifying the sustainability of circular economy
activities. Some examples of activities that take place in a circular economy are
product reuse, repair, refurbishment, remanufacturing, recycling, and product-as-a-
service. Tools such as life cycle assessment (LCA) and life cycle costing (LCC)
allow us to measure the environmental and economic performance of such activities
in a circular economy. LCA measures the impacts on the environment of an entire
product or service system across its life cycle in a circular economy. LCC measures
the flows of money associated with a product or service across its life cycle. A life
cycle is composed of the interlinked processes involved in the product or service
system under study. It is typically composed of the upstream processes such as raw
material extraction and processing, the production (core processes), the distribution,
the use, and the end-of-life. In a circular economy, wastes can be reused or recy-
cled across different product systems that become linked together. This means that
LCA and LCC should carefully consider a wider system to avoid unaccounted envi-
ronmental or economic burden shifting across connected life cycles. In open-loop
recycling, a waste produced by one product system is used as a resource in a different
product system. In closed-loop recycling, a waste produced in one product system
is used as a resource in a previous step within the same product system. Mapping
the environmental and monetary flows across different life cycle stages in different
or the same product system is therefore important in understanding the costs and
benefits of activities in a circular economy.

The concept of the circular economyhas beenwidely promoted due to the potential
environmental benefits it offers. Although the environmental dimension of circular
economy activities is important, measuring the economic feasibility of such activities
is necessary. Businesses and consumers will ultimately want to know if changing the
product they buy or modifying their individual lifestyle to become more circular is
financially beneficial to them. LCC enables measurement of the economic costs and
benefits of circular economy activities across many different actors across one or
more product system. This chapter introduces the principles of LCC and provides
the steps on how to conduct the analysis.
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2 Life Cycle Costing Methodology

LCC is amethod for evaluating the economic dimension of sustainability of a product
or service. In LCC, the monetary costs of a product or service across its entire life
cycle are calculated. LCC is versatile in that it can be used for awide range of purposes
and projects at different stages and scales to help in decision-making. There are three
types of LCC.

1. Conventional LCC: Also called financial LCC and is synonymous with total cost
of ownership (TCO).

2. Environmental LCC:Alignedwith theLCA in terms of goal and scope, functional
unit, system boundaries, and methodological steps. It can include the monetary
value of environmental impacts (externalities).

3. Societal LCC: Includes the monetary value of externalities which are environ-
mental impacts and social impacts.

Each type of LCC is useful for specific stakeholders. Conventional LCC is useful
for stakeholders such as consumers, manufacturers, or project managers who are
only interested in analyzing the cash flows they directly incur. Environmental LCC
includes all stakeholders in the value chain or life cycle and is used for analyzing
both the environmental impacts and economic costs. Societal LCC is useful for
stakeholders working in the government and other public authorities. In a societal
LCC, the monetary value of impacts to the environment and society are included in
the analysis. This chapter will focus on explaining how to conduct a conventional
LCC for the purpose of supporting consumer and business decision-making in the
context of a circular economy.

2.1 Definitions

Table 1 provides an overview of the different terms that are often used in LCC.

2.2 Types of Cash Flows

In LCC, revenue and costs are the two types of cash flows that are used to represent a
transaction. A cost is the amount of money spent in a transaction. Costs can include
money spent on buying resources, products, equipment, or paying fees. Revenue is
the amount of money gained from a transaction. Revenue can include money gained
from selling resources, products, equipment, or receiving fee payments. Value added,
which is often referred to as profit or margin, is the difference between the total
revenue and total cost. There are two types of costs and revenue: fixed and variable.

Fixed costs are cash flows that are not affected by changes in activity level over a
feasible range of operations. Examples of fixed costs are equipment such asmachines,
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Table 1 Terms and definitions used in LCC

Term Definition

Price The amount of money that is used to buy a specific product or service

Transaction The act of buying or selling something

Revenue The amount of money gained from a transaction such as selling a
product or service

Synonyms: Income, cash-in, cash inflow

Cost The amount of money lost from a transaction

Synonyms: Expense, cash-out, cash outflow

Internal cost Costs that are borne by actors who are directly involved in the life
cycle of the product or service system being studied

External cost Costs that are borne by actors outside the system (also called
externalities) and occur as a side-effect of an economic activity, such
as buying a product or service

Variable cost A cost that occurs periodically or increases according to the volume
of product or service provided

Synonyms: Operational cost, operational expenditure (OPEX)

Fixed cost A cost that does not occur periodically and does not increase
according to the volume of product or service provided

Synonyms: Capital cost, capital expenditure (CAPEX), equipment
cost

Value added The difference between the costs incurred and the revenue generated
from the sale of a product(s) or service(s)

Synonyms: Profit, margin

Life cycle costs The sum of value added over the life cycle of a product system

Total cost of ownership The sum of all the costs a stakeholder incurs from using or producing
a product

Present value The value of money in the current period of time

Future value The value of money in a future period of time

Net present value (NPV) The difference between the present value of cash inflows and the
present value of cash outflows over a period of time

Payback period The length of time required for an investment to recover its initial
outlay in terms of profits or savings

Inflation rate The change in prices of a good or service over a period of time

Exchange rate The currency conversion between different currencies

trucks, or physical structures at a factory. These fixed costs typically occur only one
time and the item purchased lasts for many years until it needs to be replaced. The
cost of disposing a product can be considered as a fixed cost if it occurs only once at
the end of its life cycle. Revenue can also be fixed as well. For example, a company
can receive an amount of money from the government or a private investor in a
specific year, but it does not receive that amount of money in other years.
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Variable costs occur on a periodic basis and increase or decrease depending on the
quantity of output. Material, energy, and water are examples of variable costs. For
example, a company that produces plastic chairs will require plastic materials, elec-
tricity, and water in the manufacturing process. As more plastic chairs are produced,
the amount of plastic material, electricity, and water required will increase as well.
Taxes can also be viewed as a variable cost if a company is taxed for every unit of
output produced. Revenue can also be variable. When more products are produced,
the revenue will increase with each additional product sold.

2.3 Costs and Revenue in a Circular Economy

In a circular economy, there are some unique activities that take place in contrast
to a traditional linear economy. Activities in a circular economy can involve reuse,
repair and refurbish, recycle (upcycling and down cycling), and product-as-a-service.
Although these activities take place in a circular economy, theway they are accounted
for as costs and revenue in an LCC is not so different. Table 2 provides examples
of different activities in a circular economy and how stakeholders would treat the
activity as either a cost or revenue.

2.4 Time Dimension

In LCC, since costs and revenues occur over a lifespan, the analysis needs to consider
how monetary flows occur at different times. The monetary value of a product or
service can increase or decrease depending on changes that occur in the market. In
order to consider the time dimension in an LCC, the analysis needs to compare costs
in a chosen reference year and all future costs must be adjusted to the reference year
when doing the comparison. The cost in a reference year is often called the present
value. To adjust future costs to a reference year, inflation rates need to be used. An
inflation rate represents the change in price of a good or service over a period of
time. Equation 1 shows how to calculate the price P of a product in time t (in years)
at an assumed inflation rate of r. P(0) is the price of the product at the reference year
(t = 0).

P(t) = (1+ r)t P(0) (1)

For example, a computer is priced at $1,000 (P(0)) in 2020 (t= 0) and the inflation
rate is 2%. In 2021, the computer would cost

P(1) = (1+ 0.02)1
(
$1, 000

) = $1, 020
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Table 2 Examples of transactions in a circular economy and the stakeholders involved

Activity in a circular
economy

Transaction How a stakeholder
treats activity as a cost

How a stakeholder
treats activity as
revenue

Reuse Passing a used
product to another
user

The buyer spends
money on buying a
used product

The seller gains money
from selling the used
product

Repair and refurbish Repairing and
refurbishing a used
product back to
good-as-new
condition

A repair and refurbish
company pays for the
cost of labor and
materials to take a used
product and bring it
back to a good-as-new
condition

A repair and refurbish
company receives
revenue for fixing the
used product and
selling it back to
another user

Recycle
(downcycling)

Converting waste
into a resource

A waste conversion
company spends
money to convert the
waste into a resource
that can be used in
another product system

The waste producer
generates revenue from
selling the converted
waste to a recycling
company

Recycle (upcycling) Converting waste
into a new product

An upcycling company
spends money on labor
and resources to
convert waste into a
brand new product

The waste producer
generates revenue from
selling the waste to an
upcycling company.
The upcycling
company generates
revenue by selling the
brand new product.

Product-as-a-service Paying for only the
use of a product

The consumer spends
money to rent a product
to be used for a certain
amount of time

The
product-as-a-service
company generates
revenue from renting
out the product

For a cost that takes place in the future, it needs to be normalized to the reference
year. Suppose it is 2020 and we know that in 2022, a computer will cost $1,040.40.
The inflation rate was 2% between 2020 (t = 0) and 2022 (t = 2). We want to find
out what the cost of that computer was in 2020. To determine the cost, Eq. 1 would
be used in the same way.

P(2) = $1, 040.40 = (1+ 0.02)2P(0)

To find the price of the computer now in 2020 (P(0)), Eq. 1 would be rearranged
as follows

P(0) = (1+ 0.02)−2P(2) = (1+ 0.02)−2$1, 040.40 = $1, 000
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Thus, the computer would have cost $1,000 in 2020 for it to cost $1,040.40 in
2022, assuming an inflation rate of 2% between 2020 and 2022.

2.5 Internal and External Costs

Internal costs are the costs that are directly borne by the actors involved in the
life cycle of a product. In addition, there may be external costs (also referred to as
externalities) that are borne by actors who are indirectly affected by the activities of
a product’s life cycle. An example of an external cost is the cost of health services
needed to support people who have been affected by water or air pollution due to
a project such as constructing a highway or building a factory. These external costs
are not included in the price of a product even though they occur as a result of an
economic activity. Externalities are not accounted for in conventional LCC.However,
they are accounted for in environmental and societal LCC. Businesses may or may
not include these externalities depending on the goal and scope of their LCC and their
intended audience. To include external costs in an environmental LCC or societal
LCC, the externalities need to be monetized. There are several different methods
that have been proposed for monetizing externalities in an LCC. Many methods
often try to determine the willingness-to-pay for a particular benefit, or in contrast,
the willingness to accept a payment due to a loss or disbenefit that occurred due to an
economic activity. Some other methods take a more direct approach and quantify the
money that would have to be paid to avoid or counterbalance the externality. Readers
can refer to J.-M. Rödger et al. (2018) for more information about the different
methods for monetizing external costs.

2.6 Calculation

To carry out the LCC, the total costs and revenue need to be calculated. Profit is the
difference between total revenue and total cost. The way to express total cost, total
revenue, and profit are shown in Eqs. 2, 3, and 4.

Total cost = Total fixed cost+ (Demand× Variable cost) (2)

Total revenue = Total fixed revenue+ (Demand× Price) (3)

Profit = Total revenue− Total cost (4)

In order for the life cycle costs to be calculated, the total cost, total revenue, and
profit must be calculated for each year of the life cycle of the product or service being
analyzed. The total costs and total revenue for each year should be adjusted based
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on the fixed and variable costs and revenue that occur during the specific period of
time.

For example, suppose a small company decides to buy a 3D printer to produce
plastic toys for a period of one month (30 days). The 3D printer has a fixed cost
of $500. The variable costs for producing a plastic toy are the plastic filament and
electricity. Production of one plastic toy requires five pieces of plastic filament and
1 kWh of electricity. Each piece of plastic filament costs $0.50 and each kWh of
electricity costs $0.16. Therefore, to produce one plastic toy, the company spends
$2.50 for plastic filament and $0.16 for electricity. Each toy is sold at $7 per piece to
generate revenue. The 3D printer is able to produce 10 toys each day and sells all the
toys produced each day. The total cost, revenue, and profit over a period of 30 days
would be calculated as follows.

Total cost =$500 for 3D printer+
(
30 days× 10 toys

day

)

×
(
$2.5[filament]

toy
+ $0.16

[
electricity

]

toy

)

= $500+ $750+ $48 = $1, 298

Total revenue = $7

toy
× 10 toys

day
× 30 days

month
= $2, 100

Profit = Total cost− Total revenue = $2, 100− $1, 298 = $802

3 LCC Case Studies

This section provides two conventional LCC case studies to help understand how the
LCCmethod discussed above can be applied in decision-making. The first case study
compares the LCC of using an electric motorcycle versus a conventional gasoline
motorcycle for five years. The second case study compares the LCC of choosing to
own a pram or rent a pram to move a child around during the first three years of life.

3.1 Electric Versus Gasoline Motorcycles

Electric motorcycles (eMCs) offer an alternative mode of transport that is higher in
transport energy efficiency, has zero tailpipe emissions, andminimal sound pollution.
However, instead of gasoline, eMCs consume electricitywhich can come from awide
range of clean to high-polluting energy sources. Furthermore, instead of a traditional
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internal combustion engine, eMCs require the use of a battery that needs to get
replaced every five years if it is a lithium-ion battery or every single year if it is a
lead-acid battery. In this example, we examine the case of a person who wants to run
his/her own food delivery service for five years. The person needs to decide whether
he/she should invest in purchasing an electric or gasoline motorcycle to provide the
service. To help inmaking a decision between the two vehicle options, a conventional
LCC is conducted to answer the following questions:

1. When will the investment pay itself back?
2. Which motorcycle option has a higher NPV?

3.1.1 Fixed Costs and Revenue

In this example, there are two motorcycle options. For both options, the only fixed
cost is the purchase of the vehicle. The electric motorcycle costs $4,091 and the
gasoline motorcycle costs $1,418. There is no fixed revenue for either option over
the period of five years.

3.1.2 Variable Costs and Revenue

Both the electric and gasoline motorcycles have variable costs and revenue during
the lifetime of five years. It is assumed that both motorcycles travel a total of 50 km
each day to deliver food to various customers. For both options, the variable revenue
is the same. Although the number of deliveries can vary each day, it is assumed that
on average the person can make six deliveries per day, six days a week. It is assumed
that a person makes $8 per delivery.

For the eMC, the vehicle consumes electricity to travel. The fuel economy of the
motor is 31.25 km/kWh and the cost of electricity is $0.16/kWh. This translates to
a cost of $0.01/km traveled. Every five years, the lithium-ion battery needs to be
replaced. The rating of the battery pack is 48 V and 40 Ah and so the capacity of the
battery pack is 1.92 kWh. The market price of lithium-ion batteries is assumed to be
$300/kWh. Thus, one lithium-ion battery pack will cost $576.

For the gasolinemotorcycle, the efficiency of the engine is 37.5 km/L gasoline and
the cost of gasoline is $1.46/l. This translates to a cost of $0.04/km traveled. Also,
once every year, the gasoline motorcycle needs to be sent to the shop for inspection
and repairs which costs $25 per appointment.

Table 3 summarizes all the fixed and variable costs and revenue of bothmotorcycle
options being considered.

3.1.3 LCC Calculation Results and Discussion

Tables 4 and 5 list the costs, revenue, profit, present value, and net present value of
both motorcycle options over a period of five years.



508 P. Kerdlap and S. Cornago

Table 3 Cost and revenue values for electric and gasoline motorcycles

Item Unit Electric motorcycle Gasoline motorcycle

Vehicle USD 4,091 1,418

Lithium-battery pack USD/battery pack 576 N/A

Fuel economy km/kWh, km/L 31.25 37.5

Cost of electricity USD/kWh 0.16 N/A

Cost of gasoline USD/kWh N/A 1.46

Fuel cost per kilometer traveled USD/km 0.01 0.04

Annual repair cost USD/year N/A 25

Revenue per food delivery USD/delivery 8 8

In both options, the interest rate is assumed to be 2.5%.

Table 4 LCC of electric motorcycle

Year Fixed cost Variable cost
electricity

Revenue Profit Present value of
profit

Net present
value

0 $(4,090.91) 0 0 $(4,091) $(4,091) $(4,091)

1 0 $(79.87) $14,976 $14,896 $14,533 $10,442

2 0 $(79.87) $14,976 $14,896 $14,178 $24,620

3 0 $(79.87) $14,976 $14,896 $13,833 $38,453

4 0 $(79.87) $14,976 $14,896 $13,495 $51,948

5 $(576.00) $(79.87) $14,976 $14,320 $12,657 $64,605

Table 5 LCC of gasoline motorcycle

Year Fixed cost Variable cost Revenue Profit Present value of
profit

Net present
valueGasoline Repair

0 $(1,418) 0 0 0 $(1,418) $(1,418) $(1,418.18)

1 0 $(607.36) $(25.00) $14,976 $14,344 $13,994 $12,576

2 0 $(607.36) $(25.00) $14,976 $14,344 $13,652 $26,228

3 0 $(607.36) $(25.00) $14,976 $14,344 $13,320 $39,548

4 0 $(607.36) $(25.00) $14,976 $14,344 $12,995 $52,542

5 0 $(607.36) $(25.00) $14,976 $14,344 $12,678 $65,220

The LCC shows that the payback period of both motorcycle options is less than
one year. In year 0, the NPV is negative, but then becomes positive in year 1. Thus,
the person does not have to worry about a long period of time for recovering the
investment costs of either vehicle option. However, the NPV of the gasoline motor-
cycle was higher than the electric motorcycle by a difference of $615 at the end of
five years. One of the reasons the electric motorcycle had a lower NPV is because at
the end of the 5th year, a new lithium-ion battery pack had to be purchased. Thus,
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based on just the NPV, the person should invest in the gasoline motorcycle to deliver
food for a period of five years. However, if the global cost of lithium-ion battery
packs for electric motorcycles becomes cheaper in the future, this would reduce the
initial investment cost of the vehicle as well as the cost of the replacement battery
pack and therefore increase the NPV of the electric motorcycle option.

3.2 Owning Versus Renting a Pram

Prams, also known as baby carriages or strollers, are used by parents to push their
children around outdoors. A parent can either buy and own a pram or rent one from a
company. Renting prams is an example of the product-as-a-service business model.
In this type of business model, instead of owning and using a product, consumers
simply rent a product to be used for a specific period of time, similar to renting a
movie or book from a library. This business model is technically feasible for certain
products such as prams that are durable for a long period of time. Parents in general
use prams for 3–4 years until their child no longer needs it. In this LCC, a set of
parents just gave birth to their first child. They plan on having their child use a pram
for three years. They seek to decide whether they should purchase and own a pram for
three years or use a rental service for the same amount of time. The parents conduct
an LCC of both pram options to answer the following questions:

1. Which option has lower costs?
2. When is it advantageous to rent a pram?

3.2.1 Fixed Costs and Revenue

In the pram rental option, there are no fixed costs. In the pram ownership option, the
fixed cost is the initial purchase of the pram which is $200.

3.2.2 Variable Costs and Revenue

In the pram rental option, the only variable cost is the rental fee of the pram from the
company which is $30/month. For the pram ownership option, the only variable cost
is water and paper towels for light cleaning of the pram every three months, which
is four times per year. It is assumed that the cost of each instance of cleaning is $2.
Table 6 summarizes the cost values for both pram options.

3.2.3 LCC Calculation Results and Discussion

Tables 7 and 8 list the costs, present value, and net present value of both pram options
over a period of 3 years.
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Table 6 Cost values for pram
ownership and rental options

Item Unit Pram ownership Pram rental

Vehicle USD $200 N/A

Rental rate USD/month N/A $30

Cleaning costs USD/year $8 N/A

In both options, the interest rate is assumed to be 2.5%.

Table 7 LCC of pram ownership option

Year Pram Cleaning Total cost Present value Net present value

0 $(200.00) – $(200.00) $(200.00) $(200.00)

0.5 – – – – $(200.00)

1 – $(8.00) $(8.00) $(7.80) $(207.80)

1.5 – – – – $(207.80)

2 – $(8.00) $(8.00) $(7.61) $(215.42)

2.5 – – – – $(215.42)

3 – $(8.00) $(208.00) $(7.43) $(228.85)

Table 8 LCC of pram rental option

Year Rental Total cost Present value Net present value

0 – – – –

0.5 $(180) $(180) $(178) $(178)

1 $(180) $(180) $(176) $(353)

1.5 $(180) $(180) $(173) $(527)

2 $(180) $(180) $(171) $(698)

2.5 $(180) $(180) $(169) $(867)

3 $(180) $(180) $(167) $(1,035)

The results of the LCC show that overall, it is far less costly to purchase a pram
and own it for three years compared to renting a pram for three years. However,
renting a pram can be economically advantageous if parents only plan on using a
pram for a total of six months. At year 0.5 (6 months), the pram rental option had a
lower cost compared to purchasing a pram. Thus, by calculating the NPV at smaller
time intervals, such as every half-year in the case study, the analysis can show at
what point in time one product option can be more economically advantageous over
another.
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4 Relationship Between LCC and LCA

Life cycle assessment (LCA) is a methodology to quantitatively assess the envi-
ronmental impacts of products, processes, or organizations. It is regulated by the
standards ISO 14040 and ISO 14044. Figure 1 represents the four phases of LCA:

It should be noted how the four phases cannot be listed linearly, as the process
has an iterative nature which particularly involves the interpretation phase.

Themain difference between LCC and LCA is that LCAusually includesmultiple
environmental impact categories that have to be evaluated. This is because different
environmental issues are not necessarily correlated, hence the need to assess more
than one indicator. For example, the Environmental Footprint certification of the
European Commission considers a set of sixteen impact indicators. It is important to
account for a comprehensive set of impact indicators to be aware and avoid burden
shifting among different impact categories.

Particularly in the circular economy context, it is important to mention the
concepts of multi-functionality and of allocation. If a product is recycled, its product
systemwill servemore than one function. The first is themain function of the product,
while the second is the production of recycled material. This is a classic example
of multi-functionality. However, this raises the question: “How to define the portion
of burden that the studied product is responsible for in the life cycles that uses the
recycled material?” More generally, the issue is to limit the system boundaries in a
circular context which tends to expand them by linking together different life cycles.
This is the problem of allocation. To sum up, systemswithmulti-functional processes
require the application of allocation rules. To choose among the available allocation
rules, the ISO 14044 promotes the following hierarchy: sub-division, system expan-
sion, physical allocation, and economic allocation. The definitions of these terms
and more are provided in Table 9 according to the ISO standards and other literature.

Fig. 1 The iterative process
of LCA from ISO 14040
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Table 9 LCA terms and definitions (ISO 14040, 2006; ISO 14044, 2006; Hauschild et al. 2018)

Term Definition

Life cycle assessment A systematic tool that allows for analysis of environmental
loads of a product in its entire life cycle and assessment of their
potential impacts on the environment (ISO 14040)

Goal definition States the purpose of conducting the LCA

Scope definition Describes the product system, the function of the product
system, the product system boundaries, and data category

Functional unit A measure that allows quantification of the function that is
defined. It should represent the performance of the functional
outputs of the product system. It provides a reference to which
inputs and outputs are related

Reference flow The amount of product(s) that is necessary to fulfill the
function of the system

System boundaries Defines the processes of the assessed product system that are
included in the LCA

Cradle-to-grave LCA An assessment of the potential environmental impacts of a
product from raw materials extraction (cradle) to
disposal/recycling (grave)

Cradle-to-gate LCA An assessment of the potential environmental impacts of a
portion of the product life cycle which includes the stages of
raw materials extraction (cradle) to final production at the
factory gate (i.e., before it is transported to the consumer)

Life cycle stage A stage that takes place during the life cycle of a product or
service. Examples are raw material extraction and processing,
manufacturing, use, transportation, and disposal

Life cycle inventory Data that quantifies the inputs and outputs (e.g., materials,
energy, water) associated with a product system in the LCA
study

Characterization factor A number that expresses how much a single unit of an emission
to the environment or a single unit of a resource consumed
from the environment contributes to an impact category

Environmental impact category Represents the environmental issue of concern to which the
results of the life cycle impact assessment are assigned to

End-of-life The stage that involves processes for treating a product that
needs to be disposed. Examples include demolition, landfill,
incineration, recycling

Allocation Rule that determines how environmental impacts are divided
among different life cycle stages or among different but
connected product systems. ISO 14044 recommends adopting
the following 4-step hierarchy of solutions

Sub-division Allocation is avoided by increasing the level of detail of the
modeling and of the data collection

System expansion The system boundaries are expanded to include the additional
functions of the co-products

(continued)
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Table 9 (continued)

Term Definition

Physical allocation Inputs and outputs of the multi-functional process are
partitioned with a ratio obtained from a physical relationship
among the co-products

Economic allocation Like physical allocation, but the partitioning ratio is obtained
from the economic costs of the co-products

Cut-off Case of allocation, in which the partitioning ratio is 100% for
one co-product and null for the others. Often used to exclude
all environmental burdens from recycled materials, apart from
those generated in the waste collection and recycling processes

5 LCA Case Studies

Due to the possibility to quantify the environmental impacts along the life cycle of
products, the applicationofLCA is particularly useful in thefield of circular economy.
Through LCA, the environmental dimension of sustainability can be examined holis-
tically and the results can be used to complement the economic analysis for consumer
and business decision-making. In this section, an LCA is conducted for the previous
two LCC case studies about electric versus gasoline motorcycles and owning versus
renting a pram. The case studies have been simplified for the purpose of focusing on
how the results can be used to complement the LCC analysis.

5.1 Electric Versus Gasoline Motorcycles

In theLCCanalysis, itwas determined that the gasolinemotorcyclewas economically
advantageous compared to the electric motorcycle for the food delivery business.
This was because the gasoline motorcycle had a higher NPV at the end of five
years. An LCA is conducted to compare the life cycle environmental impacts of both
motorcycle options to provide the food delivery service an environmental perspective
in the motorcycle decision-making process.

5.1.1 Goal and Scope Definition

The goal of this comparative LCA is to quantify the life cycle environmental impacts
of an electric motorcycle versus a gasoline motorcycle. The intended audience of this
LCA are food delivery service providers and motorcycle manufacturers who seek to
understand the environmental impacts of the type ofmotorcycle food delivery service
providers choose to drive. The functional unit of this study is a single motorcycle that
is driven 50 km each day, six days a week, to deliver food to customers for five years.
Averaged throughout an entire year, themotorcycle is able tomake six food deliveries
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Table 10 Simplified LCI of electric and gasoline motorcycles

Component Electric motorcycle Gasoline motorcycle

Mass of vehicle 118 kg (inclusive of battery) 112 kg

Mass of 1 battery pack 16.24 kg N/A

Fuel economy 31.25 km/kWh 37.5 km/l gasoline

Distance traveled during life cycle (5 years) 78,000 km 78,000 km

Total electricity consumed 2,496 kWh N/A

Total gasoline consumed N/A 2,080 L

Total waste landfilled 134.24 112 kg

each day. The system boundaries of this LCA is cradle-to-grave. Therefore, this
LCA includes all life cycle stages which are raw material extraction, manufacturing,
product use, and disposal. At the end of each motorcycle’s lifetime of five years,
the vehicle is disposed at a sanitary landfill. The environmental impact categories
considered within the scope of this LCA are climate change, metal depletion, and
ecotoxicity.

5.1.2 Life Cycle Inventory

To conduct the LCA, a life cycle inventory (LCI) is developed. The LCI lists out the
physical flows in terms of input of resources and materials and outputs of products,
emissions, and wastes. As stated previously in the LCC case study, both motorcycles
drive 50 km each day, six days a week for five years. Each day, both motorcycles
are able to deliver six meals. The electric motorcycle uses an electric motor and
a lithium-ion battery and has a fuel economy of 31.25 km/kWh. The lithium-ion
battery pack has to be replaced at the start of the fifth year. The gasoline motorcycle
uses gasoline as its energy source and has a fuel economy of 37.5 km/l gasoline.
Both motorcycles are sent to a sanitary landfill at their end-of-life after five years.
Table 10 provides a simplified LCI of both motorcycle options.

5.1.3 Life Cycle Impact Assessment

As stated in the goal and scope, the impact categories considered in this LCA are
climate change, metals depletion, and ecotoxicity. Climate change is an impact cate-
gory used to represent the potential environmental impacts of emitting greenhouse
gases (GHGs) into the atmosphere and is measured in units of kg CO2-equivalent.
Metal depletion is an impact category that represents the potential loss of metallic
materials from the environment and is measured in units of kg Fe(iron)-equivalent.
Ecotoxicity is an impact category used to represent the potential environmental
impacts of emitting toxicmaterials into the environmentwhich ismeasured in units of
kg 1,4 dichlorobenzene (1,4-DB) equivalent. To quantify the environmental impacts,
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impact assessment is conducted to translate the physical flows of both motorcycles
into environmental impacts. In the category of climate change, the emissions of
GHGs are calculated. In the category of metals depletion, metal depletion potential
(MDP) is calculated. In the category of ecotoxicity, the ecotoxicity potential (ETP)
is calculated. Tables 11 and 12 show the life cycle environmental impacts of the
different life cycle processes for each motorcycle using data from a study conducted
by Kerdlap and Gheewala [2]. Cradle-to-gate production includes all the processes
that take place starting from raw material extraction all the way to final production
of the product that exits the factory gate.

Byusing the information inTables 10, 11, and 12, the final life cycle environmental
impacts in the three impact categories can be calculated. The impacts of each process
listed in either Table 11 or 12 are to be multiplied by the physical flows of the
respective motorcycle, which can be referred to in Table 10. For example, the steps
of the method for calculating the life cycle GHGs of the electric motorcycle would
be as follows.

Table 11 Potential environmental impacts of electric motorcycle processes

Process Reference flow GHGs (kg
CO2-eq)

MDP (kg Fe-eq) ETP (kg
1,4-DB-eq)

Cradle-to-gate
production of
motorcycle frame
(does not include
battery pack)

1 motorcycle
frame

346.50 137.62 0.00557

Electricity use 1 kWh 0.42 0 0

Cradle-to-gate
production of battery
pack

1 battery pack 291.62 221.89 0.00897

Disposal in sanitary
landfill

1 kg waste
disposed

0.51 0.00077 1.03E−05

Table 12 Potential environmental impacts of gasoline motorcycle processes

Item Reference flow GHGs (kg
CO2-eq)

MDP (kg Fe-eq) ETP (kg
1,4-DB-eq)

Cradle-to-gate
production of
motorcycle frame

1 motorcycle
frame

310.66 75.19 0.00697

Gasoline production
and consumption

1 L of gasoline 0.23 0 0

Road emissions 1 km driven 0.05 0 0

Disposal in sanitary
landfill

1 kg waste
disposed

0.51 0.00077 1.03E−05
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Fig. 2 Life cycle environmental impacts of electric and gasoline motorcycles

Step 1: Calculate the GHG emissions of cradle-to-gate production of one electric
motorcycle frame without the battery pack (346.50 kg CO2-eq).
Step 2: Calculate the electricity used to drive the motorcycle six days a week for
five years (2,496 kWh) and its associated GHG emissions (1,046 kg CO2-eq).
Step 3: Calculate the GHG emissions of cradle-to-gate production of two lithium-
ion battery packs (583 kg CO2-eq).
Step 4: Calculate the GHG emissions of disposing the mass of the electric
motorcycle frame and the two lithium-ion batteries (68 kg CO2-eq).

By following the same steps above for the impact categories of metal depletion
and ecotoxicity, the LCA results for both the electric motorcycle and the gasoline
motorcycle can be calculated which are shown in Fig. 2.

5.1.4 Interpretation

The final LCA results show that the electric motorcycle has higher life cycle envi-
ronmental impacts in two out of the three impact categories considered within the
scope of the study. The electric motorcycle had lower impacts on climate change
compared to the gasoline motorcycle, but had higher impacts on metal depletion and
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ecotoxicity. The reason the electric motorcycle had higher impacts in metal depletion
is because the two lithium-ion battery packs consume precious metals such as nickel
and cobalt. The metals used in the batteries of the electric motorcycle are highly
toxic to the environment. Therefore, the electric motorcycle has a high ecotoxicity
potential compared to the gasoline motorcycle.

The LCA results in this case study demonstrate how trade-offs can take place
among different environmental impact categories. Thus, if the food delivery person
chose to use an electric motorcycle, the person would avoid potential impacts to
climate change, but in exchange would increase the impacts to metal depletion and
ecotoxicity. From an environmental perspective, the food delivery person would
need to decide which environmental impact categories should be prioritized when
choosing which motorcycle to use. If climate change is the only impact category
of concern, then the electric motorcycle should be chosen. If metals depletion or
ecotoxicity are the impact categories of concern, then the user should select the
gasoline motorcycle. Conducting an LCA helps identify opportunities for reducing
environmental impacts. ThisLCAcase study showed that the lithium-ion battery pack
had the highest contribution to impacts to metal depletion and ecotoxicity. Thus, the
company that produces electric motorcycle would know that attention should be
focused on extending the useful life of the lithium-ion battery packs to reduce the
impacts on metals depletion and ecotoxicity.

5.2 Owning Versus Renting a Pram

In the LCC analysis, it was determined that owning a pram for three years is economi-
cally advantageous compared to renting a pram for the same period of time. However,
if a parent seeks to use a pram for six months or less, renting a pram has lower costs
compared to buying and owning one. An LCA is conducted to compare the life
cycle environmental impacts of both pram service options to provide parents with an
environmental perspective in the decision-making process.

5.2.1 Goal and Scope

The goal of this comparative LCA is to quantify the life cycle environmental impacts
of owning a pram versus renting a pram. The intended audience of this LCA are
parents with children between the ages of 0 and 4 years who seek to understand the
life cycle environmental impacts of their choice to either own a pram or use one
from a rental service. The functional unit of this LCA is the use of the service of
a pram to move a child around as needed during the first three years of life. The
service of a pram is used every day for three years. The system boundaries of this
LCA is cradle-to-grave. Therefore, this LCA includes all life cycle stages of the pram
which are raw material extraction, manufacturing, product use, and disposal. At the
end of each pram’s lifetime, the vehicle is disposed of at an incinerator with energy
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Table 13 Simplified LCI of
pram ownership versus rental

Component Ownership Rental

Mass of pram 9.6 kg 9.6 kg

Number of prams 1 1

Years of use 3 years 3 years

Lifetime of pram 3 years 6 years

Number of times cleaned 12 times 24 times

Total waste incinerated 9.6 kg 9.6 kg

recovery. The environmental impact categories considered within the scope of this
LCA are climate change, metal depletion, and water depletion. Water depletion is
an impact category that is used to represent the amount of water consumed from the
environment which is measured in units of cubic meters of water.

5.2.2 Life Cycle Inventory

Table 13 shows a simplified life cycle inventory of owning or renting a pram.
As stated in the LCC case study, the activities in the life cycle of both prams

are different depending on whether the parents own the pram or rent it from a pram
rental company. In the case of owning a pram, the pram is manufactured, the parents
purchase it, use it for three years and then dispose of it through an incinerator with
energy recovery. During the ownership of the pram, light cleaning is done every
three months through the use of some paper towels, water, and a small amount of
cleaning detergent. By the end of three years, the pram would have gone through
light cleaning 12 times.

In the case of renting a pram, the pram rental company purchases the pram and
owns it for a total of six years. The pram is rented out to the parents for a total of
three years. During those three years, the parents must send back the pram to the
pram rental company for heavy cleaning every three months. Heavy cleaning must
be done so that the pram is still maintained in good condition and can last for a total
of six years. Once the parents no longer need the pram after three years, they return
it back to the pram rental company. The pram rental company continues to rent that
same pram for another three years for a different child and still does heavy cleaning
every three months. At the end of six years, the pram is no longer functional due
to high usage by different customers. It is therefore disposed of at an incinerator
with energy recovery. By the end of six years, the pram would gone through heavy
cleaning 24 times.

5.2.3 Life Cycle Impact Assessment

As stated in the goal and scope, the impact categories considered in this LCA are
climate change, metals depletion, and water depletion. In the impact assessment,
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Table 14 Potential environmental impacts of pram life cycle processes

Process Amount GHGs (kg
CO2-eq)

MDP (kg Fe-eq) Water depletion
(m3 water)

Cradle-to-gate
pram production

1 pram 78.3 7.7 3.3

Light cleaning 1 cleaning cycle 0.008 0.001 0.00028

Heavy cleaning 1 cleaning cycle 1.42 0.085 0.01

Disposal through
incineration

1 pram disposed 2.6 −0.15 0.0046

GHGs is used tomeasure impacts to climate change,MDP is used tomeasure impacts
to metal depletion, and the amount of water consumed is used to measure impacts
to water depletion. Table 14 shows the life cycle environmental impacts of different
processes during the life cycle of the pram using data from a study conducted by
Kerdlap et al. [1]. Cradle-to-gate production of the pram refers to all the processes
that take place starting from raw material extraction all the way to final production
of the pram that exits the factory gate.

The steps of the method for calculating the life cycle GHG emissions of the pram
options are as follows.

Step 1: Calculate the GHG emissions of cradle-to-gate production of one pram
(78.3 kg CO2-eq).
Step 2: Calculate the GHG emissions from the number of cleaning cycles done.
The GHG emissions of cleaning is dependent on the number of times the pram
is cleaned in both cases (0.09 kg CO2-eq for 12 cycles of light cleaning) and the
rental case (17 kg CO2-eq for 24 cycles of heavy cleaning).
Step 3: Calculate the GHG emissions of disposing the entire mass of one pram
(2.6 kg CO2-eq).

The total life cycle environmental impacts of the pramownership option over three
years are the sum of the impacts of (1) producing one pram, (2) 12 light cleaning
cycles, and (3) disposal of one pram through incineration. To calculate the impacts
of the pram rental option over six years, the sum of the impacts of (1) producing one
pram, (2) 24 cleaning cycles, and (3) disposal of one pram through incineration is
calculated. Then these total impacts over six years must be divided by two. This is
because the functional unit of the study states that the parents use the service of the
pram for only three years. In the pram rental option, the pram has a lifetime of six
years because the pram rental company takes care of the pram when the parents no
longer need it and rent it out to other customers. Thus, the parents are only responsible
for the life cycle environmental impacts of the first three years, which is half of the
pram’s lifetime in the rental option.

By following the steps above for the impact categories of metal depletion and
water depletion, the life cycle environmental impacts of the pram ownership and
rental options can be calculated which are illustrated in Fig. 3.
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Fig. 3 Life cycle environmental impacts of owning and renting a pram

5.2.4 Interpretation

The results in Fig. 3 show that renting a pram for three years has lower life cycle envi-
ronmental impacts to climate change, metal depletion, and water depletion compared
to buying and owning a pram for the same amount of time of three years. The
impacts in all three categories were lower for the rental option because the pram
rental company extended the use of the rental pram to another set of parents after the
first three years of use. In contrast, in the pram ownership option, the parents only
used the pram for three years and then disposed of it. Thus, this LCA reveals that
from an environmental perspective, renting a pram that is shared between multiple
parents has lower environmental impacts compared to owning a pram and disposing
it within 1–3 years. The pram ownership option could reduce its life cycle envi-
ronmental impacts if the parents pass down the used pram to another set of parents
thereby extending the pram’s useful life.

6 Conclusion

LCC is a versatile method for conducting economic analysis of products and services
from a life cycle perspective. The method is able to account for fixed and variable
costs and revenue and the time value of money. The results can be used to answer
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different questions for a variety of stakeholders regarding the economic performance
of products and services. NPV and payback period are economic indicators that can
be determined by conducting an LCC. There are three different types of LCC. These
are conventional LCC, environmental LCC, and societal LCC. Convention LCC only
accounts for direct flows of cash from one stakeholder perspective. In environmental
LCC, the study is done in alignment with the goal and scope of an LCA. Further-
more, externalities can also be included in the environmental LCC. Externalities
are accounted for in the LCC by putting a monetary value on the environmental
impacts of a product or service. In a societal LCC, the intended audience is usually
stakeholders working in the government and other public authorities. The monetary
value of impacts to the environment and society are included in a societal LCC. This
chapter focused on providing step-by-step instructions for conducting a conventional
LCC for the purpose of supporting consumers and businesses in making economic
decisions related to the circular economy.

To demonstrate howLCC can be used to support consumer and business economic
decision-making in the circular economy, two case studies were examined. The first
case study looked at the choice of purchasing either an electric motorcycle or a gaso-
line motorcycle to be used for running a food delivery service for five years. The
results of the LCC showed that the gasoline motorcycle had a higher NPV compared
to the gasoline motorcycle at the end of five years. The main reasons the electric
motorcycle had a lower NPV is because of the higher initial cost of the vehicle and
the replacement of the lithium-ion battery pack that had to be purchased in the fifth
year of the life cycle. The NPV of the electric motorcycle could be reduced if the
global cost of lithium-ion battery packs decreases in the future. To complement the
economic analysis, an LCA was conducted to quantify the life cycle environmental
impact of both motorcycle options. The LCA results showed that the electric motor-
cycle had lower impacts to climate change, but had higher impacts to metal depletion
and ecotoxicity compared to the gasoline motorcycle. This was because the lithium-
ion battery pack uses precious metals such as nickel and cobalt that had a high contri-
bution to metal depletion. Furthermore, the other materials and processes involved in
producing the battery had a high contribution to ecotoxicity. This case study demon-
strated how LCA can identify trade-offs that take place between different impact
categories. When considering both the environmental and economic perspectives,
the choice to use either an electric or a gasoline motorcycle becomes challenging.
The food delivery person would need to decide whether to prioritize the economic
or environmental performance of both motorcycle options. However, through LCC
and LCA, the food delivery person has full visibility of the factors that contribute
to the economic and environmental performance of both options from a holistic
perspective.

In the second case study, the LCC examined the choice of owning a pram for
three years or renting a pram from a company for the same amount of time. In the
pram ownership option, the parents dispose the pram after three years. In the pram
rental option, the pram has a lifetime of six years with multiple users since it is
taken care of by the pram rental company. The results of the LCC showed that the
pram ownership option had a lower total cost compared to the rental option over a
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period of three years. However, if a set of parents were to only use a pram for six
months or less, the rental option would have a lower total cost. To complement the
LCC, an LCA was conducted to quantify the life cycle environmental impacts of
both pram options. The LCA results showed that the pram rental option had lower
environmental impacts compared to the pram ownership option in all three impact
categories. This was because the pram in the rental option had a longer lifetime of
six years with a second user after the first three years. In the ownership option, the
parents use the pram for three years and then dispose of it. Thus, by extending the
useful life of the pram, the environmental impacts for the parents for using the pram
are reduced. The life cycle environmental impacts of the pram ownership option can
be reduced as well if the used pram is passed down to another set of parents after the
first three years of use. When examining the LCC and LCA results of the pram case
study, the parents would have to decide whether they prioritize the environmental or
economic performance when it comes to selecting to own or rent a pram. However,
passing down a used pram to a second set of parents after the first three years of
use would avoid this trade-off between environmental and economic performance.
If a used pram is passed down to another set of parents for free, the second set of
parents would have lower life cycle environmental impacts of using the pram. Also,
the second set of parents would have lower life cycle costs because the cost of the
used pram was free.

The two case studies show how the LCC methodology can be applied to support
in economic decision-making for products and services in a circular economy. As the
environmental perspective is oneof themainmotivations for transitioning to a circular
economy, conducting an LCA can support in quantifying the life cycle environmental
impacts of those products and services. This helps to identify potential burden shifts
and opportunities for improving the environmental performance of different products
and services and support individual and business decision-making.

7 Take-Home Messages

Listed below are several important take-home messages regarding LCC, its relation-
ship with LCA, and applications in a circular economy.

1. Conventional LCC is useful for individuals and companies who seek to examine
only the direct monetary flows of a product or service across its life cycle.

2. In an environmental LCC, the LCC is aligned with LCA in terms of consistency
with the functional unit, goal and scope, and system boundaries. In addition to
the direct monetary flows of the product or service, the monetary value of the
externalities may also be included in an environmental LCC.

3. Societal LCC is used to support governments and public authorities in decision-
making. This includes quantifying the monetary value of the environmental
impacts of the product or service being examined.
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4. In a circular economy, there are many different actors at different life cycle
stages. Defining from which stakeholder perspective to analyze in the LCC
is therefore important. This is because in activities such as waste-to-resource
conversions and remanufacturing, certain transactions that are a cost for one
stakeholder can be a form of revenue for another stakeholder.

5. To include externalities in an LCC, the externalities need to be monetized using
a methodology that is suitable for the goal and scope of the study.

6. Conventional LCC can be applied to determine the NPV and payback period.
When calculating the NPV, the time value of cash flows at specific interest rates
need to be factored in.

7. Conducting an LCA is important for holistically evaluating the environmental
performance of a product or service in a circular economy.

8. Through conducting an LCA, one can have full visibility of which processes
have the highest contribution to the total life cycle environmental impacts. This
visibility helps in determiningwhich processes should be focused on to improve
the environmental performance.

9. An LCA should assess a comprehensive set of impact indicators that pertain to
the goal and scope of the study and its intended audience. This helps to avoid
burden shifting to non-accounted categories.

10. Extending the useful life of a product through multiple users can help to reduce
the life cycle environmental impacts a user or business incurs as opposed to
single use and disposal of a product.

Depending on the level of detail of the LCC, the process of finding monetary data
can be time consuming. Table 15 provides some databases with free access to LCC
data.

Table 15 Publicly accessible sources of LCC data (J.-M. Rödger et al. 2018)

Data type Organization Link

Crude oil International Energy
Agency

www.iea.org/statistics/topics/pricea
ndtaxes

Plastics The Plastic Exchange www.theplasticsexchange.com

Marine fuel oils Ship and Bunker www.shipandbunker.com/prices

Chemicals Independent Commodity
Intelligence Service

www.icis.com/chemicals

Metals London Metal Exchanges www.lme.com

Commodities United Nations www.comtrade.un.org/data

Inflation World Bank www.data.worldbank.org

Wages International Labour
Organization

www.ilo.org

Currency exchange rates World Bank www.data.worldbank.org

Power, gas, coal, oil European Stock Exchange www.eex.com/en

http://www.iea.org/statistics/topics/priceandtaxes
http://www.theplasticsexchange.com
http://www.shipandbunker.com/prices
http://www.icis.com/chemicals
http://www.lme.com
http://www.comtrade.un.org/data
http://www.data.worldbank.org
http://www.ilo.org
http://www.data.worldbank.org
http://www.eex.com/en
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Table 16 Publicly accessible sources of LCA data

LCA data type Organization Link

Various openLCA Nexus https://nexus.openlca.org/databases

Various Life Cycle Initiative https://www.lifecycleinitiative.org/resources-2/global-
lca-data-network-glad/

Plastic materials Plastics Europe https://www.plasticseurope.org/en

Some LCA data is also available for free. Several of these free resources are listed
in Table 16.

To learn more about the LCC and LCAmethodology and its applications, readers
are encouraged to read through the resources listed in Further reading.

Further Reading
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circular economy in organizations—Guide. The British Standard Institution, 2017.
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ISO. 2006. ISO 14044 Environmental management—life cycle as—sessment—
requirements and guidelines. International Organisation for Standardisation.

Hauschild MZ, Rosenbaum RK, Olsen SI (2018) Life cycle assessment, Life
Cycle Assessment: Theory and Practice. Springer. https://doi.org/10.4324/978131
5778730.

Niero M, Schmidt Rivera XC (2018) The role of life cycle sustainability assess-
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CIRP 69, pp. 793–798. https://doi.org/10.1016/j.procir.2017.11.022.

ReddyVR, KurianM, Ardakanian R (2015) Life-cycle cost approach for manage-
ment of environmental resources: a primer. Springer. https://doi.org/10.1007/978-3-
319-06287-7.

Rödger J-M, Kjær LL, Pagoropoulos A (2018) Life cycle costing: an introduction.
In: Hauschild MZ, Rosenbaum RK, Olsen SI (Eds) Life cycle assessment: theory
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Swarr TE, Hunkeler D, Klopffer W, Pesonen H-L, Ciroth A, Brent AC, Pagan R
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Towards Sustainable Business Strategies
for a Circular Economy: Environmental,
Social and Governance (ESG)
Performance and Evaluation

Rashmi Anoop Patil, Patrizia Ghisellini, and Seeram Ramakrishna

Abstract This chapter seeks to give a foundational overview of Environmental,
Social, and Governance (ESG) metrics. The definition of individual ESG factors is
first introduced to highlight sustainability considerations in businesses and how these
can be considered and support circularity in business operations. The chapter further
develops the concept that ESG reporting serves as an enabling tool with which the
business operations can drive circularity and remedy the existing limitations of the
linear economy in practice. The rise in ESG reporting from companies, and the ESG
considerations of companies based on their disclosures are discussed. Incorporation
of ESG factors into business operations is also evidenced through real-world case
studies. The impact of ESG performance and the growing awareness of sustainability
among businesses, consumers, and investors on the current investing trends and its
contribution to embracing circularity is presented as the conclusion of the chapter.
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Learning Objectives

• To understand ESG metrics, meant for business sustainability.
• To understand why businesses seek to enhance their ESG performance.
• To appreciate the link between ESG performance and circularity envisioned by

the circular economy.
• To understand the concept of how an ESG score is calculated.
• To understand how companies enhance their ESG performance.

1 Circularity Assessment and the ESG Context

Companies across all industrial sectors represent a significant part of our economy.
Majorly, the economic patterns have been linear—take-make-use-dispose—and have
dominated the business operations for long [1, 2]. This linear approach has been
agreeably unsustainable [1–4]. The rising concerns about the impacts of the linear
economyon the environment and society have spurred the companies tofirmly rethink
the sustainability implications of their operations [1, 5]. During the previous decade,
this sustainability consciousness has established a direct correlation with the circular
economy (CE) principles. Many companies across the world, therefore, are moving
towards circular business approaches1 and it is evidenced that the CE know-how is
concentrated in large companies and less diffused across small medium businesses
[6]. This transition to CE, however, needs a comprehensive assessment of the extent
of circularity achieved and the potential economic benefits.

Circularity assessment is relatively new and is currently being explored by compa-
nies intending to transit towards circularity [7, 8]. Having an assessment tool for
circularity that could be used as a yardstick with which companies can evaluate their
circularity and understand the gaps for improvement is crucial. The CE scholar-
ship has developed several methods and tools for assessing circularity. For example,
Circulytics2 is a comprehensive tool developed by the Ellen MacArthur Founda-
tion for circularity measurement of companies that also highlights the areas for
improvement in circularity performance. Various organizations such as the Cradle
to Cradle Products Innovation Institute,3 the alchemia-nova,4 and the ecopreneur5

provide assistance in assessing the materials circularity of the products, services
and/or entire supply chains with their proprietary approaches and tools. Such tools
enable companies to tap into new opportunities and stay relevant in the competition
by adopting circular thinking into their core business strategy.

The concept of environmental, social, and governance (ESG) metrics for business
assessment was in place much before the advent of circular economy principles.

1https://www.ellenmacarthurfoundation.org/our-work/activities/ce100.
2https://www.ellenmacarthurfoundation.org/resources/apply/circulytics-measuring-circularity.
3https://www.c2ccertified.org/get-certified/product-certification.
4https://www.alchemia-nova.net/services/circular-business/.
5https://ecopreneur.eu/circularity-check-landing-page/the-circularity-check-explanation/.

https://www.ellenmacarthurfoundation.org/our-work/activities/ce100
https://www.ellenmacarthurfoundation.org/resources/apply/circulytics-measuring-circularity
https://www.c2ccertified.org/get-certified/product-certification
https://www.alchemia-nova.net/services/circular-business/
https://ecopreneur.eu/circularity-check-landing-page/the-circularity-check-explanation/
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It can be considered as a measure of the overall sustainability of the business that
depends on the environmental, social, and governance factors. However, achieving
circularity is a winning approach to enhance ESG performancewhile becomingmore
sustainable [9].

From this point onwards, for ease of communication, the ESG factors are referred
to as a single entity in some instances and the terminology ESG is used to represent
this in the text. In the next sections, the individual ESG factors (E, S, and G) are
briefly explained followed by a discussion on how CE principles influence the ESG
pursuit of businesses evidenced by company case studies.

2 Understanding ESG

In general, a business needs material resources and energy to function and produces
waste in some form or the other. In practice, such a business is dependant on
labor, within a broader societal setup involving stakeholders such as investors and
consumers. For the smooth functioning of the business, a set of practices, rules, and
regulations, and operational procedures are followed, that decide how decisions are
made in the company, mostly regarding governance and general operational manage-
ment. Thus, the businesseswe see around are fundamentally interweavedwith various
ESG factors in some capacity. Its imperative to first briefly understand the individual
factors of ESG (Fig. 1) and their interdependencies.

1. The E in ESG, environmental aspect, encompasses the energy consumption of
the company, the resources/raw materials consumed, the waste discharged, and
the impact of these on the ecosystems. Carbon emissions and the contribution to
climate change are the two most important and common criteria which represent
the ecological footprint of the company.

2. The S in ESG, social criteria, includes the reputation and relationships that the
company has earned with the employees, consumers, and institutions in the
community where the business has been established and is being run. It mainly
represents the inclusive culture and diversity in human capital6 of a company to
suit the societal requirements.

3. The G in ESG, governance, is the in-house system of controls and protocols a
company follows to govern itself, in order to make effective decisions, abide by
the laws of the land, and meet the needs of the stakeholders. This is essential for
every company to function smoothly in the long run.

These individual factors are also interconnected with each other and usually,
work in combinations for business operations. For instance, when a company is
trying to comply with the environmental law of the state in lowering the carbon
emissions, such compliance requires the company’s governance factors to abide by
the law, overlapping with the social factors that address the broader concerns about

6https://www.investopedia.com/terms/h/humancapital.asp.

https://www.investopedia.com/terms/h/humancapital.asp
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Fig. 1 Schematic illustration of the ESG factors for business sustainability. The important param-
eters that are used to determine the environmental, social responsibility and governance perfor-
mance of a business are highlighted. The ESG factors can be either individual determinants of
business performance or serve as a collective metric as they are intertwined with each other. Design
adapted from a template; Copyright PresentationGO.com

sustainability. From a CE perspective, our focus is mostly on the environmental
and social factors, however, governance can never be hermetically separated from
these two. Indeed, excelling in environmental and social criteria needs expertise in
governance as exemplified by being aware of and taking measures to address the
legal issues, and maintaining a transparent rapport with the concerned government
bodies [10].

2.1 ESG Over the Years

Even though ESG is a millennial concept, it has evolved over the decades with a
history that dates back to the post World War II period [11]. During the post-war
period (1945—early 1970s), besides the economic expansion, a shortage of workers
triggered the fight for employee rights by labor unions and as a result, such rights
were included in the scope of business governance. Also, in the 1960s and 1970s,
several public movements led to the social issues such as consumer and civil rights
gaining traction, acquiring the attention of the businesses (Fig. 2).
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Fig. 2 A timeline of major events leading to the development of ESG. It began with the struggle
for labor rights just after World War II and continued with the social movements for consumer
and civil rights. This was followed by a series of industrial disasters such as Bhopal gas tragedy,
the Chernobyl nuclear disaster, and the Exxon Valdez oil spill that led to serious environmental
concerns. Then came the financial scandals at the higher management levels of companies such
as Enron and Tyco which made investors skeptical about transparency in business governance. All
these collectively gave rise to the concept of ESG

Later in the 1980s, a series of industrial disasters such as the Bhopal gas tragedy,
the Chernobyl nuclear disaster, and the Exxon Valdez oil spill led to serious environ-
mental concerns and an increasing consciousness regarding the need for a common
evaluatory metric on the environmental integrity of business operations (Fig. 2).
During the same time, the EIRIS (Ethical Investment Research Services) Foundation
was established in England that systematically rated companies based on their social
and environmental responsibilities which turned out to be an important criterion for
investors [11].

Corporate governance has always been important to the executive boards and
employees of a company, and investors. However, in the 1990s, the financial scan-
dals at the higher management levels of companies such as Enron and Tyco made
investors and employees more skeptical about the financial transparency of busi-
nesses in general (Fig. 2).Many a time, this has led to conflicts of interest between the
investor community and company management. Even today, institutional investors
engage in a detailed dialogue with the company boards regarding governance issues
before making investment decisions.

3 Circular Economy Enhances ESG Performance

In recent years, there has been a rise in sustainability and circularity conscious-
ness to address the scarcity of raw materials, resources, rising commodity prices
and environmental pollution threatening our ecosystems and economies. Currently,
many countries are transiting from a traditional linear economy to a CE, one that
is regenerative and waste-free by design. To facilitate such a transition and steer
towards circularity, governments are enframing relevant legislation and policies for
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circular manufacturing and business operations [12, 13]. The objective of the tran-
sition is to absorb as much value as possible from resources, products, and services
to create a system that promotes materials circularity and renewable energy. There
is also a temporal dimension to this objective. In that, the goal of product design
and manufacturing is keeping products, components, and materials at their highest
utility for the longest possible times [1]. The introduction of CE-related legislation
drive businesses to put the principles of CE in practice.

The CE can be perceived as a model to achieve a green economy,7,8,9 where the
economic growth pattern is modified to take into account the limits of the natural
environment. It emphasizes on the environmental responsibility of businesses and
proposes that (i) recovery of materials be factored in from the initial stages of the
manufacturing processes (such as ideation and design) and the outputs fed back as
inputs into the manufacturing cycle [2, 14]; (ii) resource consumption be reduced [2,
14], and (iii) renewable energy be utilized in the manufacturing processes [2, 14].
Although adopting such practices in businesses is a meritorious path to achieving
sustainability, it is not easy to implement the same in an established industrial
ecosystem. It certainly inspires business owners to opt for deconstructing end-of-
life products and reuse them as inputs for production, possible if each stage of the
manufacturing process could be adapted to achieve such a result.

Besides the financial risks associated with the current linear economy [4], compa-
nies are also facing reputational challenges such as brand association with environ-
mental degradation due to raw material extraction, resource depletion, and postcon-
sumer pollutionwhich eventually give rise to social challenges such as adverse effects
on human and animal health. Companies should also anticipate regulatory challenges
such as landfill closures, material bans, and extended producer responsibility (EPR)
policies, springing up globally. By applying the principles of the CE, companies can
maximize resource productivity, minimize pollution and waste generation, decouple
economic growth from virgin natural resource consumption at a macro level in the
global economy, and complement it with the use of renewable energy consumption
as shown in Fig. 3. This will reduce the companies’ environmental impact and avoid
social and governance issues.

Demand for products and services is increasing in tandem with the increasing
global population and consumer affordability. Commodity and raw material prices
continue to increase and remain volatile. At the same time, the environmental and
social capital costs related to the extraction of non-renewable resources and waste
disposal are directly impacting the overall cost of business operations. As the CE
is much more than just materials recycling and using renewable energy, companies
stand to gain economically by following the CE principles in addition to reducing

7UNEP Green Economy https://www.unenvironment.org/regions/asia-and-pacific/regional-initia
tives/supporting-resource-efficiency/green-economy.
8The 5 Principles of Green Economy https://www.greeneconomycoalition.org/news-analysis/the-
5-principles-of-green-economy.
9Green Economy and Circular Economy: targets and prospects http://www.wiretechworld.com/
green-economy-and-circular-economy-targets-and-prospects/.

https://www.unenvironment.org/regions/asia-and-pacific/regional-initiatives/supporting-resource-efficiency/green-economy
https://www.greeneconomycoalition.org/news-analysis/the-5-principles-of-green-economy
http://www.wiretechworld.com/green-economy-and-circular-economy-targets-and-prospects/
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Fig. 3 Schematic illustration of the link between CE principles and ESG. The companies seek to
adopt the principles of theCEmainly to enhance their environmental performance, that leads to better
social credibility and governance. Design adapted from a template; Copyright PresentationGO.com

ESG-related risks. Embracing circularity by companies not only optimizes opera-
tional costs through judicious utilization of resources but also avoids expenses on
litigations and fine payments for violating CE related legislation. Therefore, adopting
a circularmindset, practising circular businessmodel, and complyingwith the laws of
the land for a sustainable economic model and reducing business costs has gradually
become a necessity for companies.

The ESG evaluation of companies assists in identifying and understanding the
different aspects of the business with scope for adopting circular principles. This will
directly aid in improving the environmental performance of the business, eventually
leading to enhanced social credibility andbetter governance (Fig. 3). This progression
towards sustainability not only improves the total ESG performance of businesses
but also attracts investors, especially, institutional investors interested in sustainable
businesses. Such financing is necessary for evolving businesses to become more
circular through research and innovation. The gradual embracing of CE principles,
therefore, will not only enable sustainability in the long run but may also improve
the circularity of businesses.

For example, consider the fashion industry that uses virgin feedstock (nearly
97%) such as cotton, plastic, and other fibers along with resources such as water
and energy. As a result of fast trends in this industry, nearly three-quarters of the
used textiles have been landfilled or incinerated in the past decade. There is also
a considerable loss of virgin materials during both the production and recycling of
fashion products. The study conducted by the EllenMacArthur Foundation estimates
that $500 billion worth of raw material is lost every year due to clothing being barely
used and rarely recycled [15]. In addition to environmental pollution caused by these
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processes, the loss of materials and the resources used in the production add up to
the total carbon footprint of the industry, thereby contributing to climate change. If
this trend continues, a study by the Ellen MacArthur Foundation estimates [15] that
by 2050, the fashion industry will be responsible for using a quarter of the world’s
carbon budget! This has become a major concern for popular fashion brands as
they are being associated with a growing negative environmental impact leading to
social and governance concerns. Therefore, some brands are revisiting their designs
to make them circular. One such approach involves using recycled feedstock and
fibers from renewable resources such as natural fibers and recycled plastic. A few
start-up fashion brands such as Rapanui have even come up with business models
to collect back their products that have reached their end-of-life and upcycle them
into new products. These initiatives make the business sustainable by reducing the
negative impact on the environment locally and on a global scale [16]. Moreover,
such circular business approaches also address governance issues such as adhering to
a cap on carbon emission, landfill closures, andmandatory use of recycled feedstock.
Though this transformation seems difficult initially, it is profitable in the long run.

4 ESG Performance and Evaluation

ESG was a niche concept until recent years. Incorporating the environmental, social,
and governance factors into investing and lending is moving into the mainstream,
transforming the operations and management dynamics of companies. According
to the KPMG Survey of Corporate Responsibility Reporting (2017) [17], around
93% of the world’s largest 250 corporations (G250) report on their sustainability
performance.10 Many companies are integrating non-financial aspects of business
performance represented by ESG in their annual reports. In the context of global
sustainability, such reporting by the companies is crucial as it demonstrates their
strategic contributions and communicates their values and governance ethics to the
stakeholders. This reduces the asymmetric information between the company and its
stakeholders and provides the opportunity for stakeholders in choosing companies
based on their ESG performance. In doing so, the stakeholders (such as investors,
consumers, and suppliers) contribute indirectly to improve global sustainability.
From a company’s perspective, non-financial reporting provides them an opportunity
to reflect on their ESG performance, and recognize and seize new opportunities and
manage changes towards sustainability [18, 19]. When viewed through a CE lens,
the ESG reporting, provided it’s transparent, assists in selecting the better compa-
nies that are implementing the CE framework and the 6R framework11: reduce, reuse,
recycle, recover, redesign, and remanufacturing. However, adoption of ESGpractices
in operations and management of a company is still voluntary (and there is general
consensus that it should be made mandatory).

10https://www.globalreporting.org/information/about-gri/Pages/default.aspx.
11https://www.ellenmacarthurfoundation.org/circular-economy/concept/infographic.

https://www.globalreporting.org/information/about-gri/Pages/default.aspx
https://www.ellenmacarthurfoundation.org/circular-economy/concept/infographic
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To report their ESG performance, currently, companies are following existing
international standards and frameworks set by organizations such as the Global
Reporting Initiative (GRI),12 the Sustainability Accounting Standards Board
(SASB),13 and the Climate Disclosure Standards Board (CDSB).14 Themost popular
andwidely adopted reporting standard is theGRISustainabilityReportingGuidelines
[20], a comprehensive framework that includes references to other widely recognized
standards, such as the OECD Guidelines for Multinational Enterprises, the United
Nations Global Compact Principles, and the International Organization for Standard-
ization (ISO). Many companies are also following the ESG-related ISO standards
(listed in Table 1) and are seeking the necessary certifications. Incorporating such
standards makes the information disclosures by the companies more credible and
makes it easier to compare with their peers following the same standards. Although
ESG reporting is a remarkable development towards global sustainability, it has to
be noted that the diversity in standards has resulted in nonuniform disclosures.

To support the allocation of capital to sustainable finance, market data providers
such as Refinitiv15 (formerly the Thomson Reuters, Finance and Risk Business),
Sustainalytics Inc.,16 andMSCI17 are providing ESG information on companies. For
example, Refinitiv offers one of the most comprehensive ESG data offerings in the
industry, covering over 70% of global market cap, across more than 450 different
ESG metrics, with a history going back to 2002. ESG metrics comprise of ESG
scores, rawmetrics, standardized and analytic data. The ESG space consists of 9,000
companies, covering 23 global and regional indices. The database and ratings are
updated weekly, with a fully transparent and objective methodology. ESG news and
controversies are updated continuously as andwhen such events occur and get picked
up by global media. In addition to scores, analytics, and raw metrics for companies,
Refinitiv houses one of the largest databases of green bonds. Refinitiv also provides
hundreds of other data sets that can be integrated with ESG content, such as but
not limited to Mergers and Acquisitions, Deals, Company Financials, Estimates, and
Ownership. Such an extensive database serves as a good starting point for analysts to
perform equity research, screening, and quantitative ESG analysis and identify risks
and opportunities that are not detectable by conventional analytical methods. From
the perspective of companies being evaluated, such raw datasets provide insights into
the areas of operation and management where there is scope for improvement.

Different methodologies and weightings are often used by data providers to
provide an ESG rating. These range 0–100 in the case of scores or AAA-CCC for
ratings [21]. Access to only a combined ESG risk score limits the exploration of
the critical components of ESG performance impacting business sustainability. The
ESG-scoring is rules-based and, mostly quantitative and less qualitative. Depending

12https://www.globalreporting.org.
13https://www.sasb.org/.
14https://www.cdsb.net/.
15https://www.refinitiv.com/en.
16https://www.sustainalytics.com/.
17https://www.msci.com/.

https://www.globalreporting.org
https://www.sasb.org/
https://www.cdsb.net/
https://www.refinitiv.com/en
https://www.sustainalytics.com/
https://www.msci.com/
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Table 1 ESG related ISO standards

ISO standard Title/Focus Description

ISO 14000 Seriesa Environmental management
systems

Provides a framework for setting
up an effective environmental
management system in a company
or organization

ISO 50001b Energy management systems Provides a practical framework for
improving energy use within an
organization

ISO 45001c Management system for
occupational health and safety

Provides occupational
management standards for
minimizing work-related accidents
and diseases in an organization

ISO 9000 Seriesd Quality management systems Provides a universal reference for
organizations seeking to improve
the quality of the products and
services and be in sync with
customers’ expectations

ISO/IEC 27000 Seriese Information security
management system

Provides an enabling platform for
organizations seeking to
maintain/manage the security of
their assets and critical information
related to finance, intellectual
property, employees, customers
and/or a related third party

ISO 26000f Social responsibility Guidelines Provides clarity on what social
responsibility is and helps
businesses to understand and put
into action, translational practices
towards social responsibility

ISO 37001g Anti-bribery management
system

Provides a regulatory guidance
system for anti-bribery practices in
an organization

ISO/TC 322h Sustainable finance Provides an enabling framework
for standardization in the financing
of business activities in general,
based on sustainability
considerations inclusive of E, S,
and G practices

ahttps://www.iso.org/iso-14001-environmental-management.html
bhttps://www.iso.org/iso-50001-energy-management.html
chttps://www.iso.org/iso-45001-occupational-health-and-safety.html
dhttps://www.iso.org/iso-9001-quality-management.html
ehttps://www.iso.org/isoiec-27001-information-security.html
fhttps://www.iso.org/iso-26000-social-responsibility.html
ghttps://www.iso.org/iso-37001-anti-bribery-management.html
hhttps://www.iso.org/committee/7203746.html

https://www.iso.org/iso-14001-environmental-management.html
https://www.iso.org/iso-50001-energy-management.html
https://www.iso.org/iso-45001-occupational-health-and-safety.html
https://www.iso.org/iso-9001-quality-management.html
https://www.iso.org/isoiec-27001-information-security.html
https://www.iso.org/iso-26000-social-responsibility.html
https://www.iso.org/iso-37001-anti-bribery-management.html
https://www.iso.org/committee/7203746.html


Towards Sustainable Business Strategies for a Circular Economy … 537

on the industry sector in consideration, a set of relevant performance indicators for
ESG parameters is chosen for assessment. The chosen indicators can apply to every
ESG and CE other industry or be specific to a particular industry. For example,
analysts do not evaluate the water usage and waste profile of financial institutions
such as banks.

In this case, parameters such as board governance, community lending practices,
work-life balance, and employee compensations are considered as key indicators.
In contrast, for production industries such as electronics and personal care prod-
ucts, parameters such as water usage, waste generation and management, carbon and
energy profiles, and impact on natural ecosystems and communities become impor-
tant. These indicators are individually scored using publicly available data such as
annual reports and corporate social responsibility (CSR) reports. The individual indi-
cators are normalized relative to the industry peers and then combined to obtain a
final ESG score.

4.1 ESG Scoring Procedure

A brief explanation of ESG scoring methodology used by Refinitiv [22] is given
below as an example, for a basic understanding of how ESG scoring is performed
for an industry group. The procedure used in practice by other data providers do
vary based on the firm’s rules and methodologies in place. The ESG score guides
published by Refinitiv and Sustainalytics Inc. can serve as representative examples
for a detailed study of ESG evaluatory procedures [22, 23].

An Example of ESG Scoring Procedure: Refinitiv’s Methodology18

Refinitiv provides a set of two overall scores on a scale of 0–100 comprising of:

1. ESG score which is a measure of the company’s ESG performance based on
publicly reported verifiable data.

2. ESG Combined (ESGC) score which is the ESG score overlaid with the ESG
controversies impacting the company materially.

To arrive at these scores, Refinitiv follows a 5-step process as shown in Fig. 4,
whichbeginswith considering186ESG-relateddata points (a subset of the 450+data
points calculated) based on comparability, impact, and data availability. Depending
on the relevance to the industry group considered, data points used for calculation
varies from70 to170.Thesedata points are grouped into 10 categories (or parameters)
that belong to the three pillars (or factors) E, S, and G as shown in Table 2. The
categories are further divided into themes and based on the various indicators’ values,
the themes are evaluated to calculate the category scores. Then, the E, S, andG pillar
scores which are a relative sum of category scores are calculated. Finally, the overall
ESG score is calculated as a sum of the pillar values. Furthermore, the ESGC score is

18The explanation provided here reflects Refinitiv’s ESG scoring methodology [22].
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evaluated considering 23 categories of ESG controversies and combining it with the
ESG score. For a detailed explanation of the calculation process and representative
illustrations, please refer to the Refinitiv publication [22].

Fig. 4 Schematic illustration of the Refinitiv ESG scoring methodology. The scoring procedure
can be summarized and illustrated by means of a five-step process flow (marked by grey arrows).
Reproduced from Refinitiv publication [22] Copyright 2020, Refinitiv

Table 2 List of various categories and themes for ESG scoring considered by Refinitiv [22]

Pillar Categories Themes

Environmental Emission Emissions, waste, biodiversity, and environmental
management systems

Innovation Product innovation, and Green
revenues/R&D/capex

Resource use Water, energy, sustainable packaging, and
environmental supply chain

Social Community Community engagement and responsibility

Human rights Human rights protection

Product responsibility Responsible marketing, Product quality, and Data
privacy

Workforce Diversity and inclusion, Career development and
training,
Working conditions, and Health and safety

Governance CSR strategy CSR strategy, and ESG reporting and transparency

Management Structure (independence, diversity, committees),
and Compensation

Shareholders Shareholder rights and Takeover defenses
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5 Case Studies

Many companies have positively modified their environmental and social impact
and altered their internal governance to enhance their ESG scores. Such efforts by
the Coca-Cola Company, the Intel Corporation and Apple Inc. are discussed as case
studies in the following subsections. The case studies are discussed here to give an
idea of how the leading companies from various industry sectors have modified and
revamped their operations to enhance their ESG performance.

5.1 Case Study 1: The Coca-Cola Company’s ESG
Performance

The Coca-Cola Company is a leading multinational corporation producing and
marketing a variety of non-alcoholic beverages since 1886. It has a product port-
folio of more than 3500 beverages that include soft drinks, dairy and plant-based
drinks, energy and hydration drinks, tea, coffee, and bottled water marketed in more
than 500 brands. With nearly 225 bottling partners (~900 bottling plants) in over 200
countries, it is critically dependent on resources such as water, raw materials such as
agricultural produce, energy, and packaging materials.

On the other end, somewhere during its operations, the company’s processes are
contributing to globalwarming, climate change, and packagingwaste (that pollute the
local ecosystems) and affecting the health of its consumers (causing obesity and/or
diabetes). Therefore, to lower the company’s negative impact on the ecosystems
and the society, and to have smooth and uniform governance across all its facilities,
in 2015, the Coca-Cola Company board and administrative team prioritized several
ESG issues to achieve a sustainable business [24]. These priority issues and strategies
categorized into individual ESG factors appear in Fig. 5. This is followed by a
brief explanation of the company’s strategies to mitigate its negative impact on the
environment and consequently, enhance its ESG performance.

Manyof the issues listed inFig. 5 are interconnected andneed immediate attention.
To transform the total beverage company into a sustainable business globally, the
company has set a long-term vision. The major actions undertaken by the Coca-Cola
Company in enhancing its ESG performance mainly include the efforts to reduce the
negative impact of the company, related to ecological and social factors [24]. And
this pursuit focused on three critical E (environmental) issues: water, carbon, and
waste [24].

1. Water Stewardship: The production of beverages is critically dependent on the
availability of high-quality water. Also, communities living in the vicinity of the
company’s business locations depend on the nearby freshwater resources. The
growing threats to the quality and availability of freshwater across the globe
due to various reasons such as overuse of water resources, industrial pollu-
tion, and unsustainable agricultural practices will further strain the beverage
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Fig. 5 Illustration of the key ESG parameters as prioritized by the Coca-Cola company board
and administrative team for an enhanced ESG performance. These parameters are categorized
into environmental, social responsibility and governance factors, and are considered to lower the
company’s negative impact on the environment and society and ensure a uniform governance across
all its facilities

business. To tackle this, the Coca-Cola Company is trying to ensure that the
company’s operations contribute positively to maintaining freshwater resources
and the natural water cycle, indirectly benefiting the communities around. The
company’s strategy is to use water judiciously and improve water security in the
local environment through Water Stewardship Programs. The company has set
targets to replenish more than 100% of the water they consume annually and
increase water usage efficiency by 25% by 2020 compared to that in 2010 [24].

2. Circular Approach for Lower Carbon Footprint: The increase in carbon emis-
sions has resulted in climate change effects such as disruption in the weather
patterns and more frequent and severe natural calamities. This directly impacts
the business operations of the company along with the surrounding communities.
In the coming years, such climate aberrations will continue to affect agricultural
activities and create food security issues. Besides the environmental and social
concerns, the local governments are also introducing policies that incentivize the
reduction in carbon emissions. Such changes motivate and drive the company to
assess carbon emissions regularly in their value chain and reorient their supply
chain to the one having a lower carbon footprint. Therefore, the company is taking
responsibility to reduce its carbon footprint and achieve the climate change goals
of the Paris Agreement.19 This is being achieved by reducing emissions from

19https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement.

https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
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manufacturing processes by improving energy efficiency and moving to renew-
able energy sources, and evaluating andmaking changes in operations throughout
the Coca-Cola system value chain (manufacturing processes, packaging formats,
delivery fleet, refrigeration equipment, and ingredient sourcing). The company’s
target is to reduce carbon emissions by 25% by 2030 considering 2015 as the
baseline [24].

3. Circular Approach for Zero-waste: Post-consumer packaging waste is a major
global issue. Besides the pollution issues related to the oceans and coastal regions,
plastic packaging has also become amajor constituent of the landfills. Such pack-
aging waste not only pollutes the environment but also increases the carbon foot-
print of the product. To address the waste issue resulting from plastic packaging,
many governments are introducingEPRpolicies. Consumers are becoming aware
of the cost of material inefficiencies in linear production models. Therefore, the
Coca-Cola Company has made zero packaging waste as one of its core strate-
gies. The company plans to achieve this by setting three major goals: 100%
recyclable packaging by 2025, 100% recycling rate by 2030, and using 50% of
recycled materials for packaging by 2030 [24]. They are trying to eliminate low-
value multi-layered packaging and other non-recyclable materials, increase the
collection rates of clear PET bottles and introduce innovative methods to recycle
colored bottles and dirtier waste streams.

To enhance the S performance, the company focused on product innovation for
a healthier diet [24]. People’s preferences and tastes keep evolving. As a consumer-
centric business, the beverage company keeps altering and refashioning its product
portfolio. Consuming less sugar as a part of the healthier diet has gained traction
around the world. Hence, the company is making efforts to gradually reduce sugar
(and calories) across its entire product portfolio. They have been aggressively refor-
mulating the recipes to reduce sugar and promoting low/no sugar beverage options
such as organic tea, coconut water, and natural fruit juices. The company has also
introduced smaller packages to control sugar intake and new local favorites with
nutritional and hydration benefits. Every product is provided with nutritional labels
to assist consumers in making informed choices.

In addition to this, the company has set a goal of investing at least 1% of the
annual operating income back into the local communities across the globe. It is also
focused on increasing the number of women entrepreneurs across its global value
chain as an effort to empower women. Since 2010, its target is to empower 5 million
women by 2020 [24].

The internal governance or theG factor at the Coca-Cola company upholds princi-
ples and practices to promote an innovative and collaborative culture. The company’s
various administrative and executive committees are committed to ethical and trans-
parent governance. Human rights principles are imbibed into their business culture
and it is evident in their interactions with employees, bottling partners, suppliers,
customers, consumers, and the communities. The principles start with employee
safety and health at the workplace through minimizing the risk of accidents, injury,
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and exposure to health hazards across all of its business facilities. Stakeholder engage-
ment is a priority for the company and hence, stakeholders are engaged in regular
transparent communications and their different views and values are respected in
decision making. As a global business, diversity and inclusion are critical for long-
term sustainability. It encompasses diverse partners, gender and cultural diversity in
the workforce and an inclusive environment to attract, recruit, develop, engage, and
retain diverse talents.

It is also actively involved in its supply chain management. As the beverage
industry is heavily dependent on agricultural products such as fruit juices, coffee,
tea, herbs, sugar, and soy, the company has promoted procurement of ingredients
from sustainable agriculture. During 2013–2018, there has been an increase from
8% to 44% in ingredients certified to a sustainability standard [24].

With all the aforementioned efforts from the Coca-Cola Company to enhance its
ESG performance, its ESG risk score provided by Sustainalytics is 26 on a scale of
0–100 (at 40th percentile) as of January 2020. Thismeans that the financial risk factor
is medium for the shareholders. The individual scores of E, S andG are 9.2, 11.5 and
5.4 respectively. The company is also facing a significant number of controversies
with a controversy score of 3 on a scale of 0–5.20

5.2 Case Study 2: Intel Corporation’s ESG Performance

The Intel Corporation, popularly known as ‘Intel’ is a multinational company that
manufactures semiconductor electronic components and devices since 1968. Today,
the companyhas evolved frombeingPC-centric to a data-centric business. This evolu-
tion was driven by the rapid growth of cloud data usage, artificial intelligence (AI),
internet-of-things (IoT), data analytics and more recently the transition to 5G. With
this, Intel is also reinventing itself on various crucial fronts such as environmental
sustainability, responsible supply chain management, positive social impact, and key
governance measures such as transparency, employee welfare, diversity and inclu-
sion to achieve a sustainable business [25]. A summary of how Intel is prioritizing
ESG in its business operations (Fig. 6) is presented below.

Intel’s commitment to enhance its E performance is visible through its compa-
nywide set targets related to reducing greenhouse gas emissions, green energy port-
folio, restoration of water resources, and waste management [25]. The company is
working aggressively towards treating and restoring 100% of water consumed for
its manufacturing processes by 2025. It is also expanding green power consump-
tion in its global operations and its efforts in increasing energy efficiency have been
duly recognized and awarded [25]. All the new buildings since 2015 are designed to

20The Coca-Cola Company (KO) ESGRisk Ratings by Sustainalytics Inc. (Last updated on 1/2020)
https://sg.finance.yahoo.com/quote/KO/sustainability/.

https://sg.finance.yahoo.com/quote/KO/sustainability/
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Fig. 6 Illustration of the key ESG parameters as prioritized by the Intel corporation’s board and
administrative team for an enhanced ESG performance. These parameters are categorized into envi-
ronmental, social responsibility and governance factors, and are considered to lower the company’s
negative impact on the environment and society and ensure an uniform governance across all its
facilities

be greener and energy-efficient (LEED21-certified).22 The company has committed
to CE principles in recycling manufacturing waste, especially hazardous waste, to
achieve a ‘zero hazardous waste to landfill’ status quo by 2020. It has also imple-
mented several programs to reduce, reuse and recycle office furniture and other non-
hazardous waste to achieve a 90% non-hazardous waste recycling rate by 2020 [25].
Intel has also demonstrated the implementation of CE principles in its product design
by eliminating harmful materials such as lead and halogenated flame retardants.

Besides such efforts, Intel has also made significant investments in reducing its
ecological footprint, thereby playing its role in achieving the United Nations Sustain-
ableDevelopmentGoals [25]. Intel technologies are supporting other leading compa-
nies in reducing their respective environmental footprints and driving sustainable
consumption and production, as well as assisting several governments and non-
profit organizations (working on environmental conservation projects) in protecting
the natural ecosystems. For example, Intel’s new AI technology developed with
support from the Leonardo DiCaprio Foundation, RESOLVE (non-profit) and the
National Geographic Society is helping fight illegal poaching of wildlife in Africa
[25].

21What is LEED? https://www.usgbc.org/help/what-leed.
22Intel Building Certifications http://www.gbig.org/collections/14125/activities.

https://www.usgbc.org/help/what-leed
http://www.gbig.org/collections/14125/activities
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Driven largely by its vision of addressing global challenges and enhancing its S
credibility, Intel has been investing in technologies and innovations that empower
individuals and society in general [25]. Some of the examples of such technological
innovations of Intel are listed below.

1. Wheelchairs equipped with Intel’s AI technology is maximizing mobility and
independence of physically challenged people with spinal-cord injuries.

2. Intel is collaborating with start-ups to develop an advanced breast cancer
diagnosis system based on AI, using data analytics and machine learning.

3. With its drone technology and AI, Intel is helping to renovate the Great Wall of
China and preserve its cultural legacy.

4. Intel is also working on improving the safety aspects of autonomous vehicles
using its AI technology.

Intel also takes care of its employees’ health, safety, and wellness by providing
onsite health centers, fitness classes, and facilities. Intel is also committed to creating
social impact through three different programs [25] as listed below.

1. It encourages the employees to volunteer in engaging the local communities
(inclusive of schools, non-profit and non-government organizations) for solving
local societal and environmental issues.

2. The company is also empowering communities by providing exposure to tech-
nologies and learning opportunities, thereby inspiring young minds and the
potential next-generation innovators.

3. The Intel Foundation invests in Science, Technology, Engineering, and Manage-
ment (STEM) education programs, and organizations providing humanitarian
relief to survivors of natural calamities.

Intel has been striving to perform well in governance (G factor) and believes in
the inclusion of diversity in its workforce as diverse perspectives can often lead
to creative and innovative outcomes [25]. Such efforts include employee hiring
and retention, encouraging women and underrepresented minorities to pursue their
careers in high technology, doing business with diverse suppliers, and diversifying
its venture portfolio.

The company follows a strict supply chain policy to eliminate forced and bonded
labor, engage its suppliers to develop their corporate responsibility strategies, set
high ethical standards, and be transparent about their performance. As a founding
member of the Responsible Business Alliance (RBA), Intel collaborates extensively
with supply chain-related organizations to help set electronics industry-wide busi-
ness standards and expects its suppliers to comply with the Intel Code of Conduct
and the RBA Code of Conduct (such as employee working hours, safety standards,
and minimal environmental impact). Through communication, assessments, and
capability-building programs, Intel has developed a supply chain that is resilient,
responsible, and respectful of human rights [25].

Intel is trying to reduce it’s environmental and social footprint with effective
governance strategies. This has been reflected in the company’s ESG risk score.
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Sustainalytics rates Intel ESG performance as 17 (at 11th percentile) on a scale
of 0–100 as of January 2020, which implies quite low financial risks. The individual
scores of E, S and G are 4.9, 5.2 and 6.9 respectively. It also has a controversy score
of 3 on a scale of 0–5. This shows that the company is encountering quite a significant
number of controversies although it is lesser than the peer average.23

5.3 Case Study 3: Apple’s ESG Performance

Apple Inc. being the largest IT company in the world in terms of the total assets
and revenue is a designer, manufacturer, and retailer of mobile communication and
media devices, personal computers, and portable digital music players. The company
also has a business portfolio of its products related software, services, accessories,
networking solutions, and third-party digital content and applications.

Apart from expanding its business and product portfolios, the company has also
been making a conscious effort to reduce its carbon footprint and improve its E
performance (Fig. 7), for over a decade now [26]. To meet this environmental objec-
tive, the company has set strict goals, focusing on three key priority areas listed
below.

1. Climate change: Mitigating the impact of the company on climate change
by using renewable energy resources and enhancing the energy efficiency of
products, production facilities, and supply chain.

2. Resource Conservation: Minimizing the environmental impact by using recycled
materials in manufacturing and reducing the consumption of virgin materials
from nature.

3. Safer materials: Designing in such a way that safer materials are used in the
product design and manufacturing processes.

To reduce its total carbon footprint (contributed by manufacturing, transporta-
tion, materials suppliers, and millions of customers), the company is using clean
energy in its supply chain and at its facilities, increasing the energy efficiency of
its business operations in the form of green buildings and consumption of recycled
aluminium during manufacturing [26]. The company has already reached its target
of 100% renewable (in 2018) and clean energy consumption in all its facilities world-
wide inclusive of its offices, retail stores, and data centers [26]. As Apple consumes
a significant quantity of aluminium in manufacturing, it has prioritized the use of
aluminium smelted using hydroelectricity rather than fossil fuels and reengineered
the manufacturing process to reincorporate scrap aluminium. It has also taken initia-
tives to reduce the packagingmaterial bymaking it smaller and lighter, and collecting
end-of-life products for recycling. Such efforts since 2011 have reduced Apple’s
carbon emissions by 54% even though its energy consumption tripled during this

23Intel Corporation (INTC) ESG Risk Ratings by Sustainalytics Inc. (Last updated on 1/2020)
https://finance.yahoo.com/quote/INTC/sustainability/.

https://finance.yahoo.com/quote/INTC/sustainability/
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Fig. 7 Illustration of the key ESG parameters as prioritized by the Apple’s board and administrative
team for an enhanced ESG performance. These parameters are categorized into environmental,
social responsibility and governance factors, and are considered to lower the company’s negative
impact on the environment and society and ensure an uniform governance across all its facilities

period, thereby preventing nearly 2.1 million metric tons of CO2e from entering the
atmosphere [26]. In the process of transiting to renewable energy, Apple has also
invested significantly in new renewable energy projects and approximately 66% of
the renewable energy Apple procures comes from such projects [26]. Also, worthy of
mention is the fact that the company encourages its employees to avoid using single-
occupancy vehicles and instead increase the use of electrically charged vehicles and
bicycles to get to work.

Apple is also taking initiatives to save water, rare minerals and other natural
resources that are consumed directly or indirectly. As a part of its water-saving
program, besides reducing the usage of water, the company is supporting the use
of alternatives to freshwater such as recycled water, reclaimed water, and harvested
rainwater. To reduce the electronic waste generated and reuse the material resources,
Apple offers recycling in almost all the countries it operates and has diverted more
than 500 million pounds of electronic waste from landfills to the manufacturing lines
since 2008 [26].

Apple has been actively implementing CSR programs for enhancing its S perfor-
mance since 2011 [26]. The “Global Volunteer Program” encourages the company’s
employees to volunteer in philanthropy projects of their choice and contribute to
local communities. The company also helps the victims of natural disasters through
fundraising and donations. In addition, Apple has educational and training programs
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for its employees and suppliers in order to improve their efficiency at work. The
company has also expanded its employee benefits program by allowing its female
employees to take a total of 18 weeks of leave during childbirth and post-pregnancy,
and father/non-birth parents are also allowed 6 weeks of parental leave. Apple has
strict labor and human rights policies and insists on its suppliers to comply with the
same. It includes a maximum work week of 60 h (higher compared to the average
maximum workweek of 48 h in the European Union), employee health and safety
training, employee compensation, and ergonomic research to better design the work-
stations. The company’s workforce is diverse and inclusive, with women involved
at all levels of technical and administrative work. It also made a historic move in
2018 by hiring 50% of its new employees from underrepresented ethnic groups for
technical jobs.24

Setting high corporate governance standards for a strong G performance is what
makes Apple a reliable company for all its stakeholders. That is why the executive
and non-executive committees at the top levels of management are committed to
transparent and fair governance. They take into consideration the interests of all the
stakeholders including investors, suppliers, consumers, and the community before
making operational decisions. They follow rigorous audits, evaluations for employee
compensation, anti-corruption and business conduct policies, guidelines to address
conflicts of interest, stock ownership, and many bylaws for managing organizational
operations.25

Apple is taking numerous measures to better its ESG risk rating, especially in
the past decade. However, its ESG risk score provided by Sustainalytics Inc. is 24
(32nd percentile) on a scale of 0–100 as of January 2020.26 The individual scores
of E, S and G are 0.6, 13.0 and 10.3 respectively. This implies that the company
is doing very well in environmental sustainability, however, it has to take steps to
improve its social responsibility and better the governance aspect too. Apple also has
a controversy level 3 (on 0–5 scale) similar to that of The Coca-Cola Company and
Intel.

6 Current Outlook

Practicing CE principles in business operations and management aids companies to
improve their overall ESG ranking. Adopting CE also helps companies in reducing
operational costs and therefore, ESG practice has evolved gradually as a cost-
anchored approach for the companies. The main value of the CE from an operational
perspective for businesses is that it aids to reduce the costs of the supply chain or

24Apple Corporate Social Responsibility (CSR) by John Dudovskiy https://research-methodology.
net/apple-corporate-social-responsibility-csr/.
25Leadership and Governance https://investor.apple.com/leadership-and-governance/.
26Apple Inc. (AAPL) ESG Risk Ratings by Sustainalytics Inc. (Last updated on 1/2020) https://sg.
finance.yahoo.com/quote/AAPL/sustainability/.

https://research-methodology.net/apple-corporate-social-responsibility-csr/
https://investor.apple.com/leadership-and-governance/
https://sg.finance.yahoo.com/quote/AAPL/sustainability/
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generate value from byproducts, consequentlymaking the businessmore competitive
in addition to decreasing the negative environmental impact of companies. Imple-
menting circularity could improve companies’ environmental performance while
creating value and increasing revenue. Most companies incorporate CE-based ESG
practices to enhance their overall “green” image to attract sustainability investors.
Therefore, ESG scoring is far from being an absolute truth in determining how
sustainable companies are. It is when ESG concepts get embedded into the core
business of a company, ESG practice will become more engaged with the idea of
a CE. Besides, for systemic change towards a CE, ESG should not be limited to
publicly traded companies. Government institutions and NGOs must also embrace,
measure, and perform well under ESG.

Reporting on environmental sustainable goals, social responsibility, and gover-
nance factors is an important practice for communicating the efforts of a company in
achieving the ESG goals other than their conventional economic goals (e.g. profits).
Consequently, embracing ESG as a part of the mainstream business has lately gained
traction and ESG-oriented investing has experienced a meteoric rise. According to
McKinsey 2014 estimates, globally, more than $13 trillion were invested in the busi-
nesses that incorporated ESG criteria in their operations [10]. In 2019 alone, the
global sustainable investment topped $30 trillion—a 68% increase since 2014 and
tenfold since 2004 [27]. This increase in the investments on sustainable businesses
is a consequence of heightened social and governmental attention on the broader
impact of companies on the environment and society, as well as the foresight of
investors and financial advisors who are realizing that a strong ESG proposition can
safeguard and promote a company’s long-term success. There is empirical evidence
of better returns resulting from investments based on ESG scores [11]. In partic-
ular, portfolios with high ratings for ESG criteria such as eco-efficiency, employee
relations, and transparency in corporate governance have set new milestones in the
stock markets and investing in general, with comparatively lesser downside risks. A
good ESG performance by companies can also result in institutional investors such
as banks investing in such companies through green bonds.27 Also, companies with
better ESG scores have benefited with higher credit ratings and lower costs of debts,
translating to better profits.

With the commercial relevance stated above, ESG related knowledge is still
abstract and is not being imparted as a part of the curriculum in mainstream business
management studies. This has resulted in an inadequate appreciation of ESG metric
and their significance in the current corporate set up, and scant consideration of ESG
datasets by average analysts and investors. Such a situation may put companies and
investors in significant financial risks in this fast-pacedmarket. It, therefore, becomes
imperative to introduce ESG in mainstream engineering and business education, as a
result of which businessmanagement (inclusive of operations and risks) and financial
investments are focused on enabling sustainable businesses.

Questions

27https://www.investopedia.com/terms/g/green-bond.asp.

https://www.investopedia.com/terms/g/green-bond.asp
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1. Bring out the interconnection of E, S, and G factors (as explained in the first
section) through an example.

2. Explain with an example, how adopting CE principles can improve the ESG
performance of a company.

3. List the existing international standards for sustainability reporting.
4. Explain why non-financial sustainability reporting became important for

companies in recent years.
5. Write an ESG case study of a G250 company.
6. Listed below are a few top ESG-rated companies from various industry sectors.

Find out the ESG ratings of these companies as given by MSCI.

Company Industry sector

Edwards lifesciences Medical products

Cadence design systems Computer software-design

Microsoft Computer software-design

Texas instruments Electronics-semiconductor Mfg.

Applied materials Electronics-semiconductor equipment

Procter and gamble Cosmetics/personal care

ResMed Medical products

Agilent technologies Medical-research equipment/services

Alphabet Internet content

Adobe Computer software-desktop

PepsiCo Food and beverage

Methode electronics Electronics-parts

7. List the relevant indicators belonging to the resource use parameter for the
fashion industry.

8. Explain the role of corporate governing bodies in enhancing E and S perfor-
mance.

9. Calculate the percentile scores for the given values of an indicator for a set of
companies.

Company Indicator value

A 0.00016684373

B 0.00017996645

C 0.00027148692

D 0.00029749855

10. List the E, S, and G risk ratings of the Coca-Cola Co and Intel. Suggest three
measures these companies can take to improve their E performance.

11. How can Apple improve its corporate social responsibility to enhance its S
performance? Suggest up to three measures.
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12. Explain the underlying reasons for Apple’s superior E performance.
13. State the differences between a company’s ESG score and ESG risk rating.
14. What is the green-washing phenomenon? Has the ESG scoring methodology

contributed to this issue? Explain briefly.
15. Define green economy. Conceptually, how does a circular economy differ from

a green economy?
16. What is a green bond? Briefly describe its connection to ESG performance.
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Abstract Circular economy is considered as one of the important strategies to
address the Sustainable Development Goals (SDGs). Its multi-stakeholder platform
encouraging a partnership approach towards resource conservation, resource effi-
ciency and resource recycling has been found to be promising. In many countries,
policies and strategies on circular economy are formulated to build the recycling
infrastructure, promote new business models and spur innovations, especially in
responsible product design. India has been on a pace of economic growth. Transiting
to circular economy is therefore very relevant to India to achieve its development
goals without compromising on the resource security. The various missions launched
by the Government such as Make in India, Zero Defect India and programmes like
Smart Cities and Swachh Bharat Abhiyan (Clean India) resonate with the principles
of circular economy. This chapter introduces the concept and evolution of circular
economy. It explains the key 6Rs, i.e. reduce, repair, refurbish, remanufacture, reuse
and recycle. Challenges faced in the upstream and downstream of the material flows
are also described. Case studies that present successes in moving towards circular
economy are included with a focus on India. Finally, the chapter ends summarizing
the status and way ahead in India’s circular economy.
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1 Introduction

India faces several environmental challenges today. Our resources are under
threat due to intensive depletion and serious degradation. Further, we realize that
risks related to our resource security are compounded due to looming threats of
climate change. Policies and strategies for responding to these challenges need
mainstreaming of sustainability across all developmental sectors.

Strangely, and oddly enough, the national governments, particularly theMinistries
of Environment across the world focused more on the management of residues rather
than management of the resources. Legislation was evolved to establish limits on the
residues that were required to be met prior to disposal but not much attention was
paid on the limits of extraction of resources and resource pricing. Government of
India is not an exception to this bias.

Resource extraction across the world is getting increasingly intensive. Material
flows of both virgin and used/secondary materials are getting skewed. Some of
the important factors responsible for the shift are market globalization, presence of
perverse subsidies (i.e. unrealistic resource pricing) and unevenness in environmental
governance.

In early 2019, India’s apex policy body National Institution for Transforming
India (NITI) Aayog came up with an action plan to accelerate Resource Effi-
ciency (RE) and circular economy. Ministry of Finance, Government of India set
up a Task Force on Sustainable Public Procurement (SPP). Such policy decisions
have pushed the agenda of building domestic recycling infrastructure, develop and
promote sustainable product designs and support innovative businessmodels towards
circular economy.

2 About Circular Economy

Circular economy offers a platform for all stakeholders to get involved for sustainable
and inclusive development. In addition to addressing environmental sustainability,
circular economy improves the businesses’ competitiveness, generates employment,
increases green investment flows. Circular economy is built on partnerships and helps
in establishing a transparent and inclusive governance. Essentially, circular economy
aims to redesign the production and consumption systems by closing the loop. It is
therefore an opportunity for the Indian government to leverage this concept and meet
its economic, environmental and social objectives. Figure 1 depicts the evolution of
the concept of the circular economy.

Figure 2 shows the key elements of such as transition between the linear models
of growth and the growth models that encourage circularity.
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Fig. 1 Evolution of the concept of circular economy

Fig. 2 Transition from linear to circular economy
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3 International Scenario

One of the landmark legislation to push the agenda on circular economy was the
Sound Material Society Act (2000) in Japan. This act followed the mantra of 3Rs
viz.Reduce,Reuse andRecycle anddemonstrated a decoupling betweenGDPgrowth
with waste materials reaching the landfills. China legislated Circular Economy Law
in 2007 focusing on ‘circular’ industrial estates and setting up large scale Material
Recycling Facilities (MRFs). The government of Korea promoted the concept of
circular economy through its Green Growth initiative stressing low carbon growth
in 2009.

The European Union came up with country-specific targets, indicators and
reporting requirements on the circular economy. Germany launched programmes
Progress-I and Progress-II that focused on increasing Resource Efficiency (RE) and
thus the Domestic Material Recycling Rates (DMR). The Government of South
Australia developed a strategic action plan for the circular economy with impres-
sive ground results. Gradually, several countries across the world as well as large
corporations started transiting towards the circular economy.

4 Understanding the 6Rs of Circular Economy

The concept of circular economy added additional 3Rs namely—Repair, Refurbish
and Remanufacture. These additional 3Rs strengthen three significant components
viz. social (employment and engagement, especially of the informal sector), innova-
tion (for the start-ups) and green investments. Box 1 describes the characteristics of
these additional 3Rs.

Box 1: Repair, Refurbishing and Remanufacturing
Repair is the restoration of a broken, damaged, or failed device, equipment,
part, or property to an acceptable operating or usable condition. Repair can
involve replacement.

Refurbishing is refinishing and sanitization (beyond repair) to serve the
original function with better aesthetics. Repaired and refurbished prod-
ucts, although in good condition, may not be comparable with new or
remanufactured products.

In remanufacturing, the product is resold with performance and specifica-
tions comparable to new products.

Figure 3 explains the 6Rs in the formof outer and inner circles of circular economy.
Whenwe follow these circles, it helps to savemoney, conserve our resources, generate
employment and come up with innovations.
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Fig. 3 Outer and inner circles of the circular economy

The ‘outer circle’ approach creates a closed loop of materials through recycling,
recovery and remanufacturing. In the case of electronic goods, this means recovering
of preciousmetals lodged in our gadgets, something only feasiblewith a sophisticated
technology, requiring a scale and investments. Here, the medium to large companies
make profit.

The ‘inner circle’ approach is essentially following the route of repair, refurbishing
and reuse. It is the inner circle approach where we transform our living from the
single-use and throw away culture. We extend product’s life cycle through reuse.
The inner circle is people-centric; it is for citizens and supports small companies.
We need both the circles but the bull’s eye to avoid, reduce and redesign should be
the priority as it is intimately related to sustainable consumption.

5 Business Models in Circular Economy

To implement circular economy, new business models need to be identified and
nurtured. Figure 4 describes a typology of the business models that map the life
cycle.
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Fig. 4 Five business models of circular economy

Box 2 illustrates few examples of the five business models of circular economy

Box 2: Examples of Circular Business Models
Circular Supply Chain

Johnson Controls uses a circular supply chain and reverse logistics network to
design, make, transport, recycle and recover vehicle batteries. It has reached
99% recycling rate for conventional batteries in North America, Europe and
Brazil, whilst their sold batteries are now made up of 80% recycled materials
[1].

Product/Packaging Development

Dell in India replaced foam, paper and plastic cushioning with bamboo cush-
ions. Bamboo packaging helped reduce environmental impact, as bamboo is
grown locally, it grows quickly and provides a strong and durable packaging
[2].

Recycling

Interface, Inc. is a global commercial flooring company with an integrated
collection of carpet tiles and resilient flooring, including Luxury Vinyl Tile
(LVT) and nora® rubber flooring [3]. The carpets are designed in a modular
form so if one part is bad it can be replaced with other. Further, the parts used
are recyclable and made from renewable materials.
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Product as Service

Michelin Solutions has adopted product as a service model by offering tire as
a service. The company leases sensor-enabled tires to fleet customers, effec-
tively selling a service which is monetized per kilometre driven. Customers do
not own the tires and therefore don’t have the responsibility of maintenance.
Extending the lifecycle of tires saves consumption of more than 400 million
tires and save 35 million tons of emissions globally.

Sharing Platform

BlaBlaCar connects drivers with vacant seats to co-travellers looking for a
ride. People travelling to the same place can share their journey with many
people sharing the cost of travel as well. More than 10 million people use
BlaBlaCar every quarter. Approximately 1.6 million tonnes of CO2 were
saved by BlaBlaCar car-poolers in 2018. With only 1.6% more cars on the
road, carpooling enables the transport of two times the number of passengers in
cars (+210%), whilst reducing CO2 emissions by 26% [4].

Product Life Extension

Repair

Antara Mukherji co-founded Repair Café Bengaluru on November 2015 along
with Purna Sarkar. Since its inception, Repair Café Bengaluru has organized 19
workshopswhere adults pay aprogramme fee and learn how to repair household
things ranging from iron to an induction top. The organization claims to have
repairedmore than 800 products and saved about 1,300 kg ofwaste fromending
up in landfills [5].

Refurbish

Green dust is an online shopping site that offers customers and bulk buyers
the option to purchase unused, branded factory seconds, surplus, overstock
and refurbished products at the lowest prices. Green dust sells refurbished
products the goods that are defective in the appearance of the product includes
scratches and smudges, hence fail to meet the rigorous inspection criteria, but
not affecting the functionality of the product [6].

Caterpillar India has been remanufacturing and repairing construction
equipment under its Cat Reman business. The model is integrated into the
entire value chain with incorporation of modular design principles and setting
up of reverse logistics to collect used equipment in return for customer credit.
The remanufacturing business employs 4000 people across 17 locations world-
wide, refurbishing millions of components, thereby using 93% lesser water,
86% lesser energy and emitting 61% lesser [7].

Reconditioning
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Tata Motors launched ‘Tata Motors Prolife’ service programme to recondition
engine long blocks, aggregates and parts to ensure quality reconditioningwhich
would result in superior performance of the vehicle. The service programme
aimed to help extend the life of aggregates using a reduced quantity ofmaterials
compared to that required for a new part or aggregate [8].

Unfortunately, many of the case studies on the successful implementation of
circular economy do not quantify, record and communicate the environmental
and social benefits due to product/packaging redesign or by extending the
product life due to repairing or refurnishing.

6 Role of Digital Technologies

Emergence of digital technology is expected to play amajor role in circular economy,
especially in India, given its strength in the IT sector.

Attero was launched as India’s first integrated end-end electronic waste recycling
facility. Found in 2007, the Noida-based company has developed patented state-of-
the art recycling technology to recycle and extract valuable materials viably, even
with smaller e-waste volumes. The company offers refurbishment and reconditioning
services to extend the useful life of electronics and a digital portal to enable take
back from the end consumers. The company has developed a robust reverse logistics
network backed by ITwith collection centres in 22 states. There are several city-based
initiatives too [9].

Mahindra’s Trringo is India’s first of its kind tractor and farm equipment rental and
sharing platform, launched to improve asset utilization and address the equipment
gap in Indian agriculture. It operates through a dual model, a digital platform-based
B2Bmodel where tractors are given out to franchisees to set up local hubs and a C2C
model where large farmers can rent out underutilized equipment to other farmers.
Trringo currently has over 100,000 registered users across five states in India [10].

Internet of Things (IoT) enabled waste collection and transportation can bring in
significant advantages in the overall implementation of waste management solutions.
TheUrban Local Bodies (ULBs) can check contractor’s effectiveness using IoT tech-
nologies. Deployment of smart bins, tracking of garbage pickup trucks as well as the
sanitation workers, route optimization for trucks, cross-checking of garbage weight,
etc., can efficiently address the challenges of enforcement and transparency. Simi-
larly, IoT-enabled sensors can also monitor the amount of alternate fuel generated
from the processed waste.

BioEnable in India provides smart waste bin sensor which can be used in any
container to monitor any types of waste real time. It can be used to monitor the
fill level of the container. It provides complete solution with manpower that makes
waste collection and dispatch operations both efficient and cost-effective. These tools
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eliminate hours spent onmanual routing,maximize productivity, optimize equipment
and staff allocations, and allow you to gain better control over your solid waste
management operations. BioEnable technology has helped Hyderabad and Pune
municipal corporations [11].

7 Strategies and Challenges to Adopt Circular Economy

Circular economy requires a change in the way we live. Given the rising rate of
urbanization, the increasingly prosperous middle class (especially in Asia) and the
promotion of consumerism through media, it is extremely difficult to expect this
change will ever happen! If you say no to a product because you feel there is no
need, someone will simply dump the product on you (as a free trial or as a friendly
gift) to trap you or enslave you! Taming wasteful consumption is therefore the first
step.

We therefore need to educate the citizens on the consumption itself and guide
them to make ‘green choices’, i.e. avoiding the use of products to the extent possible
that use harmful chemicals and non-biodegradable materials in the first instance.
This will ensure circularity in the downstream. The production patterns should be
influenced by responsible consumption. The manufacturers will need to extend their
involvement beyond the factory gates and take responsibility across the life cycle.
This is the principle of Extended Producers Responsibility (EPR). Like in many
countries, especially in the European Union (EU), India has also legislated EPR
focusing on electronic and plastic wastes.

The second important strategy is product/packaging redesign. Companies need to
exhibit out-of-the-box thinking to find ways to reduce material and energy intensity
and increase recycled content in their products. Products need to be redesigned to
reduce/eliminate hazardous substances, increase recyclability (and improve safety
during recycling) and make remanufacturing possible with most of the components
getting reused. This requires innovation, risk appetite and top management commit-
ment—and this cannot be achieved overnight. In India, today there are only a handful
eco-design schools.

But working only on the ‘upstream’ alone is not sufficient, years of inefficiencies
in manufacturing practices, rising waste volumes across the world need to focus on
recycling. The ‘downstream’ industry addresses recycling and recovery—extracting
metals, biosolids, refuse or solid derived fuels, biogas, syngas, heat, electricity, engi-
neered materials, etc., from and reversing material flows and thereby reducing the
consumption of virgin resources. The global waste recycling industry today supports
significant employment—both in formal and informal sectors. Millions of poor
people in the world’s largest cities earn their livelihood because waste is around.
India’s recycling industry is supported by more than 4 million waste-pickers, waste
collectors (kabaddiwalas) and small scale informal recyclers.

Recycling has many benefits. Firstly, it conserves natural resources as the extrac-
tion of virgin materials is reduced. Further, recycling diverts waste that is to be sent
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to incinerators and landfills. Landfills take up valuable space and emit methane, a
potent greenhouse gas; and although incinerators are not as polluting as they once
were, they still produce noxious emissions. Unless you segregate waste at source
you cannot do effective recycling. So, segregation of waste at source and recycling
must go hand in hand.

The waste recycling industry has seen numerous innovations. To address the
challenge of plastic waste menace, an rPET initiative was launched globally at the
Textile Exchange Recycled Polyester Round Table of 2017. Taking this cue, Reliance
Industries in India launched a fashion brand R-Elan that uses used PET bottles. A
pair of jeans of R-Elan is estimated to save 24% of GHG emissions, 3,218 litres of
water, 33% of consumption of pesticides and divert 15 PET bottles to the landfill
[12] (Fig. 5).

Sadly, the waste recycling industry wants more waste to be produced—so that the
waste recycling business can grow and survive. Therefore, the strategy of ‘Reduce’
at ‘upstream’ can affect the ‘downstream’ opportunities for recycling and recovery.

There are examples where a CEOof awaste-to-energy plant who used to hate bans
on plastics as they would reduce the calorific value of waste. A Common Effluent
Treatment Plant (CETP) company discouraged members of the CETP to reduce the
effluent volumes by specifying in the contract a guarantee for effluent supply. So,

Fig. 5 Circular fashion brand by Reliance industries
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has been the case in many Public-Private Partnership (PPP) contracts for managing
Municipal Solid Waste wherein waste supply guarantee is an essential precondition.
‘Don’t you ever reduce waste that you have committed’, the PPP partner warns.

There are many such examples of conflicting interests between the stakeholders
involved ‘upstream’ and ‘downstream’. In‘Reduce’, top management, product
designers and consumers play a dominant role, whereas in ‘Recycle’, waste pickers,
community and waste processing specialists have a greater interest. The two groups
rarely have a dialogue. This defeats sustainability and does not encourage circular
economy in true sense. An integrated approach is the need of the hour.

According to economists, activists andmany in the design community, the solution
therefore is to get smarter about both the design and disposal of materials, and shift
responsibility away from local governments and into the hands of manufacturers
[13]. This is where legislation on EPR plays a role. Products as well as packaging
need to be designed with recycling in mind. Waste generation should be considered
as a design flaw. Remedying this problem may require a complete rethinking of
industrial manufacturing. We also need to develop standards on recycled products
and the recycle content. While India has initiated this process, there is a long way
to go. The Task Force set up on Sustainable Public Procurement (SPP) and the
reconstituted committee on India’s Eco-Mark ecolabel may perhaps accelerate effort
in this direction.

8 Case Studies from India

Case Study—1: Banyan Nation

Banayan Nation was founded byMani Vajipey in 2013. Under thementorship of Ron
Gonen a pioneer in thewastemanagement, he incubated BanyanNation at Columbia.
With arrival of Raj Madangopal, his batchmate from the University of Delaware,
Mani could get assistance from key investors and advisors and set up operations in
Hyderabad in India. Today, Banyan Nation is in the spotlight for being one of the
finalists at the World Economic Forum’s Circular Economy Awards.

Banyan Nation is a creative, plastic waste recycling company which is among
the first’s vertically integrated recycling companies. Banyan nation produced near-
virgin-quality recycled plastic granules, Better PlasticTM, from different post-
consumption and industrial goods. Consumer goods, food and beverage, and auto-
motive companies can useBetter PlasticTM tomanufacturemore sustainable products
and packaging.

Banyan’sNation’s technology platform integratesmany informal recyclers into its
supply chain. It has pioneered India’s first bumper to bumper closed-loop recycling
initiative with Tata Motors. It helped in initiating a unique bottle to bottle recycling
programme for a cosmetics brand. By 2017, it recycled over 500 tons of plastic and
reduced over 750 tons of carbon dioxide and diverted over 1,000 tons of plastic from
landfills [14].
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BanayanNation created data tracking platformwhere it couldmonitorwaste flows
in Hyderabad covering over 1,500 stationery recyclers. The IoT platform provided
a bird’s eye view of waste streams in Hyderabad.

Key points

• Use of frontier technologies and application of IT platform helps to design a
powerful reverse logistic system to convert waste into resources.

• In countries like India, social engineering is equally important, and it is necessary
that an ecosystem is established with the informal waste pickers for the collection
the waste.

• Such business models lead to significant benefits such as providing liveli-
hoods to the waste pickers, reducing consumption of virgin resources without
compromising quality and leading to reduction of GHG emissions.

Case Study—2: Partnership Projects on Waste Recycling in Indian Cities
Hindustan Coca-Cola Beverages (HCCB) Pvt. Ltd and Hindustan Unilever Ltd
(HUL) are India’s largest FMCG manufacturing and distribution companies.

The UNDP India and HCCB and HUL formed a partnership to create a model that
ensured a circular economy for plastic waste by generating value out of used plastic.
UNDP played a role as a Program Manager by inducting NGOs and entrepreneurs
for organized sorting of the mixed municipal waste. UNDP also supported creation
of awareness materials for citizens on waste segregation and management, educating
the citizens on not to litter. The municipal corporation provided space, water and
electricity to store, sort and stock the separated waste streams. HCCB and HUL
funded the programme that included equipment such as weighing machines, shred-
ders, bailing machines, etc., and supported training of the waste sorters. The waste
after sorting and bailing is sold to the kabadiwalas and the industries to earn money
that is used to pay the daily wages of the waste sorters and maintain the facility [15].

The goal is to operate such integrated recycling programmes in 50 major cities,
while improving the socio-economic conditions of waste-pickers, especially women.
The objective is to manage over 85,000 tonnes of plastic waste per year and improve
lives of over 37,500 waste pickers or safaii mitras. The programme already operates
in 17 cities. The idea is to create an environment where every player in the recycling
value chain, starting from the waste collectors to recyclers are connected. These
integrated recycling programmes will help establish multi-stakeholder partnerships
to create an end-to-end ecosystem for plastic recycling in the country.

Figure 6 Illustrates the stakeholder engagement in plastic waste recycling.
Similar to the UNDP-HCCB-HUL partnership, Indian Tobacco Company (ITC)

launched a programmeWellbeing out of Waste (WOW). The initiative is operational
in over 10 States and 562 municipal wards. It has generated livelihood for around
14,500 waste collectors and ragpickers. It has impacted around 77 lakh citizens and
collects around 50,196 metric tonnes of dry waste and more than 5000 tonnes of
multi-layered laminates and thin films.
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Fig. 6 Multi-stakeholder partnership in plastic waste recycling in Indian cities

WOW works in collaboration with different stakeholders, with each stakeholder
having a role and responsibility. It optimises resources—using existing infrastructure
where available and creating new where required. Designed to be a viable business
model, it creates value for all players and generates employment boosts incomes and
supports livelihoods for economically backward groups [16]. Figure 7 illustrates the
Stakeholder engagement in the ITC WOW initiative.

Fig. 7 Multi-stakeholder partnership in ITC’s wow initiative
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Key points

• Given the complexity of the canvas of circular economy and the interests of
diverse stakeholders, a partnership approach is appropriate to implement circular
economy projects.

• The examples described on waste recycling in India show successful partner-
ship between Urban Local Bodies (ULBs), international agencies like UNDP, the
private sector like HCCB, HUL, ITC and the social enterprises.

• The circular economy projects not only lead to economic and environmental bene-
fits but also result in inclusive social development such as creation of livelihoods
and addressing health and safety.

Case Study—3: Rethinking Product Design
India uses over 800,000 disposable plastic meal trays per day. About 99% of plastic
meal trays end in landfills. The trays are made of mixture of a few polymers like
polypropylene (PP) that is non-recyclable.

As the market is shifting towards biodegradable material especially due to plastic
ban enforced in various states of India, an eco-friendly substitute for plastic meal tray
was needed. A company named Bizongo created a corn-starch based, spill proof, 5
compartment tray [17].

Bizongo has 550 restaurants as clients across India which used plastic disposable
meal trays on daily basis. The clientele in consideration was thus the urban market,
the food delivery take-away joints, caterers and restaurants which primarily target
the fitness-aware population residing in the metro cities of India.

The idea was not only to address a sustainable packaging design but ensure that it
is functional that would enable the storage, transport and support of Indian cuisine.
Following was the consideration in the design:

• The material and the process: The major factor was to confirm that the product
was biodegradable as well as cost effective so that it is easy to manufacture and
efficiently produced. A composition of 71% corn-starch and 29% PP was used
for the same product. The process of thermoforming was used to produce it.

• The Form and Communication: The product needed to possess a degree of resem-
blance, Grooves were made along the edges as well as between compartments
so that the various elements of an Indian meal (often gravy-based) do not mix or
spill. The colour of corn-starch is kept constant. The natural colour of corn-starch
was kept intact. The form is made softer and more rounded. To inform customers
of the decision of using eco-friendly product, a single line or text is added in the
labelling of the product.

In 2018, Bizango won the prestigious Dieline Award for creating India’s first
biodegradable, spill-proof meal tray

Bakeys Edible Cutlery was founded byNarayana Peesapati with an idea of finding
alternative solutions to the plastic used in restaurants. The cutlery is available in three
flavours—savoury (salt and cumin), sweet (sugar) and plain. It can complement any
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food. Since plastic is not biodegradable nor edible, Bakeys offers edible cutlerymade
from flours.

Bakeys has collaborated with Café Coffee Day as their prime supplier of spoons.
As per the company, the spoons can decomposewithin 4–5 days and has a shelf life of
three years. As of 2017 Bakeys sells, 1.5 million spoons per year to catering compa-
nies serving food at weddings and other events. The manufacturing unit employees
12 people for production and packaging work who produce around 30,000 spoons
in 24 h.

The cutlery is priced more than the providers of mainstream product which adds
up to 1.86 USD 100 pieces of plastic spoons as opposed to Bakey’s price of Rs. 4.66
USD for the same quantity, fulfilling the first characteristic of the model.

Key points

• Banning is often not the solution to the problem of waste generation and subse-
quent environmental and social risks. Innovation in the product design and
customer education are often the answers.

• Sometimes the costs of sustainable products may be high. But if all externalities
are considered then the green products may turn out to be rather cost-effective. To
establish this advantage, a comparative Life Cycle Assessment (LCA) is needed
followed by communication on product sustainability to the consumers.

• Once amarket demand for green products is created, then the sustainable products
may become cheaper. Development of sustainable products that are lean on virgin
resources and fossil-based energy, biodegradable and easy to disassemble for
recycling help in reducing risks to the humans and environment and make the
material flow circular.

9 Need to Move to Regional Circular Economy

Transition to circular economy is possible when policies and strategies are evolved at
a regional scale. Implementing circular principles at project level alone does not often
lead to the desired upscaling and replication to achieve the impact on a sustained
basis.

Strategizing circular economy on a regional scale is done by formulating an
enabling framework and by ensuring a multi-stakeholder involvement for delivery.
When conceived at a regional level, a coordination between various departments
and agencies also becomes necessary. Such a coordination helps to ensure harmony
and synergy between various circular economy-related interventions. A system of
performance or outcome indicators needs to be evolved that helps in adaption of
policies and strategies.

Achieving circular economy forwater on a regional scale for examplemay include
the following strategies.

• Set appropriate water pricing to discourage overconsumption of water
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• Ask for the conduct of annual water audits at highly water-consuming industries
• Set benchmarks for water consumption and reward/punish if there are major

deviations
• Support water-efficient technologies and show preference while granting envi-

ronmental approvals and loans
• Sponsor research on technologies for wastewater recycling
• Make low flow plumbing fixtures mandatory in new buildings
• Insist on implementation of rainwater harvesting schemes in all public places
• Advise corporates to spend their CSR funds on watershed development
• Come with financing schemes to promote drip irrigation in agriculture
• Set up businessmodels for water vending especially where piped delivery of water

is not possible.

When we think of an enabling framework on a regional scale, we must address all
the interconnections, e.g. in the case of water, we must widen the canvas by factoring
the nexus betweenwater, agriculture, food,waste and energy. Apart from recognizing
the nexus, a consideration is also needed to account for impact of climate change.
Climate change, for instance, can affect the water availability as well as water quality,
requiring additional set of mitigation and adaptation measures. We expect to see the
future of regional circular economy in these perspectives.

10 Summing up

India is estimated to become the fourth-largest economy in the world in about two
decades. This economic growth is, however, going to come with challenges such as
urbanization with increased vulnerability (especially due to climate change), poor
resource quality and scarcity and high level of unevenness in the socio-economic
matrix due to acute poverty. India, if it makes the right and systemic choices, has the
potential to move towards positive, regenerative and value-creating development. Its
young population, growing use of IT, increasing emphasis on social and financial
inclusion can make this happen. For this, developing a national policy framework on
the circular economy makes sense.

The recent report by the Ellen MacArthur Foundation on India [10] shows that
a circular economy path to development could bring India annual benefits of |40
lakh crore (US$ 624 billion) in 2050 compared with the current development path—
a benefit equivalent to 30% of India’s current GDP. Following a circular economy
pathwould also reduce negative externalities. For example,Greenhousegas emissions
(GHGs) would be 44% lower in 2050 compared to the current development path, and
other externalities like congestion and pollution would fall significantly, providing
health and economic benefits to Indian citizens. This conclusion was drawn based
on a high-level economic analysis of three focus areas: cities and construction, food
and agriculture, and mobility and vehicle manufacturing.
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The Ministry of Environment and Forests and Climate Change (MoEF&CC) of
Government of India set up the India Resource Panel (InRP) in 2016 to examine
the material and energy flows across key sectors following a life cycle approach
and to assess Resource Efficiency. Sectors such as Construction, Automobiles, Iron
& Steel and Metals were considered, and key cross-cutting areas were examined.
Recommendations of InRP were taken up by India’s NITI Aayog leading to a paper
onStrategy forResourceEfficiency.More recently,NITIAayog released four sectoral
publications on Steel, Aluminium, Construction and Demolition Waste and Waste
fromElectronic and Electrical Goods. In addition, an overarching report on the status
on RE was produced with 32 recommendations addressing both ‘inner’ and ‘outer’
circles, emphasizing strengthening of the informal sector, forming a remanufacturing
council and harmonizing waste management related regulations following a life
cycle approach. Promotion of innovation and green investment flows following a
PPP approach were also included as key interventions. Building a vibrant recycling
industry in India was stressed given the recent green fencing of waste materials by
China. Currently, MoEF&CC is finalizing a national policy on Resource Efficiency
and Circular Economy on this basis. Box 3 shows some of the highlights of the
national policy on resource efficiency.

Box 3: Highlights of Draft National Resource Efficiency Policy
by MoEF&CC [18–22]
National Resource Efficiency Policy (NREP), 2019 seeks to create a facilita-
tive and regulatory environment to mainstream resource efficiency across all
biotic and abiotic resources, sectors and life cycle stages. This can be achieved
by fostering cross-sectoral collaborations, development of policy instruments,
action plans and efficient implementation and monitoring frameworks. Some
of the highlights of the NREP are
• It describes the cost benefits of resource efficiency and the relevance of

resource efficiency for sustainable development goals.
• For fostering resource efficiency, it emphasizes on the creation of a dedicated

institution known as ‘National Resource Efficiency Authority (NREA)’
whichwould draw its power fromEnvironment (Protection) 24Act, 1986, to
provide for the regulatory provisions of this policy. TheNREAwould have a
collaborative institutional structurewithmembers from lineministries, state
governments, government agencies and stakeholders. An inter-ministerial
National Resource Efficiency Board (NREAB) would provide necessary
guidance on the aspects critical to the implementation of resource efficiency
across all sectors.

• The policy encourages preferential procurement (for e.g. Green Public
Procurement) of products with lower environmental footprints, by large
public or private organizations that can be used to aggregate demand and
create scale for products made from secondary raw materials. This would
therefore bolster market demand.
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• It highlights establishment ofMaterial Recovery Facilities (MRF) equipped
with best available technology systems for efficient end-of-life collection,
followed by efficient sorting, and then the optimum suite of physical sepa-
ration and metallurgical technologies for an economically viable recovery
of metals.

• The NREP acknowledges Strengthening of Extended Producer Responsi-
bility (EPR) systems to reduce the cost of end of life management of the
products borne by taxpayers andmunicipalities by integrating sustainability
measures into the design of products, including design for value recovery.

• The Policy advocates orienting Research and Development (R&D) support
towards producing resource-efficient solutions and the development of
resource-efficient products and services such as

– Develop sound methodologies to carry out the inventorization and
characterization of major waste streams

– Industrial training networks to deliver the required courses and skill sets
needed for implementing a resource efficiency and achieving a low-
carbon economy

– Improving knowledge and decision base for the secondary raw material
sector with databases and dynamic forecasting models.

Whilst, policies are getting formulated through research and consultation, India
has been following a regime of banning or announcing restrictions in manufacturing
and us of certain materials and products. More than 24 States in India have banned
certain categories of plastic, and national level target to phase single-use plastic by
2022 has been declared by India’s Prime Minister. A year after China banned plastic
waste imports, the Indian government also banned import of plastic waste in the
country. These directives will also push the agenda on circular economy.

The Government of India has embarked on several iconic projects to improve
and expand its infrastructure (transport, cities and energy) and undertake ecolog-
ical modernization of important sectors such as water, agriculture and food. In
these megaprojects, foreign direct investment is encouraged, and these investors are
asking for good practices on Environmental and Social Governance (ESG) apart from
conventional compliance. The 100 Smart Cities programme,Make in India initiative,
Swatch Bharat Abhiyan (Clean India), Namami Gange (Ganga River Action Plan),
Interlinking of Rivers, Climate Resilient Agriculture etc. are a few examples. In all
these projects, an application of the principles of the circular economy is extremely
relevant. It is, however, necessary that leadership on the circular economy is built in
cities, industries, investors, project developers, and policymakers and regulators.

Circular economy is a concept that bringsmanagement and resources and residues
together in the interest of economy, livelihoods and the environment. If implemented
well, then itwill spur innovation and stimulate green investments. For rapidly growing
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economies such as India, transiting to circular economy will be critical as it will help
the country to progress towards the Sustainable Development Goals.

Questions

Q1 Will circular economy ensure sustainability?
Q2 Should circular economy be legislated?
Q3 What are the barriers to introduce changes in the upstream, e.g. reduce and

redesign?
Q4 List few financial incentives and disincentives to promote circular economy
Q5 List three most important lessons learnt based on India’s experience and efforts

towards circular economy

Answers
A1

It is not necessarily true. Circular economy emphasizes resource efficiency but not
always the resource sufficiency.

A2

China introduced Circular Economy Promotion law in 2007. There are mixed results
of this legislation. Most believe that a circular economy is best realized through
partnerships, technology innovations, social engineering and economic instruments

A3

Resistance to change in sourcing, production and product distribution systems.
Risks perceived on quality and functionality of the newly designed product
Material availability
Challenges on rebranding
Pricing

A4

Reducing taxes on recycled products or on products that have high recycle content
Providing grants or concessional loans to support innovative projects that

demonstrate circularity
Levying high charges on waste sent to landfills

A5

A national policy on circular economy is needed to ensure coordination between the
line ministries

For the purpose of leveraging, circular economy should be mainstreamed in the
national missions

Partnership models play an important role in the effective implementation of
circular economy projects. Role of informal sector is very important to ensure
inclusive growth.
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Abstract Taiwan has played a pivotal role in the global supply chain. However,
the pride of “Made in Taiwan” is built on the backbone of imported raw materials
and environmental cost. Thus, a transition to a circular economy is necessary. A
transition roadmap is introduced to help explain how businesses can transition from
a linear economy to a circular economy. Case studies describing the development of
a circular economy in various industries, particularly food, textile, and construction
are also provided.

Keywords Taiwan · Circular economy · Policy · Transition roadmap for
enterprises · Food · Textile · Construction · Business model · Supply chain ·
Innovation · Industrial symbiosis

Learning Objectives

• Understand the context and policy framework of circular economy in Taiwan
• Learn why, what and how businesses can make the transformation towards

a circular economy
• Learn from cases in Taiwan from food, textile, and construction industries

1 Introduction

1.1 A Densely Populated Nation with Insufficient Resources

As one of the top twenty most populous nations, Taiwan is an island that hosts
23 million people within its 36,000 km2. Whether it’s assessed from the Human
Development Index (HDI) [1] orGrossDomestic Product (GDP) perspective, Taiwan
is highly rated in both social and economic development. Yet Taiwan is a nation that
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is deficient in resources, importing roughly 70% of its resources (with metal, energy,
fertilizers, and feed exceeding 90%) and 60% of its food [2]. As Taiwan is bound by
the sea on all four sides and limited in landmass, waste management and resource
supply challenges remain as Taiwan’s most pressing issues.

1.2 From Trash Nation to Waste Management Genius

As Taiwan’s economic growth rapidly took off in 1960 [3], so did the pileup of
wastes. Garbage ended up on the streets due to a lack of landfill spaces, and parts of
the country looked as if it was engaged in a trash battle. To solve this problem, the
government began to install incinerators andpromote recycling in 1987.Coupledwith
various other government leadership and educational initiatives, Taiwan’s recycling
rate rose to 60.6% in 2018 [4]. Such progress led the Wall Street Journal to refer to
Taiwan as the “World’s Geniuses of Garbage Disposal” in a recent article [5].

The “Four-in-One Recycling Program” is one of the most important policies that
propelled the change. This unique recycling system has achieved great success as it
is able to create a built-in economic incentive to encourage recycling. The program
consists of four components: (1) community residents sorting their own trash; (2)
local government collecting recyclables and waste separately; (3) recycling centers
processing recyclables; and (4) a recycling fund that subsidizes recycling centers,
who then awards citizens, trash collectors, andbusinesses that participate in recycling.
The recycling fund is created with the fee that manufacturers and/or importers of
thirteen product categories tagged by the government must pay under the Extended
Producer Responsibility (ERP) Scheme. This program has also made recycling a
popular social activity. If you were to visit Taiwan today, you would see citizens
at specific times throughout the day waiting with their sorted trash and recyclables,
chatting with each other as they wait for the garbage or recycling truck that is blasting
Beethoven’s music to arrive.

As the industrial waste accounts for 70% of the total waste volume, the Taiwanese
government also began to seriously tackle industrial waste in 1997 bymandatingGPS
tracking on every truck that transports industrial waste. In addition, the government
announced the “Waste Reuse Methods,” [6] which is a directive that encourages
companies toward recycling by imposing heavy fees for sending waste to the incin-
erator and/or landfill. This private-public partnershipwas able to help Taiwan achieve
an industrial waste reuse rate of 75% as of 2018 [7].

2 Policy Development of the Circular Economy

Despite its success in driving recycling, in recent years, Taiwan’s efforts have reached
a plateau because many products are still constructed in a way that is hard to recycle.
In addition, as recyclable items are often downcycled, they cannot meet the quality
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standards of manufacturers for new products. Therefore, Taiwan must redesign its
economic system in a circular fashion more than any other nation to continue its
productivity. It can also help Taiwan gain economic benefits by using raw materials
more efficiently while reducing the externalities. Shifting toward a circular economy
would allow Taiwan to reduce its dependency on raw materials, and to gain better
control over its economic development and create exciting new prospects [8].

True to her inaugural speech where she said that “We cannot continue as we
have done in the past, endlessly squandering natural resources and our citizen’s
health,” President TSAI Ing-Wen led the Taiwan government to begin promoting the
“Five Plus Two Innovative Industry Plan” in 2016. The five in the plan refers to the
five major industries in Taiwan—Asia Silicon Valley, green energy, biomedicine,
intelligent machinery, national defense and aerospace, and the two refers to the
two transformative strategies—circular economy and new agriculture. For Taiwan,
a circular economy could bring synergy between industries, provide more local
employment opportunities, minimize the differences between cities and rural areas
and help Taiwan become a highly inclusive society. To help the country shift towards
a circular economy, the Environmental Protection Agency has reformed the manage-
ment framework while theMinistry of Economic Affairs has proposed an implemen-
tation program to ensure that both the environmental and commerce perspectives
would be considered.

2.1 Environmental Protection Agency (EPA): From Waste
Management to Resource Management

In 2018, the EPA has established a holistic framework that highlights four life-
cycle stages, namely production, consumption, waste management, and market for
secondary materials [9]. Established with twelve strategies and four performance
indicators, the plan created a set of indexes, such as the1Resource Productivity and
Cyclical Use Rate,2 to measure how efficiently resources are used. This plan demon-
strates the Taiwanese government’s willingness to move from end-of-life waste
management to resource management. Moreover, initiated by the EPA, 5 Green
Deals autonomously established by four industries including the Waste Electrical
and Electronic Equipment (WEEE), plastic, construction, and solar panels, in a hope
to increase the resource circularity through public and private partnership.

1Resource Productivity = GDP/DMC (Domestic Material Consumption).
2Cyclical Use Rate = Recycling Material/(Recycling Material + Direct Material Input).
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2.2 Ministry of Economic Affairs: Circular Economy
Promotion Plan

The Ministry of Economic Affairs is the agency mainly responsible for carrying out
the “Circular Economy Promotion Plan” [10]. Themain thrust of the plan is to embed
circular economy concepts and innovative sustainability thinking into the nation’s
economic activities. Specific strategies and measures include

• Establish a R&D center to promote circular technologies andmaterials innovation
• Establish a new circular economy demonstration park
• Encourage green consumption and green procurement
• Promote industrial symbiosis to integrate energy and resources in the industrial

parks

From a resource-deprived trash nation to a garbage disposal genius, the govern-
ment steered Taiwan toward a circular economy with relevant policies. In the next
section, we will elaborate on how industries practice circular economy.

3 Circular Economy Transition Roadmap for Enterprises

To help industries shift their perspectives and implement changes more system-
atically, Circular Taiwan Network (CTN), a non-profit organization dedicated to
advancing circular economy in Taiwan, created the “Circular Economy Transition
Roadmap for Enterprises” that uses WHY, WHAT, and HOW to explain different
steps of the transformation [11] (Fig. 1).

3.1 Taiwan Is Uniquely Positioned

Despite being a small island whose environment is not a great fit for linear manu-
facturing, Taiwan remains an important manufacturing base for the world due to its
solid foundation and complete supply chain. Excelling in the areas of semiconduc-
tors, solar energy, telecommunications, plastics, textiles, and machinery, Taiwan is
listed among the top 10 countries in the 2016GlobalManufacturing Competitiveness
Index published by Deloitte [12]. In addition, Taiwan is ranked 12th in the world
for competitiveness by the World Economic Forum’s 2019 Global Competitiveness
Report [13]. Such recognition validates Taiwan’s strength internationally in terms
of manufacturing and innovation. Thus, with the diversity of industries, especially
combining its innovative manufacturing capability with its expertise in recycling,
Taiwan is uniquely positioned to pioneer the circular economy.

In recent years, rising public awareness of ESG-related (environmental, social,
and governance) risks is rapidly pushing ESG investment and regulatory change.
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Fig. 1 Circular economy transition roadmap for enterprises

The move towards circular economy will not only make the industries more
resilient but will also help Taiwan achieve many Sustainable Development Goals
(SDGs) simultaneously. Together, it will contribute to a more balanced growth.

4 What Is a Circular Economy?

A circular economy is an economic and industrial system that is restorative and
regenerative by design. In this roadmap, three strategic goals highlighted are “Product
as a Service,” “High-Value Utilization of Resources,” and “Systems Collaboration.”

4.1 Product as a Service

In the conventional “sell-more, sell-fast” model, companies can only generate
revenue from selling products. Under this business logic, no matter howwell compa-
nies perform in environmental measures, they will eventually deplete more resources
and create more waste. However, globalization and convenient transportation has
enabled rapid movement of population, together with the ever-evolving mobile tech-
nologies, young people are more used to adopt services then to own a product. There
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is a great opportunity for companies to “REDEFINE” the needs of the customers and
clients. “Do they need bulbs or light? Do they need a dishwasher or clean dishes?”

In a circular economy, companies shift to provide professional and flexible
services to meet the diverse needs of the market. In order to reduce the cost of main-
tenance and waste management, selling services instead of products drives them to
design durable, easy-to-dismantle (even re-disassemble) and recyclable products,
thus intrinsically more sustainable. There are emerging examples in Taiwan that
echo this trend, such as Youbike, the city bike of Taipei city, WeMo and GoShare,
the e-scooter services.Other examples includingmachinery, furniture, lighting, home
appliance, etc. can be found in various fields.

4.2 High-Value Utilization of Resources

Every product we use and consume is the product of a complex supply chain where
each player adds their value, from rawmaterials to manufacturing, to logistics, ware-
housing, marketing, etc. The accumulation of these values is inherent in the final
product we consume. By preserving as much of that existing value we not only
minimize our impact on the environment, but also rescue its intrinsic economic
value. Circular design is crucial to make it possible to preserve values along the
whole life cycle of products. This can be done on two fronts: the technical cycle and
the biological cycle.

In technical cycles, instead of destructing the value of products after disposal,
extending the life or reusing a product in its original form should take precedence,
followed by the thinking of how to preserve the values of components. Whereas the
components cannot be preserved, they go through the recycling system, processed
into recycled materials.

In biological cycles, value is extracted through “biorefinery” that contemplates
extracting inherent value through processes and industries beyond those traditionally
associated with the product. Using the “Biomass Value Pyramid” as guide, products
could flow through a series of different industries and uses along their lifecycle,
including in pharmaceutics, food and feed, bulk chemicals and fuels, before finally
being used as energy or fuel.
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4.3 Systems Partnership

Given that products today have a high degree of complexity and cut across various
industries, no single company can realistically manage these cycles on their own;
making collaborative efforts along the entire value chain and across industries is
fundamental. Moreover, the government, the academia, research institutes, social
organizations, and media need to work together to integrate the necessary measures
along with the industrial upgrade. There are two specific ways that collaboration can
be achieved:

1) Industrial Symbiosis: Arranging an exchange of resources (including rawmate-
rial, energy, water, co-product, equipment, logistics, expertise, etc.) in a way that is
most useful in a localized setting between companies to create a competitive advan-
tage. Following the famous Kalundborg examples fromDenmark, 23 industrial parks
in Taiwan are practicing such type of collaboration, leading to cost reduction by
approximately 3 billion NTD and GHG reduction of 803,000 metric tons [14].

2) Cross-Supply Chain Alignment: Manufacturers can partner with recyclers to
provide a complete service package to clients. This turnkey solution guarantees the
product until its end-of-use, when it will be recycled. The ‘knowledge flows’ and
‘financial flows’ need to be aligned accordingly with ‘material flows’ in supply
chains.

5 How to Put the Circular Economy into Practice? Cases
of the Biological Cycle

The best way to put circular economy into practice is to take the product life cycle,
and consider the opportunities along every stage, from production, distribution, use,
end-of-use, and back into the cycle again. In the biological cycle, biomass such as
food, biomaterials, and cleaning agents are circulated in a way that they can safely
turn into “nutrients” for a new product (Fig. 2).
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5.1 Examples of a Biological Cycle in Taiwan

There is an old Chinese proverb that says “Do not let nutrients fall on other’s land.”
It means that regardless of whether it’s excretion from humans or animals, they both
make great fertilizers and should only be used on one’s own soil. This demonstrates
that circular economy has long been practiced in agriculture. However, since the
development of industrial agriculture, Taiwan uses more chemical fertilizer than the
international community in order to produce more feed. Luckily, there are more and
more owner-owned farms that are working hard toward achieving local and organic
farming, which is a great start for circular agriculture. From the perspective of waste,
Taiwan produces more than 10 million tons of biomass residue every year [15],
including agricultural waste, food waste, etc. If it can all be fully utilized, then it
can assist with local economic opportunities, local employment opportunities, and
narrow the urban-rural gap. Below are some case studies in which biological cycle
has been practiced in each stage.

Fig. 2 Circular opportunities in the biological cycle
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1. Polyculture

Unlike the conventional agricultural approacheswhere a single plant is cultivated, the
production system is redesigned to maximize the productivity of farmlands through
rotational cropping/grazing, mixed cropping/culture, or mixed culture of agriculture,
forestry, fishery, and husbandry. Polyculture ensures better nutrient utilization as
nutrients not used by one crop will be beneficial to another crop during rotation. It
also ensures better soil utilization as the land will be able to be used year round.

2. Production Optimization

Redesigning the process in order to make the best use of the land, water, nutrients,
energy, or resources required in production or processing.

3. Full Use

Taking the market needs and values into consideration, each part of biomass is put
to use in the manufacturing of medicine, specialty chemicals, foods and feed, bulk
materials and fertilizers, or fuels and electricity to achieve toward zero waste.

Example

AGRI-Dragon Biotech Co., Ltd. developed a biomimicry farming system that
delivers water, air, and nutrient fluid directly into the soil through an underground
irrigation module. This allows the soil to remain moist underground but dry on
the surface, leading to a reduction in water usage by up to 70–80% and extremely
low energy consumption. The pumped air and water create an environment similar
to the rainforest in which the microorganisms produce metabolite to keep the soil
productive without tillage. The shapes of the irrigation pipes mimic human arteries
and capillaries to increase the contact area with the soil and then deliver water and
nutrient fluid efficiently. In order to prevent the use of insecticide, AGRI-DRAGON
began implementing polyculture techniques and mixed their main crop Danshen
with scallions. Since they were able to grow Danshen without chemicals, the entire
Danshen can be used in cuisine or made into spirits, fermented beverages, and even
skincare products through the collaboration with several partners to achieve zero
waste [11, 16].

4. Sales and Logistics

A set of process and practice with an enterprise, or in collaboration between
companies, to minimize food waste during the distribution channels to table process.

Example

1919 Food Bank is a non-profit organization in Taiwan that created a platform to
tackle the issue of food waste and helping people in need to get food. Through a
Redistribute, Recreate, and Recovery method, it has created an effective system to
ensure the full use of food resources. The food bank begins by accepting food donated
by companies or markets, as well as ingredients that are close to expiring or ugly in
appearance.
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1919 Food Bank then creates food packets from packaged food, and redistributes
them to poor families or children’s accompaniment classes. In addition, donated food
ingredients are recreated into frozen seasoning packets, which would prolong the
timeframe inwhich the ingredients can be used, and sent to children’s accompaniment
classes in rural villages as well. Recovery takes place when leftover food is used to
feed black soldier flies, who can eat 2–3 kg of foodwaste in their lifetime. The insects
are then made into chicken or fish feed as they are rich in protein. From April 2011
to July 2019, 1919 Food Bank has distributed over 5,766 different items, worth a
total retail value of 450 million NTD [11, 17].

5. Separation and Collection

The sorting and collecting and of biomass residue into different categories for the
ease of resource recovery that follow.

6. Resource Recovery
Food Waste is processed into feed, compost, and/or energy as a new resource for

another material or product.

Example

Taiwan Sugar Corporation (TSC) is one of Taiwan’s biggest pig producers. In their
latest project, Donghaifeng Agricultural Circulation Park, TSC combined negative
pressure water curtain pigpens, biogas power generation, and solar photovoltaic
systems into a green energy demonstration park, with scenic spots and local char-
acteristics to promote environmental education and tourism. Anaerobic digestion
is utilized to retrieve biogas for energy generation, while the slurry and residues
are used to produce organic fertilizers, helping to promote the local economy and
increase employment opportunities. In addition, TSC promotes a “pig house sharing”
business model by leasing their modern pigpens to young farmers, which encourages
them to return to their hometowns without the pressure to purchase new land and
facilities. The biogas power generation produces approximately 1.2 million kWh and
5,000 tons of organic fertilizer every year [11, 18], which may lead to 2,000 tons of
CO2 eq reduction.

6 How to Put the Circular Economy into Practice? Cases
of the Technical Cycle

Instead of destroying a product after disposal, the value of the original product can
be retained through life cycle extension approaches such as reuse, repair, refurbish,
and/or remanufactured before recycling. This allows the company to maximize the
value of the resources and energy invested in making the product (Fig. 3).
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Fig. 3 Circular opportunities in the technical cycle

The linkage between biological cycle and technical cycle describes a synergy
between these two cycles. For example, wood can be a raw material for home furni-
ture, and through the technical cycle, be reused, repaired, and manufactured. At the
end of its life cycle, it can enter the biological cycle via composting or anaerobic
digestion, and become a newborn resource.

6.1 Examples of a Technical Cycle in the Textile Industry
in Taiwan

The apparel industry is one of the biggest polluters on the planet. To make clothes,
textilemills generate one-fifth of theworld’s industrialwater pollution and use 20,000
chemicals, many of them carcinogenic. Taiwan’s textile industry supplies 70% of the
world’s functional fabrics for outdoor wear and 40% of the fabrics for sportswear
of major garment brands. As functional fabric is made from petroleum-based fibers
such as polyester and nylon, Taiwan developed the technology to recycle PET bottles
into polyester over 10 years ago in order to reduce the environmental impact. This
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practice has gained such wide acceptance that 16 out of the 32 countries participating
in the 2018 FIFA World Cup chose to have their uniforms made from recycled yarn
from Taiwan. In the future, the next step is to close the loop by using post-consumer
clothes as raw materials, and Taiwan’s textile industry is already working hard to
develop this technology. Here are some examples of how the textile industry in
Taiwan applies various circular approaches along the technical cycle.

1. Material Sourcing

To develop or employ safe and toxic-free materials that can be recycled and are
durable; to develop or employ renewable materials including bio-based, biodegrad-
able, or local materials; and to use recycled materials.

2. Product Design

The product is designed in a modular way, allowing for easy repair, dismantle, recy-
cling, even upgrade. Throughout its life cycle, energy, water, and resource input are
minimized.

Example

DA. AI Technology Co., Ltd. is a social enterprise dedicated to sustainability.
Working with the Tzu Chi Foundation, a charity with 9,000 collection points and
over 80,000 volunteers, they have been producing eco-blankets and clothing made
from recycled PET bottles since 2008. In addition, to solve the problem of discarded
and leftover clothing, DA. AI Technology has developed the technology to recycle
fiber back into PET chip form, which can then be used to create new products. In
order to simplify the recycling process and improve the quality of recycled products,
they reduce the diversity of colors in all their clothing and developed eco-zippers
and eco-buttons made of recycled PET. A physical process is selected to avoid the
use of water resources and chemicals. In addition, it has developed a new composite
material made of discarded fabric and recycled plastic that is then transformed into
a durable DA. AI Tech Wood [11, 19].

3. Process Optimization

The water, energy, and resource utilization across stages in the manufacturing
processes are maximized while the impacts on the environment are minimized. The
use of equipment or chemicals in the production can be transitioned to the leasing
model instead.

4. By-product Recovery

The by-product in a manufacturing process is introduced to another process or put
out as a product for sale. The circulation can widen beyond the first stage as it can
be distributed within the corporation, within the industry, and outside the industry.

Example

EVEREST Textile Co., Ltd., a textile company in Taiwan with vertical integration,
is a key fabric provider of Nike, Adidas, Patagonia, the North Face, Columbia,
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and Spyder. To achieve their vision of zero waste and zero-emission, EVEREST
optimized their production by replacing air conditioners with a composite cooling
system and heat-exchanger that reduced 92% of the factory’s energy consumption.
The factory is also able to recover 86% of the wastewater produced by the water-jet
loom. The by-product wet sludge from wastewater is used as auxiliary fuel after
drying. The cinders from the incinerator are made into Eco-bricks which are verified
as low-carbon construction materials [11, 20].

As the fast fashion industry is raging worldwide, Taiwanese textile manufacturers
produce 21 million tons of leftover fabrics per year. To solve this problem, Tainan
Enterprises Co., Ltd., collaborated with partners like EVEREST and Industrial Tech-
nology Research Institute to create a Fabric Bank. It aims to provide a marketplace
for hundreds of stock fabrics for independent designers and design schools. Besides
a physical site, QR code and Augmented Reality (AR) technology are introduced to
ensure the disclosure of quality, thus fostering the utilization rate [11, 21].

5. Repair and Reuse

Repair is to restore a product to its original functionality via troubleshooting or parts
replacement. Reuse is to extend the product life of a discarded item by having it be
used multiple times by different users or for different purposes.

Example

In Taiwan, repairing clothes is not a new concept, but because of fast fashion, there
are fewer repair shops nowadays. A group of youth formed a repair platform called
Nothing Is Garbage [22], where they compiled the information of all the repair shops
and created a city repair google map [23] to encourage the practice of maintenance.

Second-hand clothes are often reused through donation, exchanges, or second-
hand shops. There are lots of used clothes donation boxes throughout Taiwan. Thus
second-handbrand shops or free exchange activities are also becomingmore common
in Taiwan.

6. Refurbishand Remanufacture

Refurbishment is to conduct a relatively complete check-up and parts replacement in
order to restore a product to a condition close to that of an almost new product while
extending the life cycle of the product. Remanufacture is to ensure a used product
has similar or better performance and warranty through reproduction.

Example

If a product can be used multiple times through the “Reuse, Repair, Renew, and
Remanufacture” strategies to continue to provide service, not only will it lower the
raw material risk, but it will produce the least amount of environmental impact.
Especially during remanufacturing, if the product can maintain the same quality
as a new item but is lower in cost to produce, then it is highly competitive on the
market. As mentioned in the “From Manufactured in Taiwan to Remanufactured
in Taiwan” report [24], Taiwan’s machinery, semiconductor operations, motor, and
medical equipment industry all have potential to sustain this strategy.
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7.Separation and Collection

The sorting and collecting of end-of-life products into different categories for the
ease of resource processing and recycling that follow.

8. Recycle

The process through which end-of-use materials or products are transformed into
components or materials that can be used again.

Example

SHINKONG Synthetic Fiber Corporation developed a strategic alliance with Thread
International PBC Inc. to turn marine debris into textile materials. They hire people
in less developed countries like Haiti to collect abandoned plastic bottles at the
beach. The plastics are then brought to SHINKONG factories and then go through
a series of processes: cleaning, label removal, crushing, dehydration, then turned
into PET flakes. These flakes then go through a filtration process for removal of
different colors and impurities before turning into polyester fibers. The fibers are
then shipped back to Thread and then weaved into the fabrics of textile products,
such as clothes, backpacks, and caps. The recycled PET process can reduce 51% of
energy consumption and 59% of CO2 emission [11, 25].

Service-oriented Business Model

All the above-mentioned approaches ultimately leads to a newwayof thinkingwhen it
comes to the business model.When offering professional “services” which is accom-
panied by a particular product and generating revenue by “performance” instead of
one off-trade, enterprises hence gain a full control of the flow and condition of the
products and parts. It is thenmore feasible to arrange the supply chain and the reverse
logistics that allows those value optimization processes.

Example

Clothes rental services are becoming more popular worldwide—Rent the Runway
in US provides designer items for rent, while LENA Fashion Library in the Nether-
lands uses sustainability, texture, and design as their selection criteria for clothes, and
it partners with many young designers and enduring sustainability brands. In Taiwan,
Amaze offers fashionable women’s clothing that fits every occasion for rent. After
the clients have selected their choices online, the clothes are sent directly to their
home. After the clients are done wearing them, they can return it without washing the
rental item. Amaze takes on the responsibility of cleaning the clothes before offering
them up for rent again to control the quality and style of their clothes. Customers are
able to enjoy a convenient rental experience as a result [26].
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7 Case study: Circular Construction

Construction is an industry that uses more resources than others, and as such, it is
the best place to implement circular economy. MINIWIZ Co., Ltd created EcoARK
Pavilion, a nine-story building made from Bolli-Brick™, a revolutionary building
material made from 100% recycled PET bottles. The modular 3D honeycomb self-
interlocking structure makes it extremely strong without any chemical adhesives
while weighting only one-fifth of traditional wall systems. The EcoARK used 300
thousand Polli-Bricks made of 1.5 million bottles. Another example is the Holland
Pavilion created by The Netherlands Trade and Investment Office for a short-term
exhibition during the 2018 Taiwan World Flower Expo which welcomed 3.5 million
of visitors. The 3,477 kilos of wood was pieced together with dowels instead of
nails that enable future reuse, with the aim of being able to be disassembled and put
together again in the future as the goal. The 19 tons of heavy steel structure and 12
tons of light steel were bolted instead of welded for easier reuse.

Taisugar Circular Village: to Provide a “Residential Service” Taisugar
Circular Village (TCV) is the first circular housing in Taiwan to offer a “residen-
tial service” [27]. TCV is the creation of a combined effort between Taiwan Sugar
Corporation (TSC) and the Taiwanese government to promote green energy and
circular economy. TSC will be renting out the apartments and provide all neces-
sary maintenance to the residents ranging from building all the way to furniture and
electrical appliances. Its design, new construction, and operation all incorporate the
ideals of circular economy.

In selecting its material, TCV used old wood from a former Taisugar factory
and recycled steel railroad tracks as the fence around the facility, reducing the need
to use 1300 m of new fence. The design of the building is also geared toward a
modular design, maintaining the flexibility to be disassembled and remanufactured
into another product at its end-of-use. In addition, the life cycle and character of each
material was carefully considered, and a materials passport was created so that each
item can be accurately accounted for and tracked. It is estimated to save over 3000
tons of CO2 compared to the traditional reinforced concrete structure. Solar panels
were installed to collect green energy and gray water recovery systems were also
installed to increase its self-sufficiency.

TCV also considered the cycle of natural resources and created an urban farm
so that its inhabitants can experience the agricultural lifestyle. Through the use of
fertilizer from food waste, gray water recovery systems, compost, and other circular
mechanisms, it elevated the agriculture industry to a new level with a greater sense
of ecosystem protection, food safety, and community preservation.

TCV rejected the purchase-once and throw away model on all its utilities, and
set out to rent all its elevators, air conditioners, solar panels, bathroom equipment,
lightings, etc., through businesses that offer a lifetime guarantee service model in
hopes of creating a new business model within Taiwan. Unlike traditional house
sales models, Taisugar not only leases these new houses, but it provides all the repair
services that its customers need. Other services that it offers include shared kitchen,
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Fig. 4 Taisugar circular village

shared living rooms, shared transportation, etc. Future residents will enjoy the rights
to a comfortable, healthy living environment, instead of rights to a piece of land
(Fig. 4).

8 Conclusion

Taiwan has a small landmass, few natural resources, and a high population density,
but these characteristics make the circular economy a natural goal for Taiwan to
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pursue. Now that Taiwan has developed upstream and downstream capabilities, let’s
work together to achieve a circular Taiwan!

Questions

1. What is the “Four-In-Recycling” Program and what makes it successful?
2. Why is Taiwan uniquely positioned to transition to a circular economy?
3. What role did the Taiwan government play in promoting circular economy?What

additional initiatives do you think it should consider?
4. What does the Circular Economy Roadmap for Enterprises address?
5. What is the difference between a technical cycle and a biological cycle? Please

list an example for both.
6. What is your favorite Taiwan CE case study? Please explain why.

Appendix

Circular TaiwanNetwork (CTN), founded in 2015, is a leadership initiative in Taiwan
bringing together governments, businesses, and NGOs to facilitate the country’s
transition to a circular economy. CTN’s endeavors include C-A-N.

Communication: Until 2019, CTN has been invited to give over 170 public
speecheswhich have reached over 14,000 audiencemembers, includingmany impor-
tant politicians and business leaders. CTN published the book, “Circular Economy,”
in 2017 and organized the first “Asia Pacific Circular Economy Roundtable” in 2019.

Advocacy: CTN attempts to bring the relevance of CE to the local context and
facilitate its implementation. CTN is often solicited for its expertise and experience
and has consulted for many governmental programs and projects, including the “5+
2 innovation plan,” circular economy targets and strategies, circular parks, and many
others.

Network: In 2019, the “CoPartners” project was launched as a platform to accel-
erate the transition of the economy to a circular economy. It aims to address the
bottlenecks in the transition to CE with more effective advocacy and to promote
cross-sector cooperation among various working groups and clusters.

Website: https://www.eng.circular-taiwan.org/.
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Abstract Youth leadership driven by education is inevitably important for making
significant realization of a Circular Economy (CE). The success of the circular
economy global movement is deeply rooted in harnessing the potential of the youth
in Asian region especially. Asia is known to be a major global manufacturing hub
and waste generator with over 62% of global youth population. This chapter outlines
the educational practices in CE across the globe with particular focus on CE educa-
tional programs, courses/modules offered in countries including Australia, Belgium,
Canada, Finland, Germany, Italy, Thailand, UK, US, and others. Furthermore, it
highlights the criticality of Asian region toward CE education; how a general educa-
tion module offered by the STEAM Platform helped transforming youth, and how
STEAM Platform builds on existing CE practices fostering youth leadership. Of
note, the role of different stakeholders in CE education such as educational insti-
tutes, government organizations, industry, and Non-Governmental Organizations
(NGOs) is equally essential for working in synchronicity to develop a holistic
education program in effectively developing human resources and in particular
leaders in driving the CE transition.We propose that knowledge convergence (STEM
knowledge), skills & mindset (strategic communication, peer-to-peer learning, life
cycle, and critical thinking), and entrepreneurial practices are complimentary for the
transformation of youth leading toward practical implementation of CE.
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Learning Objectives

• The global importance of practical realization of circular economy stimulates
different approaches particularly CE education in fostering skilled workforce

• The role of youth leadership is indispensable in accelerating circular economy
efforts across the world, especially the Asian region

• The global education providers inculcate CE education modules in degree
programs to effectively promote CE and empower youth

• STEAM platform’s dedicated undergraduate module on CE (GEN352) distinc-
tively describes success factors for CE education through youth leadership.

In recent years, the circular economymovement is gaining significant momentum
as a transformational economy emphasizing closed-loop systems based on the prin-
ciple of “everything is input to everything else”. It is particularly defined as a concept
constituting reduction in consumption & production, eco-designing of products,
refurbish & remanufacturing, recycling from waste to resource, etc. [5, 19]. Circular
Economy (CE) is foreseen to profoundly impact different sectors of life, and it has
attracted notable attention from governmental organizations, academic institutions,
and Non-Governmental Organizations (NGOs) as well as industries. In the wake
of call for action, different countries, including China, EU, Finland, Germany,
India, Netherlands, Norway, Scotland, Sweden, Taiwan, Thailand, and others, have
formulated policies for implementation of circular economy contributing toward
a sustainable world [27]. Different scholars approach CE differently, and more
than 114 definitions of CE are used by practitioners and scholars of CE, however,
recover/recycle/remanufacture/refurbish/reuse/repair/reducematerials/products is
fundamentally considered by all with addition of some strategies to achieve CE [17,
12]. The concept of CE has evolved overtime, and different CE terms substantially
reinvigorate the concept of sustainable development as shown in Fig. 1.

The role of governments, NGOs, private sectors, and scholars is highly critical
in communicating and practical realization of CE for sustainability (Environment,
Economic, Social) [6]. However, the role of scholars in CE is underrepresented who
build the foundation of raising awareness about CE to the world and educating the
youth among the general public. Education for sustainable development received
enormous traction in the past with inclusion of modules on sustainability in the
curricula of high school, undergraduate/graduate students [8, 18]. In fact, the history
of educating students about sustainability is dated back to 1977 when Imperial
College London initiated a graduate program, M.Sc. in Environmental Technology,
in 2017, the Utrecht University in Netherlands began an undergraduate course on
Introductory CE with interactive and problem-based learning [16].

Similarly, Ellen Macarthur Foundation’s circular economy education program is
targeted on three key areas including (1) formal education through the international
network of schools and universities to co-develop CE solutions and integration in
existing learning modules, (2) informal education for individuals seeking self-taught
CE information, and (3) business learning involving corporate partners to layout
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Fig. 1 Circular economy framework from Mushtaq Memon (UNEP) and Lerwen LIU (STEAM
Platform)

practicable CE framework and capacity building [9]. European Circular Economy
Stakeholder Platform is also greatly contributing toward the education sector by
promoting CE-related events, competitions, hackathons, and other learning activi-
ties. CE education surged in Europe in recent years with some key events including
“Circular EconomyCompetence.Making the Case for Lifelong Learning”, “Circular
Economy hackathon in Estonia”, “Walki Circular Classroom: Co-created learning
module simulates circular thinking at school” (European Circular Economy Stake-
holder Platform 2019). Fixfest 2019 in Germany gathered over 200 volunteers and
other stakeholders (policy-makers, companies, thinkers) to deeply discuss taking
responsible ownership of things and making better products [11] as described in
Table 1.

According to aWorld Bank’s report, urbanization is expected to contribute toward
70% of global population by 2050, and waste generation would escalate twice as
compared to their rural counterparts, and the amount of global waste would increase
to 2.2 billion tons per year by 2025 [26]. Similarly, the United Nations (UN) reported
in 2012 that the global population increase from 1 billion in 1804 to 7.4 billion in
2014 is anticipated to rise to 9.6 billion by 2050. Such an unprecedented rise in
population puts a huge burden on the demand of ever depleting resources and urges
CE education to the public about the new circular economic model and to live a
sustainable life in the future [3]. To impart CE education, various online courses
are also being offered by prominent universities regardless of regional boundaries
including

(a) Circular Economy French Mooc Montreal, Canada;
(b) Global Leadership Program on CE 2019 Adelaide, Australia;
(c) Circular Economy: Sustainable Materials Management, Lund, Sweden;
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Table 1 Comparative analysis of global CE education platforms and key attributes

CE 
Education 
Platforms

Key attributes

LCA 
mindset SDGs Advanced 

technologies 

Biz model 
for 

sustainability 

Peer-to-
peer 

learning 
/Youth 

Leadership 

CE 
trainings, 

workshops, 
hackathon 

CE general 
education 

United 
Nations 
(UN), The 
World Bank 
group, ADB, 
WEF

Ellen 
MacArthur 
Foundation

CE 
stakeholder 
platform, EU

Utrecht 
University, 
Vrijie 
University, 
TU Delft, 
Netherlands

Walki 
circular 
classroom, 
Finland

Fixfest, 
Germany

Global 
Leadership 
Program on 
the CE, 
Australia

UCL, 
University of 
Bradford, 
Cranfield 
University, 
UK

Circular 
Economy 
Asia

STEAM 
Platform, 
Thailand
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(d) Engineering Design in Circular Economy by TU Delft;
(e) Innovation, Enterprise, and Circular Economy by University of Bradford;
(f) And other similar modules by Wageningen University, Cranfield University,

Leiden University, University of Torino and Vrijie Universiteit Amsterdam’s
Doctoral programs in Circular Economy [7];

(g) Turku University of Applied Sciences, Finland’s program offering Circular
Business with Companies, Sustainable Development, and Business develop-
ment.

Particularly, Finland that is worldly renowned for its excellent school curriculum
is taking exceptional lead in educating young students about Circular Economy and
its enormous impact in the future. Their Circular Classroom is a verywell-established
and comprehensive Finnish curriculum that emphasizes sustainability and empowers
students through an active learning toolkit imparting experiential learning. This
learning toolkit offers an opportunity to secondary and upper-secondary school
students to learn in a fun way about how to design eco-efficient products and circular
economic models for building a sustainable world [1]. Such an interactive and expe-
riential learning helps students in mastering critical thinking, life cycle thinking,
design thinking, and sustainability. Also, Sitra in Finland is contributing toward rapid
societal and economic transformation by providing the latest guidelines, trends, and
opinions to the people for sustainability [24]. In addition,MatthewMurray published
an article entitled “TeachingCircular Economics” in The Ecologists, and emphasized
the role of education in shaping the future [20]. He described how critical it is to teach
young students about new economic systems andmore dynamic teachings expanding
beyond traditional teachings about recycling integrating creative and collaborative
learning. In such a holistic learning manner, the young generation feels concerned
about the future when they are deeply taught about the current economic practices
making them feel empowered to take a likely collaborative action for a sustainable
future. (Detailed description of global CE educational modules is given in Table 2.)

The youth-led global climate movement has already begun and needs to be
strengthened by promoting CE education worldwide, especially Asia where the
majority of global youth resides. According to the UN’s report released on Inter-
national youth day (August 12, 2019), 1.2 billion people are aged between 15 and
24 years and this number is expected to increase by 7% to 1.3 billion in 2030 (deadline
to achieve SDGs 2030). In 2019, Central and Southern Asia had the largest share of
youth (361 million), second highest in Eastern and South-Eastern Asia (307 million)
followed by Sub-Saharan Africa (211 million). Furthermore, the youth population is
projected to rise by 62% in the next three decades increasing from207million in 2019
to 336 million by 2025, and this surge is expected in the least developed 47 countries
of the UN [21]. Moreover, it is stated that increase in working-age population with
substantial decline in fertility rate will offer a promising opportunity for reaping the
demographic dividends which are anticipated to emerge with increase in investment
and per capita economic growth leading towards achievement of SDGs [2]. These
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Table 2 Detailed Overview of Global CE Education Modules

Global CE
education
institutes

Course/Module content Course offering Weblinks

University of
Technology
Sydney
(Australia)

Responsible Production
and Consumption,
Business Models for
Resource Efficiency

Postgraduate Research https://www.uts.
edu.au/research-
and-teaching/
our-research/ins
titute-sustai
nable-futures/
our-research/
sdgs-mapping-
our-0

Green Industries,
South Australia
(Australia)

Renewable Energy,
Resource Recovery and
Recycling, Water
Management, Community
Education and Innovation

Leadership Program https://www.gre
enindustries.sa.
gov.au/leader
ship-program

The University
of Queensland
(Australia)

Value from end-of-life
Products, Circular Use of
Metals in Australian
Economy

Postgraduate Research https://smi.uq.
edu.au/

University of Sao
Paulo (Brazil)

Life Cycle Management,
Engineering Innovation,
CE New Business
Processes and Models

Undergraduate/Postgraduate https://www.ell
enmacarthurf
oundation.org/
news/the-univer
sity-of-sao-
paulo-usp-bec
omes-a-pioneer-
university

Ghent University
(Belgium)

Sustainable and Innovative
Natural Resource
Management, CE Value
chains, Entrepreneurship,
Sustainable Development,
Professional Research
Projects

Postgraduate https://studiekie
zer.ugent.be/int
ernational-mas
ter-of-science-
in-sustainable-
and-innovative-
natural-res
ource-manage
ment-en

University of
Montreal
(Canada)

Introduction to CE model,
Scarcity of Resources,
Circularity Strategies,
Biochemical Extraction,
Case Studies on
Organizational
Deployment,
Eco-Designing

Students/Practitioners https://cerium.
umontreal.ca/
en/programs-of-
study/ecoles-
dete-2016/eco
nomie-circul
aire/

(continued)

https://www.uts.edu.au/research-and-teaching/our-research/institute-sustainable-futures/our-research/sdgs-mapping-our-0
https://www.greenindustries.sa.gov.au/leadership-program
https://smi.uq.edu.au/
https://www.ellenmacarthurfoundation.org/news/the-university-of-sao-paulo-usp-becomes-a-pioneer-university
https://studiekiezer.ugent.be/international-master-of-science-in-sustainable-and-innovative-natural-resource-management-en
https://cerium.umontreal.ca/en/programs-of-study/ecoles-dete-2016/economie-circulaire/
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Table 2 (continued)

Global CE
education
institutes

Course/Module content Course offering Weblinks

Turku University
of Applied
Sciences
(Finland)

Circular Business with
Companies, Sustainable
Development, Business
development, CE 2.0

Postgraduate Research https://www.
tuas.fi/en/res
earch-and-dev
elopment/res
earch-groups/
Circular_bus
iness_models/

Technical
University Berlin
(Germany)

System thinking, Built
Environment, Textile &
Fashion, Zero Waste, Food
& Biomass, Circular
Urban Systems

Summer School https://www.tu-
berlin.de/
menue/sum
mer_university/
summer_univer
sity_term_4/cir
cular_economy/

Afeka Institute of
Circular
Engineering and
Economy (Israel)

CE Business Models,
Energy, Waste
Management and Logistics

Undergraduate/Postgraduate https://www.
aicee.afeka.
ac.il/

University of
Pavia (Italy)

Better Valorisation of
Natural resources, Global
Value Chains and CE,
Business Model for
Circular Enterprise

Postgraduate https://mibe.uni
pv.it/

Delft University
of Technology
(Netherlands)

Introduction to Circular
Economy, Business Value
in CE, Longer Lasting
Products, Thinking in
Systems,
Remanufacturing, Waste =
Food

Online MOOC https://ocw.tud
elft.nl/courses/
circular-eco
nomy/

Utrecht
University
(Netherlands)

Global Sustainable
Science, Sustainable
Development, Innovation
Sciences, Water Science
and Management

Undergraduate/Postgraduate https://www.uu.
nl/en/research/
copernicus-ins
titute-of-sustai
nable-develo
pment/teaching

KTH Royal
Institute of
Technology
(Sweden)

Production Engineering,
Product Realization and
Industrial Engineering,
Life Cycle Assessment,
Environmental
Management, Waste
Management, Industrial
Ecology, Sustainable
Development

Undergraduate/Postgraduate https://www.
kth.se/ce/educat
ion/education-
activities-1.
812149

(continued)

https://www.tuas.fi/en/research-and-development/research-groups/Circular_business_models/
https://www.tu-berlin.de/menue/summer_university/summer_university_term_4/circular_economy/
https://www.aicee.afeka.ac.il/
https://mibe.unipv.it/
https://ocw.tudelft.nl/courses/circular-economy/
https://www.uu.nl/en/research/copernicus-institute-of-sustainable-development/teaching
https://www.kth.se/ce/education/education-activities-1.812149
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Table 2 (continued)

Global CE
education
institutes

Course/Module content Course offering Weblinks

The University
of Sheffield (UK)

Energy Sustainability,
Resource Efficiency and
Circular Economy

Postgraduate Research https://www.she
ffield.ac.uk/ene
rgy/research-pil
lars/energy-sus
tainability-res
ource-effici
ency-and-cir
cular-economy

University
College London
(UK)

Eco-Innovation, Business
and Market Development,
Urban Sustainability,
Industrial Symbiosis,
Environmental System
Engineering,
Environmental Design
Engineering, Sustainable
Economics: Policy and
Transition

Undergraduate/Postgraduate https://www.ucl.
ac.uk/circular-
economy-lab/
teaching1

University of
Strathclyde (UK)

Circular Economy and
Transformation towards
Sustainability,
Waste-as-a-resource, Use
of Energy and Material
Resources, Business
Models for Green
Enterprise Development,
Social Trends and
Consumer Behavior

Postgraduate https://www.str
ath.ac.uk/cou
rses/postgradu
atetaught/sustai
nabilityenviron
mentalstudies/#
coursecontent

Cranfield
University (UK)

Technology Innovation
and Management for a
Circular Economy,
Materials Innovation,
Circular Manufacturing,
Circular Design, Circular
Value Chains, Circular
Business Models,
Disruptive Innovation

Postgraduate https://www.cra
nfield.ac.uk/cou
rses/taught/tec
hnology-innova
tion-and-man
agement-for-a-
circular-eco
nomy

University of
Arts London
(UK)

Business of Fashion,
Textiles and Technology,
Circular Synthetics, Future
Manufacturing, Circular
Designing

Postgraduate Research https://www.
arts.ac.uk/res
earch/research-
centres/centre-
for-circular-
design

(continued)

https://www.sheffield.ac.uk/energy/research-pillars/energy-sustainability-resource-efficiency-and-circular-economy
https://www.ucl.ac.uk/circular-economy-lab/teaching1
https://www.strath.ac.uk/courses/postgraduatetaught/sustainabilityenvironmentalstudies/#coursecontent
https://www.cranfield.ac.uk/courses/taught/technology-innovation-and-management-for-a-circular-economy
https://www.arts.ac.uk/research/research-centres/centre-for-circular-design
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Table 2 (continued)

Global CE
education
institutes

Course/Module content Course offering Weblinks

University of
Bradford (UK)

Innovation, Enterprise and
Circular Economy,
Circular Economy Core
Principles, Leadership for
Transformational Change,
Business Models for
Circular Economy

Postgraduate https://www.bra
dford.ac.uk/cou
rses/pg/innova
tion-enterprise-
and-circular-eco
nomy/

University of
Exeter (UK)

Entrepreneurial Circular
Economy, Entrepreneurial
Leadership and Circular
Economy, Research
Projects

Postgraduate https://business-
school.exeter.ac.
uk/research/cen
tres/circular/

King Mongkut’s
University of
Technology
Thonburi
(Thailand)

Life Cycle Assessment,
Advanced Robotics,
Internet of Things, Digital
Factories, Waste
Management, Sustainable
Financing, Supply Chain
Management, CE Value
Chain Analysis,
Nanotechnology,
Biotechnology, CE
Business Models, Social
Entrepreneurship, SDGs
2030, Peer-to-peer
Learning, Strategic
Communication, Youth
Leadership

Undergraduate https://www.ste
amplatform.org/
skill-mindset

University of
California Davis
(USA)

Industrial Ecology, Life
Cycle Assessment for
Sustainable Engineering,
Urban Systems and
Sustainability, Technology
Management, Zero-Net
Energy, Waste Resource
Management, Green
Building Design and
Materials

Graduate Certificate https://ie.ucd
avis.edu/

Worcester
Polytechnic
Institute (USA)

Sustainable Operations
and Supply Chains,
Sustainability within
Businesses, Circular
Economy Practices and
Regulatory Policy

Postgraduate https://www.
wpi.edu/news/
announcements/
learn-about-sus
tainable-cir
cular-economy-
prof-sarkis-upc
oming-spring-
course

(continued)

https://www.bradford.ac.uk/courses/pg/innovation-enterprise-and-circular-economy/
https://business-school.exeter.ac.uk/research/centres/circular/
https://www.steamplatform.org/skill-mindset
https://ie.ucdavis.edu/
https://www.wpi.edu/news/announcements/learn-about-sustainable-circular-economy-prof-sarkis-upcoming-spring-course
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Table 2 (continued)

Global CE
education
institutes

Course/Module content Course offering Weblinks

Virginia Tech
(USA)

CE Fundamentals,
Sustainable Biomaterials,
Resource Scarcity, Climate
Change, Waste, Economic
Disparity

Undergraduate https://advising.
vt.edu/advising-
resources/cou
rse-announcem
ents/sbio-1984.
html

Arizona State
University
(USA)

Workshop on Mapping
Linear economy and
Adoption of CE,
Workshops on Ethical CE

Professional Certification https://sustainab
ility.asu.edu/sus
tainabilitysolu
tions/ece-cert/

Loyola
University
Chicago (USA)

Environmental
Sustainability
Management,
Microeconomics and
Marketing

Undergraduate https://www.luc.
edu/quinlan/und
ergraduate/min
ors/sustainable-
business/

alarming statistics clearly represent harnessing the potential of youth through educa-
tion to achieve a circular economy, and Asian region is particularly highlighted in
this regard [15].

It is evident that European Union (EU) adopted CE as a guiding principle for
achieving their zero-waste program along with the EU action plan for CE [25]. In
this regard, China also incorporated CE in their “National Economic and Social
Development Plan” adopting top-down approach to ensure reducing consumption of
rawmaterials, recycling, and reusing [27, 13]. Considering the fruitful impacts of CE
in Europe and other continents of the world, CE is gaining paramount importance in
Asian region [15] that generates a significant proportion of the world’s waste. Also,
many South Asian and South-East Asian countries are suffering enormously from
the problem of municipal waste and imported waste from developed nations [14].
The unprecedented approach is needed to ban imported waste and process municipal
waste employing innovative technologies and customized local solutions. Addition-
ally, Asian region is themanufacturing hub ofmost products due to inexpensive labor,
and poorly enforced regulations. In the value chain of products from extraction of
raw materials through manufacturing, processing, production to waste management,
majority of production, and consumption are done in Asia leading to uncontrollable
growth in waste generation [21]. The poor enforcement of environmental regula-
tions for manufacturing has led to devastating pollution in air, water, and land in the
developing world and affecting the rest of the world.

The involvement of governments, NGOs, and academia are inevitable to take
collaborative action by formulating implementable policies, practices, and educa-
tion programs on CE for achieving a sustainable world. CE is rooted in different
disciplines, and it requires knowledge dissemination by educational institutions and

https://advising.vt.edu/advising-resources/course-announcements/sbio-1984.html
https://sustainability.asu.edu/sustainabilitysolutions/ece-cert/
https://www.luc.edu/quinlan/undergraduate/minors/sustainable-business/
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Fig. 2 STEAM platform framework

foundations such as Ellen MacArthur Foundation in Europe and Circular Economy
Asia (Circular Economy Asia). Over 62% of the world’s youth population resides
in Asia–Pacific indicating the criticality of the region’s role in circular economy
transformation. Innovative solutions can be developed through the adoption of next-
generation technologies led by the youth. Technical problem-based and experien-
tial learning module at a university level for educating Asian youth is essential to
train youth workforce for truly transforming the region. A Science, Technology,
Engineering, Art, and Mathematics (STEAM) Platform, established in May 2017
supported by King Mongkut’s University of Technology Thonburi (KMUTT), Thai-
land, has become a youth leadership platform for accelerating the transition of
Circular Economy enabled by convergence of cutting edge technologies in the STEM
field as shown in Fig. 2. The STEAM Platform aims to empower the youth to use
STEM knowledge in developing effective solutions for solving problems faced in
our humanity today in a sustainable way. In particular, it trains the youth to learn and
adopt STEM knowledge with the “soul” as shown in Fig. 3.

To scale the STEAM Platform, allowing more students to access to STEAM
training, we piloted in 2019 a general education module titled “Technology Inno-
vation and Entrepreneurship for Sustainability – STEAM Platform Enabling Youth
Leadership for Smart Circular Economy Transformation” (GEN352) for all under-
graduate students [24]. This GEN352 module aims to provide an introduction to
Sustainability, Sustainable Development Goals 2030, circular economy and industry
4.0 and their enabling technologies and innovative solutions as shown in Fig. 4.

The module covers topics such as Life Cycle Assessment, Sustainable Develop-
ment Goals, Advanced Robotics, Digital Factory, Smart Manufacturing, Big Data
and Analytics, Circular Economy, Innovations in Waste Management in Thailand,
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Fig. 3 Fundamental goals of STEAM platform fueled by youth empowerment

Fig. 4 Elements of knowledge convergence in STEAM module

Sustainable Financing, Supply Chain Management, Business Model for Sustain-
ability, and more. We partnered with the university technology transfer team who
provided 18 patented technologies for students to choose for their project in commu-
nication and business model design for CE and SDGs2030. This intends to motivate
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Fig. 5 Skills and mindset for creating youth workforce driving CE

Fig. 6 Entrepreneurship practices including business models for SDGs 2030 and CE

students in continuing their future study and research in our university focusing on
the right purpose: circular economy and SDGs2030 as shown in Figs. 5 and 6.

The module involved several faculty members who are experts in the topics
mentioned above as well as guest speakers from UNDP, investment banking sector,
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Fig. 7 Unique attributes of the STEAM undergraduate module (GEN352)

and social enterprise. The unique features of this module include learning cutting
edge technologies and global trends, youth leadership for circular economy, integra-
tion of I4.0 with CE, and Entrepreneurship for SDGs 2030 and CE as represented in
Fig. 7. STEAM Platform executive team, Arslan Siddique and Panitsara Nakseemok
(graduate students) co-taught the module with Dr. Lerwen LIU to conduct classes
and mentor students during the entire semester. Students were specifically trained on
strategic communication on technology innovations, and business models design for
SDGs 2030 for the selected patented technologies from KMUTT. Students received
one-on-onementoring for their final presentations and posters, and their performance
was assessed by the KMUTT technology transfer team and external invited industry
experts aswell as the STEAM teaching team.KMUTT technology transfer teamwere
particularly impressed by our students’ outstanding performance and requested us
to continue this effort and train the tech transfer team as well as using the same
methodology. The STEAM team selected some of the posters to showcase at inter-
national events where the global audience could witness the transformation of young
undergraduate students trained by STEAM teaching team for GEN352 in addition
to learning the innovative technologies from KMUTT as presented in Fig. 8.

Industry 4.0 (I4.0), the fourth industrial revolution represents data exchange in
cyber-physical systems, which follows previous 3 industrial revolutions that were
attributed to discovery of steam power, assembly lines powered by electricity, and
automation, respectively. The enabling technologies of I4.0 include Internet ofThings
(IoT), Advanced Robotics, Smart Manufacturing, Digital Factories, Data Analytics,
etc.
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Fig. 8 STEAM methodology to train young undergraduate students particularly in GEN352

The fascinating results of these modules indicate that it truly transformed the lives
of students who not only started thinking strategically but also proposing to adopt
technological and business solutions for pressing issues toward CE in the Asian
region. Majority of the participants belonged to the age group of 19–22 years as
shown in Fig. 9 which is quite an early age to get involved with circular economy
concept practices. The STEAM platform has had a huge impact on young students
in terms of knowledge dissemination on advanced emerging technologies such as
advanced robotics, data analytics, waste to energy, andwaste tomaterials. The survey
reveals that students were equally interested in all aforementioned areas with 60% of
youth appreciating learnings in waste to energy. Our module was specifically tailored
to the needs of the students and demanding technologies as shown in Fig. 10 of the
future. We helped students learn and analyze some of the patented technologies of
our university KMUTT which can be adopted for circular economy and addressing
SDGs 2030. Asia has enormous potential to convert waste into energy owing to the
fact that Asian region generates a large amount of global waste while many of its
developing countries suffer from energy crisis. The students particularly find this
area interesting and learnt about innovative technologies for conversion of agricul-
tural waste into energy, because this module was run in an agricultural country like
Thailand where students related these technologies in their ecosystem for potential
benefit of the society.

Furthermore, it was surprising towitness significant behavioral change in students
regarding consumption and reduction in waste production. Our survey indicates that
90% of the module participants changed their behavior after attending our intensive
training as shown in Fig. 11. It manifests the unique teaching/training methodology
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Fig. 9 Age group of the respondents

Fig. 10 Technologies learned in the module and relevance to circular economy

of STEAM platform in transforming the mindset of youth and alarming them about
the detrimental impacts of the unnecessary consumption of food, waste generation,
climate change, etc., with exemplary evidence.

To further explore our unique teaching strategy, we asked students about choosing
one ormore of the listed strategies as shown inFig. 12. Interestingly,we found out that
themajority of the students liked ourworkshop sessions in addition to other practices.
We believe that our teaching workshops were comprehensively defined and delivered
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Fig. 11 Behavioral change of food consumption and waste generation

Fig. 12 Effective learning methodology of the GEN352 module

by topical experts in circular economy. Also, our workshops were purely based on
experiential learning, critical thinking, and problem-solving, which gave students an
opportunity to dive deeper into the delivered technological knowledge and propose
practical and implementable solutions. Such an intensive youth-centered workshop
delivered by experts hugely impacts the youth to become changemakers of smart
circular economy.

Moreover, transforming the mindset of youth in addition to providing skills was
another key pillar of the STEAM platform. Our module helped students in life
cycle thinking, critical thinking, thinking out of the box, systematic and analyt-
ical thinking, sustainable development and global perspective. After attending our
circular economy driven education module, students experienced significant change
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Fig. 13 Mindset transformation

in mindset as shown in Fig. 13, and they became problem solvers with great socio-
economic and environmental impact. We stated earlier that systematic and critical
thinking is at the forefront of innovative technological development, and certainly
youth equipped with such an innovative and transformative mindset makes it happen.

In order to analyze the key soft skills gained by our module participants, we asked
them to choose what they developed after attending our module. Surprisingly, the
responses reveal that “teamwork” skills as shown in Fig. 14 was one of the key skills
gained by individuals among others including strategic communication, leadership,
and problem-solving. This finding is truly aligned with our core motto of “Together,
Stronger” that was stressed at various instances in our workshops and training. It is
exciting to know that it rhymes with the youth, and they understand the importance of
teamwork and how critical it is to develop holistic solutions for a circular economy.
We emphasized group work in assigned projects to help students build interpersonal
and teamwork skills that are inevitably important to create leadership in circular
economy.

To gain further insight into our teaching/training practices, we asked respondents
to highlight the effective learning methodology for creating more impact, and unsur-
prisingly students predominantly chose workshops as the effective learning tool as
shown in Fig. 15. This finding is in conjunction with our previous finding on our most
liked training methodology. Evidently, the intensive workshops containing peer-to-
peer and experiential learning along with strategic communication and entrepreneur-
ship are proposed to have a likely impact on youth, and it is proposed to be a produc-
tive approach towards transforming the mindset of youth to help build a sustainable
circular economy leadership.
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Fig. 14 Impact on personal and professional life

Fig. 15 Recommendation for improving effective learning

1 Suggested Improvements in GEN352:

1. The content of the GEN module could be divided into two semesters; first
semester intensively focused on CEmindset and advanced technologies develop-
ment and application, and second semester on eco-product design, supply chain
& business model for CE, and sustainable financing for improved comprehensive
learning experience.

2. Systematically synchronize successive lectures on advanced technologies and its
relevance to sustainability and CE for effective outcome.
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3. Create an interactive experiential learning environment for students to conduct
experiments and visualize the advanced technological concept phenomena.
Particularly, guide students to develop technologies to enable and accelerate
CE transition.

4. Extend educating horizons by inviting more industry players to conduct in-class
activities and showcase industrial practices in technologies for CE to enhance
capacity building of students.

5. Guide young students to create circular business models enabled by innovative
technologies.

6. Exchange students with partnering universities to accelerate the global CE
movement led by youth.

To provide continuous support for the youth to further drive the CE transition,
STEAMPlatformwill provide training/mentoring to thosewho arewilling to venture
into entrepreneurship. Together with other industry and financing partners, STEAM
Platform will foster the new generation of CE entrepreneurs and leaders.

2 Conclusions

Education plays a critical role in the realization of circular economy through youth
leadership harnessing the potential of technologically equipped youth and their agile
mindset. STEAM platform is an Asian youth-driven leadership platform towards
smart circular economy built on three key pillars including knowledge conver-
gence, skills & mindset, and entrepreneurship. STEAM Platform piloted a revo-
lutionary module (GEN352) on smart circular economy, which is believed to be
the first of its kind module containing range of different units including life cycle
thinking, sustainable development goals, advanced robotics, smart manufacturing,
digital factory, waste to materials/energy, Internet of Things (IoT), data analytics,
sustainable financing, supply chain management, business model for sustainability,
and other futuristic technologies enabling the smart circular economy. Particu-
larly, the module was youth-focused in both teaching and learning. Considering
the fact that 62% of global youth reside in Asia–Pacific, it is highly critical to
empower and equip youth of this region to be the changemakers of the circular
economy. In addition to provision of highly technological knowledge in story-telling
manner, we equipped students with necessary soft skills including interpersonal
skills, critical/analytical thinking, and strategic communication, which we believe
are equally essential for developing holistic solutions. Furthermore, entrepreneurial
skills including supply chain management & business model design, technology and
solution comparative/competitive analysis, and business relevance to sustainability
and circular economy concepts were taught. The findings of our investigation reveal
that the content and methodology has been extremely helpful for students to learn
about advanced technologies and gain skills through our unique workshops-style
teaching. Interestingly, we adopted peer-to-peer learning and enforced experiential
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learning in our module and has proven effective. This GEN352 module, with a few
suggested improvements, has demonstrated a holistic methodology to create youth
leadership for transforming the current economy towards a smart circular economy.

3 Future Outlook

Circular Economy (CE) education and youth leadership is foreseen as the key pillars
of CE success in the next decade or so. Sustainable Development Goals (SDGs) 2030
including “SDG10- Industry, Innovation and Infrastructure”, “SDG11-Sustainable
Cities and Communities”, “SDG12-Responsible Consumption and Production”,
“SDG13-Climate Action” will gain significant attention among other SDGs, and
education will be the primary determining factor for achieving SDGs 2030. Further-
more, CE education is expected to truly transform current recycling practices with
increased recycling rate, and consumption/dumping behavior will greatly change
with rising involvement of global youth. In order to increase recycling efforts (e.g.,
The EU is committed to increase recycling rate of waste from 28 to 75% by 2025 and
80% by 2030), the role of intensified education and youth empowerment will become
critical. Undoubtedly, youth as one of the primary stakeholders will strengthen the
CE efforts enabled by advanced technologies such as advanced robotics, artificial
intelligence, biotechnology, nanotechnology, and Internet of Things (IoT). Rapid
advancement in the next-generation technologies in emerging Asian economies with
rising youth population is expected to take a prominent lead in driving CE. More-
over, the current value chains and supply chains will be dramatically disrupted by
the youth equipped with CE knowledge, skills and entrepreneurial skills without
compromising the future needs for building a sustainable world.

4 Questions

1. Why is education so important for a circular economy?
2. How youth leadership can help accelerate circular economy efforts?
3. Why is active involvement of Asian youth needed to excel in CE?
4. Why is the STEAM platform so critical for successful circular economy

transformation led by youth?
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5 Answers

1. Education facilitates the dissemination of subject knowledge, and it is at the core of
every success factor. It triggers ideation and critical thinking for innovation. Circular
economy needs continuous and accelerated innovation for further growth employing
core knowledge of subject matter. Although different universities/organizations are
actively contributing toward CE education for students and the general public, it
requires development of a holistic strategy for better communication of CE.

2. According to a 2019 youth report by the United Nations (UN), approximately
1.2 billion people are aged 15–24 years globally, and it is projected to significantly
grow over the period of next decade or so. The increased number of young people
equipped with right knowledge and skills are expected to be the asset of the future
world. As we progress in a circular economy, the role of youth will become critically
defined to drive the world toward sustainability and CE.

3. Asia is considered to be the manufacturing hub of the world due to inexpensive
labor. It significantly contributes toward global waste production leading to health
and environmental complications and poor living standards, and Asia also accounts
for 62% of global youth population. The greater number of youth, and massive
investments toward waste utilization are expected to make Asian economies rapidly
emerge in future, and youth equipped with technologically advanced skills will be
required in Asia. Hence, involvement of Asian youth is particularly inevitable for
excelling the region in CE.

4. STEAM platform’s CE education module significantly contributed towards
dissemination of knowledge related to CE with particular emphasis on advanced
technologies, experiential learning, strategic communication, critical thinking, peer-
to-peer learning, etc. Apart from creating a holistic CE education module, STEAM
greatly impacted the global youth through its youth-centered program, which not
only helped youth in behavioral change toward CE but also empowered them to be
youth leaders for taking collective action.
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basic survival and to improve the quality of life by providing
education and power systems utilizing solar energy. She joined
the volunteers for cleaning plastic waste at Bangsean beach
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Engineering in Advanced Materials and Nanotechnology from
Silpakorn University in Thailand. She is currently a 2nd year
Master Degree student in Nanoscience and Nanotechnology
Program in KMUTT faculty of science. Panitsara Nakseemok
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and knowledge to change the world. She holds an executive
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nology Thonburi (KMUTT), working as a program manager.
She has acquired knowledge in advanced materials and manu-
facturing as well as smart sensors. She is also talented in design
and trained in entrepreneurship at King Mongut’s University of
Technology Thonburi (KMUTT). Panitsara served as the finan-
cial secretary of The Federation of the Engineering Students
of Thailand during her undergraduate years. She initiated the
science student leadership club during her high school studies.
In 2014, she joined the volunteers program to help the Pga
K’nyau Tribal in the city of Maeramad in Tak province in
developing farming projects to sustain basic survival and to
improve the quality of life by providing education and power
systems utilizing solar energy. She joined the volunteers for
cleaning plastic waste at Bangsean beach damaged by irre-
sponsible tourists. Panitsara holds a Bachelor of Engineering
in Advanced Materials and Nanotechnology from Silpakorn
University in Thailand. She is currently a 2nd year Master
Degree student in Nanoscience and Nanotechnology Program
in KMUTT faculty of science.

Dr. Lerwen Liu specializes in business development (including
strategic communication, partnership & marketing; fund raising;
and stakeholder & project management) with technical expertise
in fields of nanomaterials, additive manufacturing, solar cells,
nanosatellites, AI and other emerging technologies with appli-
cations in functional/green materials & manufacturing, space,
agribusiness, health care, environment and social empowerment.
She is known to be one of the most connected people with
networks in government, universities, industry/business sectors
and NGOs in the Asia Pacific, Europe, USA and beyond.

Since 2014, Dr. Liu became a strong advocate of sustain-
ability through innovation & entrepreneurship education and
training focusing in Asian region. In May 2018, she co-founded
the STEAM (Science, Technology, Engineering, Arts and Math-
ematics) Platform (www.steamplatform.org) which empowers
the youth in Asia to accelerate the transformation of the circular
economy and reach the SDGs2030 through convergence of
knowledge and entrepreneurship.

Lerwen is a senior advisor in KMUTT (Bangkok) playing
a leadership role in (1) streamlining strategy of education,
research & innovation and social impact towards sustainable
development goals, industry 4.0 and circular economy; (2)
building strategic partnerships with the Asia Development
Bank (ADB), United Nations, leading universities, govern-
ment funding agencies and industries worldwide in developing
solutions for reaching SDGs and circular economy; and (3)
conducting strategic training to KMUTT students and staff
preparing the change agents/leaders for the SDGs and circular
economy.
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Bangkok, where students learn the introduction of Industry
4.0 (I4.0) and Circular Economy (CE); Life Cycle Assessment
(LCA) & SDGs2030; and Business Model design for sustainable
development.

Dr. Liu also specializes in policy, technical and
market/impact assessment in emerging technologies including
nanotechnology and AI as well as technologies enabling the
circular economy. She is co-editing with Prof. Seeram Ramakr-
ishna the 1st Textbook “An Introduction to Circular Economy”
published by Springer Nature in 2020.

She has been an evaluation panelist of the Proof-of-Concept
(POC) grant for the National Research Foundation (NRF) of
Singapore. She has also been in the iCAN Technology Innova-
tion Contest and Global iCAN (G-iCAN) committee and evalu-
ation panel of iCAN international competition. She is a member
of National Advisory Panel (NAP) of 1st Sustainable Business
Awards Thailand.



Future Outlook

Lerwen Liu and Seeram Ramakrishna

Abstract Given the crisis humanity is facing today, this chapter urges all stake-
holders to take coherent action today and tomorrow for the transition to a circular
economy. To help readers visualize a circular economy of the future, it provides a
scenario of a circular economy in a community where both biological and technical
cycles are closed; renewable energy drives transportation, production, and consump-
tion. The community take care of the health of themselves and their environment and
practice 6 Rs (re-use, repair, refurbish, remanufacture, recycle and recover) along
the life cycle of a product at personal and professional levels. Circular supply chain
is mapped. The chapter further summarizes circular economy transition enabling
factors such as life cycle thinking, materials passports, and ubiquitous digitization
to become integral of industries and services. In addition, it addresses the challenges
ahead and concludes on the importance of education for providing circular economy
workforce.

Keywords Renewable energy · Circular economy · 6Rs · Stakeholders · Action ·
Circular economy · Transition · Biological cycle · Technical cycle
At the time of writing this book, the world population is close to eight billion
people (https://www.worldometers.info/world-population/). Assuming a growth rate
of one percent per year, about eighty million people per year are added to
the total population. In other words, an equivalent of Germany’s population is
added to the world every year. As per the current projections, the world popu-
lation will reach ten billion people in the year 2057. The World Health Orga-
nization (WHO) recorded that the urban population in 2014 accounted for 54%
of the total global population, and the urbanization trend is projected to grow
further in the coming decades (https://www.who.int/gho/urban_health/situation_tre
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nds/urban_population_growth_text/en/). The world economic forum forecasts that
over the coming decades the rural to urban migration will continue to shoot up to six
billion by 2050 (https://www.weforum.org/agenda/2019/09/mapped-the-dramatic-
global-rise-of-urbanization-1950-2020/). The urbanized population will continue to
shape the global economy via increased spending and consumption of products and
services as they seek better comforts and happiness. In other words, the Earth needs
to provide for more resources and accumulate waste and pollution, if the humanity to
continue the current path of modern-society. The gravity of this situation is grasped
by the Earth Overshoot Day calculated by an international research organization
called theGlobal Footprint Network (https://www.overshootday.org/about-earth-ove
rshoot-day/). Earth Overshoot Day is defined as the date when humanity’s demand
for ecological resources and services in a given year exceeds what Earth can regen-
erate in that year. In 2019, the Earth Overshoot Day was on July 29. In 1987, the
Earth Overshoot Day was on October 23. In other words, with growing consumption
the Earth Overshoot Day is getting shorter and shorter. Aforementioned facts clearly
indicate that the humanity has no choice but to transition from the modern-society to
new-modern society. Desired characteristics of the new-modern society encompass
the visions of circular economy and sustainability development and growth. Simply
put it is an economic system aimed at eliminating waste and the continual use of
resources (https://en.wikipedia.org/wiki/Circular_economy). If we adopt the Ellen
MacArthur Foundation definition of circular economy, it is a systemic approach
to economic development designed to benefit businesses, society, and the environ-
ment (https://www.ellenmacarthurfoundation.org/explore/the-circular-economy-in-
detail). A circular economy practitioner, Metabolic company describes it as a new
economicmodel for addressinghumanneeds and fairly distributing resourceswithout
undermining the functioning of the biosphere or crossing any planetary bound-
aries (https://www.metabolic.nl/about/our-mission/). In other words, in the new-
modern society resources and consumption are not constraints for growth and higher
standards of living, thus suited for the ever-growing world population.

Given the aforementioned background, what would be the future outlook? A
circular economy transformation requires all stakeholders to act coherently toward
the same direction. Figure 1 represents stakeholders involved in the circular economy.
Table 1 summarizes the action of different stakeholders today and tomorrow for a
circular economy transformation.

A circular economy transition is undergoing three streams:

1. Continue to Improve clean production through reduction in resource extrac-
tion, energy consumption, wastage, and emission.

2. Practice 4Rs (Refuse, Reduce, Reuse, and Repair) at the consumer site and
6Rs (Reuse, Repair, Refurbish, Remanufacture, Recycle, and Recover) at
the production site.

3. Redesign product, provide function to Serve the needs of consumer.

https://www.who.int/gho/urban_health/situation_trends/urban_population_growth_text/en/
https://www.weforum.org/agenda/2019/09/mapped-the-dramatic-global-rise-of-urbanization-1950-2020/
https://www.overshootday.org/about-earth-overshoot-day/
https://en.wikipedia.org/wiki/Circular_economy
https://www.ellenmacarthurfoundation.org/explore/the-circular-economy-in-detail
https://www.metabolic.nl/about/our-mission/
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Fig. 1 Circular economy stakeholders (STEAM Platform)

The economic transition provides business opportunities in all sectors along
the life cycle of a product. It also demands R&D innovations and drives busi-
ness model innovations. To accelerate the transition, it needs regulations and moni-
toring and assessment. Most importantly, it requires life cycle thinking and circu-
larity/sustainability mindset that drives the power of consumers as well as the
stakeholders’ action.

Products (from materials, component, module to system) and manufacturing
processes are designed to reduce/eliminate waste. They are to retain the highest
value for the longest time. Components and materials are reused, repurposed, reman-
ufactured, and recycled. Maximum usage of energy, water, and materials are from
renewable sources. Producers offer services and establish close relationships with
consumers to build a business that is environmentally, socially, and economically
sustainable. Consumers, driven by life cycle thinking and sustainability mindset,
practice sustainable consumption achieving zero waste and choosing sustainable
products. Digital technologies are adopted to provide continuous monitoring and
assessment and guide both consumers and producers to ensure circularity and
sustainability at local and global levels.

To help readers visualizing circularity of the future, Fig. 2 presents a scenario
of a circular community where energy sources are renewable including solar, wind,
and hydro managed by a community micro-grid; mining and production sites are
practicing circularity with remanufacturing, recycle and recovery processes built
in; consumers are practicing sustainable consumption with zero waste through
composting organic food and packaging materials to fertilize the community
gardens/farms; consumers receive communication, energy, and transport services
from providers who will practise reuse, repair, refurbish, and resale. See Fig. 3 for
the circular supply chain representation mapped in Fig. 2.
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Table 1 Summary of circular economy stakeholders action today and tomorrow

Type Today working action Tomorrow action

Policy-makers 1. CE policy framework
2. Regulations-EPR
3. Promote best practices

1. Priortize funding
programs to support
PPP for circularity
solutions and
sustainable financing

2. CE entrepreneurship
ecosystem building

3. Adopting digital
technology for
circularity/sustainability
monitoring and
assessment

4. iEPR implementation
5. Regional and global

CE coordination

Investors Sustainable/ESG
financing

Scaling up circular and
sustainable financing

Researchers 1. Open innovation
platform

2. Green Chemistry for
processing, recycling,
and recovery

3. Bioeconomy focusing
on bio-base materials

4. Energy efficiency
technology and
solutions

1. Prioritize R&D areas
and industry
partnership along the
value chain focus on
scalable solutions for
circularity and
sustainability

2. Circular product
design

3. Applying digital tech
and AI

Educators CE experiential modules,
programs both online and
offline

1. LCA thinking is
imbedded in all
education program

2. Training CE educators
3. Entrepreneurship

training for circularity
and sustainability

Producers Large and small corp Industry symbiosis,
environmental compliance
and EPR, remanufacture,
recycle, recover

1. Product service
provider with zero
waste by design,
remanufacturing,
recycling, and
recovery

2. Workforce upskills
3. Partnership with the

circularity ecosystem
4. Sustainability/ESG

compliance in every
part of the value chain

(continued)



Future Outlook 627

Table 1 (continued)

Type Today working action Tomorrow action

Service provider Logistics Green packaging,
decentralization

1. Zero emission
transportation

2. Adoption of digital
technology to achieve
transparency and
efficiency

3. Minimizing logistics
through onsite
production and
consumption

Retail Resale Digital “farmer’s market”
platform bringing
producer and consumers
together

End of product life Repair, repurpose,
refurbish

No end of product life

Waste management Sustainable waste
management

1. Waste minimization
included in product
design and processing

2. Waste composting
onsite of community
garden

3. Repair and refurbish
of used products

Consultancy 1. CE advisory on
strategy and
implementation

2. Developing circularity
indicators for
monitoring and
assessment

Deploy digital technology
such as IoT, big data
analytics, and digital
twins for monitoring and
assessment

Consumers 1. Refuse, reduce, reuse
(3R)

2. Green Choice,
Minimize waste

Making sustainability
personal: 3R +Repair,
practising gardening and
community farm, become
a sustainable and zero
waste consumer

Media 1. Reporting on all
circularity practices at
mainstream and social
media

2. Build relationships
with stakeholders to
promote circularity

1. Focus on sustainability
broadcasting

2. Promote harmony
between nature and
human society

3. Featuring sustainable
business practices
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Fig. 2 Circular community with zero waste and zero emission (STEAM Platform)

Fig. 3 Circular supply chain representation conceptualized by Dr. Mushtaq Memon (UNEP) and
Dr. Lerwen LIU (STEAM Platform)

Moving ahead, life cycle thinking,materials passports, and ubiquitous digitization
are integral of industries and services. More pervasive use of life cycle assessment,
life cycle costing, and symbiosis methodologies to deeply understand the resources
flow and trade-offs to implement policy and leadership interventions that would
drive the new-modern society transition. Bottlenecks for the transition include lack
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of quality information and data, which are often proprietary and business confiden-
tial; transparency in regulations and incentives implemention; maturity of governing
international and national standards and frameworks; and risk attitude toward new
business models. Such challenges will be overcome as there is growing awareness
from the public, pressure from the NGOs and more importantly humanity is capable
of innovation in the face of necessity for sustainable survival.

Last, not the least, fostering the next generation of circular economy workforce
is most critical for driving humanity toward a sustainable future. We hope this book
inspires youth leadership with knowledge and entrepreneurship to transform our
society and economy toward sustainability.

Lerwen Liu is Founding Director of STEAM Platform (www.
steamplatform.org) and

Director of Circular Economy Accelerator, KX Innovation
Centre, King Mongkut’s University of Technology Thonburi
(KMUTT), Thailand.

Dr. Lerwen Liu specializes business development and educa-
tion in the emerging technologies, circular economy and sustain-
ability. She focuses on strategic development, assessment, and
support of emerging technologies including nanotechnology and
Artificial Intelligence with applications in all sectors. She has
20 years of practices in global business development in strategic
partnership & communication and marketing. She has worked
in both the developed and developing world focusing on youth
leadership and entrepreneurship development toward sustain-
ability.

She was a founding secretary of Asia Nano Forum
supporting strategic development of Nanotechnology in 17
countries in the Asia Pacific region. She founded the STEAM
Platform in 2018 focusing on youth empowerment with conver-
gent of STEM knowledge, strategic communication skills,
and entrepreneurship for SDGs2030, Circular Economy and
Industry 4.0. She has been an invited expert in nanotechnology,
innovation, entrepreneurship, and circular economy by different
agencies in the United Nations, Islamic Development Bank,
Asia Development Bank (ADB), and other government bodies.
She has co-founded a number of emerging technology start-ups
and mentored hundreds of youth leaders in Asia.

She has developed and taught innovative modules at National
University of Singapore and King Mongkut’s University of
Technology Thonburi on topics of nanotechnology, innovation,
entrepreneurship, and sustainability. She is a co-editor of the 1st
Textbook “An Introduction to Circular Economy” published by
Springer Nature in June 2020. She is the editor of “Emerging
Nanotechnology Power: Nanotechnology R& D and Business
Trends In The Asia Pacific Rim published by World Scientific
in 2009.

Lerwen holds a Ph.D. in Physics from UNSW Australia. She
is an Australian citizen, currently based in Bangkok.
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Professor Seeram Ramakrishna FREng, Everest Chair
(https://www.eng.nus.edu.sg/me/staff/ramakrishna-seeram/), is
among the top three impactful authors at the National Univer-
sity of Singapore, NUS (https://academic.microsoft.com/ins
titution/165932596). NUS is ranked among the top five best
global universities for engineering in the world (https://www.
usnews.com/education/best-global-universities/engineering). He
is the Chair of Circular Economy Taskforce. He is a member of
Enterprise Singapore’s and ISO’s Committees on ISO/TC323
Circular Economy and WG3 on Circularity. He also the Chair
of Sustainable Manufacturing TC at the Institution of Engineers
Singapore and a member of standards committee of Singapore
Manufacturing Federation (http://www.smfederation.org.sg).
He is an advisor to the Ministry of Sustainability & Environ-
ment—National Environmental Agency’s CESS events, (https://
www.cleanenvirosummit.sg/programme/speakers/professor-
seeram-ramakrishna; https://bit.ly/catalyst2019video; https://
youtube.com/watch?v=ptSh_1Bgl1g). European Commission
Director-General for Environment, Excellency Daniel Calleja
Crespo, said, “Professor Seeram Ramakrishna should be
praised for his personal engagement leading the reflections
on how to develop a more sustainable future for all”, in his
foreword for the Springer Nature book on Circular Economy
(ISBN: 978-981-15-8509-8). He is a member of UNESCO’s
Global Independent Expert Group on Universities and the 2030
Agenda (EGU2030). He is the Editor-in-Chief of the Springer
NATURE Journal Materials Circular Economy—Sustainability
(https://www.springer.com/journal/42824). He is an Associate
Editor of eScience journal (http://www.keaipublishing.com/en/
journals/escience/editorial-board/). He is an opinion contributor
to the Springer Nature Sustainability Community (https://sus
tainabilitycommunity.springernature.com/users/98825-seeram-
ramakrishna/posts/looking-through-covid-19-lens-for-a-sustai
nable-new-modern-society). He teaches ME6501 Materials and
Sustainability course (https://www.europeanbusinessreview.
com/circular-economy-sustainability-and-business-opportuni
ties/). He also mentors Integrated Sustainable Design ISD5102
project students. Microsoft Academic ranked him among
the top 25 authors out of three million materials researchers
worldwide based on H-index (https://academic.microsoft.com/
authors/192562407). He is named among the World’s Most
Influential Minds (Thomson Reuters) and World’s Highly
Cited Researchers (Clarivate Analytics). Listed among the top
three scientists of the world as per the Stanford University
researcher study on career-long impact of researchers or c-score
(https://drive.google.com/file/d/1bUJrvurVVBbxSl9eFZRSHFi
f7tt30-5U/view). He is an Impact Speaker at the University
of Toronto, Canada Low Carbon Renewable Materials Center
(https://www.lcrmc.com/). He is a judge for the Mohammed
Bin Rashid Initiative for the Global Prosperity (https://www.
facebook.com/Make4Prosperity/videos/innovation-inclusive-
trade/479503539339143/). He advises technology companies
with sustainability vision such as TRIA (www.triabio24.com),
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CeEntek (https://ceentek.com/), Green Li-Ion (www.Greenli-
ion.com) and InfraPrime (https://www.infra-prime.com/vis
ion-leadership). He is a Vice-President of Asian Polymer
Association (https://www.asianpolymer.org/committee.html).
He is a Founding Member of Plastics Recycling Association
of Singapore (PRAS). His senior academic leadership roles
include University Vice-President (Research Strategy), Dean
of Faculty of Engineering; Director of NUS Enterprise and
Founding Chairman of Solar Energy Institute of Singapore
(http://www.seris.nus.edu.sg/). He is an elected Fellow of UK
Royal Academy of Engineering (FREng), Singapore Academy
of Engineering and Indian National Academy of Engineering.
He received PhD from the University of Cambridge, UK, and
The TGMP from the Harvard University, USA.
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