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Abstract The growing use of composites in various industries such as aerospace,
automotive and wind turbine has increased environmental concerns regarding their
waste disposal methods. Deploying circular economy practices to reuse composites
could play a crucial role in the future. In this regard, this chapter addresses the
development and implementation of new business models for composites re-use, as
fundamental enabler for the industrial exploitation and diffusion of technological and
methodological innovations developed in theFiberEUseproject. Sevenproductswere
chosen as representatives for composites reuse application in four industrial sectors:
sanitary, sports equipment, furniture and automotive. Re-use business models are
presenteddescribing their value proposition,with particular reference to the provision
of advanced product-service bundles, the revenue models (including schemes such
as leasing), as well as new supply chain configurations entailing new partnership
between producers and recyclers to access post-use composites to re-use. Given the
importance of reverse supply networks, the potential reverse logistics pathways for
mechanical recycling of Glass Fiber Reinforced Plastic (GFRP), thermal recycling
of Carbon Fiber Reinforced Plastic (CFRP) and remanufacturing of CF composites
waste in Europe for 2020 and 2050 have been investigated. We concluded that the
optimal reverse logistics network needs to be decentralized in more than one country
in Europe. Therefore, it is suggested that policy makers address regulation to allow
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the transportation of waste between European countries to facilitate the development
of recycling networks for composites reuse.

Keywords Business model innovation · Circular business model · Composites
reuse · Product-service system · Reverse logistics · Optimization · Recycling

1 Introduction

1.1 What Is Circular Business Model Innovation?

Circular business models refer to models that articulate the logic of how organiza-
tions create, offer and deliver value to its broad range of stakeholders while, at the
same time, minimizing ecological and social costs [1]. It is a conceptual logic for
value creation based on utilizing the economic value retained in products after use
in the production of new offerings [2]. However, there are diverse views on what
circular business models are. For example, business models can focus on utilization
of intermediary outputs that have no further use in the creation of activities that are
monetized in the form of either cost reductions or revenue streams [3]. Business
models could also focus on the use of ‘presources’ over the use of resources in the
process of creating, delivering and capturing value [4] or they can focus on market
value of sustainable remanufacturing [5]. Inherent in all these definitions is value
creation using pre-existing products [6]. Implicit in these definitions of circular busi-
ness models are business processes that support sustainable manufacturing strategies
in the circular economy.

With increasing global population and limited scarce natural resources, the linear
economic model whereby raw materials are utilized in the manufacture process and
disposed of is unsustainable. There is need to consider circular industrial business
models. The linear economic model is giving way to the circular economy model
focuses on careful alignment and management of resource flows across the value
chain by integrating reverse logistics, design innovation, collaborative ecosystem,
and business model innovation [7]. This is an innovative area that is receiving atten-
tion as governments push to cut carbon emissions to combat global warming and
meet their climate change targets [8]. Circular business promotes sustainability by
allowing companies to generate maximum return from given resources and reach
zero waste targets. It also contributes to greater customer satisfaction through service
innovation that reduces negative impact on the environment [9].

High investment costs and risks, deficiency in take back programs, and lack of
awareness of environmental concerns are among factors that stand as barriers to
implementation of circular business models [10]. Circular business models repre-
sent solutions to move towards zero waste, improving environmental impacts and
increasing economic profit [11]. However, issues such as cultural barriers and risk
of cannibalization could serve as barriers to the implementation of circular business
models [12].
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Fig. 1 Remanufacturing concept and significance [13]

There is increasing demand for sustainablemanufacturing that takes responsibility
in conserving natural resources and limiting negative impact on the environment.
This has given rise to the evolution of the circular economy that investigates how
rawmaterials can be managed in a sustainable and ethical manner. Circular economy
could help in reducing harmful emissions to the environment on the one hand, while
at the same time reduce utilization of energy. As suggested in Fig. 1, sustainable
manufacturing strategies that add value in the circular economy in the life cycle of
the product include recycling, recondition and repair, reuse and remanufacture. At
every point in the life cycle of a product, virgin raw materials energy and resources
are being utilized while emissions and waste are released into the land, sea and air
[13].

Underpinning the circular economy are circular business models that take
cognizance of the contextual environment in which the sustainable manufacturing is
taking place. Life Cycle Analysis could be useful if comparing and contrasting the
advantages of different circular business models. It could be argued that the type of
business model may be indicated by the type of sustainable manufacturing activity
undertaken. However, this opens up debates on how and when to apply specific
circular business models (i.e. for remanufacturing instead than recycling).

1.2 Circular Business Model Trends

Business model for sustainability deals with creating competitive advantage through
superior customer value that contributes to a sustainable development for companies
and society [14]. This is distinguished fromBusinessModels for Circularity (BMCs)
that explicitly link business models to the product life cycle [15].

In the literature various business model strategies are suggested. Firstly, those that
provide performance (through the capability of satisfying user needswithout needing
to own products), secondly, those that extend product value (exploiting residual value
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of products frommanufacturers, customers and back tomanufacturers), thirdly, those
that focus on delivering long life of products supported by design for durability
and repair, fourthly, those that encourage sufficiency, such as those that actively
reduce end user consumption through principle such as upgradability and service,
fifthly, those that extend resource value, such as exploiting residual value of recourses
through collection of “wasted materials” and turning them into new forms of value
and sixthly industrial symbiosis that utilize residual outputs from one process and a
resource for another process. However, theymay not fit into neatly separate strategies
[1].

With the emergence of Circular BusinessModel Innovation (CBMI), there is need
for development of tools that support these processes. There is need for standard-
ization of terminology in what is meant by circular business models [16]. From the
literature it could range from different sustainable remanufacturing strategies to the
business activities that underpin sustainable manufacturing. For example, conceptu-
alizing sustainable businessmodels into 5 categories including, Coordinating circular
value chains through data, Circular product design, Use, Reuse, Share and repair,
Collection and reverse logistics, Sorting and pre-processing [17]. These could be
argued to be concepts that underpin sustainable business models and not business
models in their selves.

The need to better conceptualize circular businessmodels demonstrates the variety
in definitions and operationalization of circular business processes [6, 18]. An ambi-
tious attempt to categories circular business models delineates them into those
that exploit resource supplies, resource recovery, product service systems and open
innovations [10]. While product service systems are often highlighted as a poten-
tial enabler for new circular business models, not all business models based on
product service systems have superior impact on the environment and efficient use
of resources [19].

In contrast, circular business models may be conceptualized into those grounded
on pay per use concepts (where products are rented or leased instead of owned),
product life extension (such as reuse, repair, reset) and resource value extensions
(such as recycling materials) [20]. There is a risk of mixing up the sustainable manu-
facturing strategies that contribute to the circular economy from the business models
that underpin these strategies [4]. This buttresses the need for research that provides
clear standardization of terminology and nomenclature in the circular businessmodel
landscape.

1.3 State of the Art of Current Research

BusinessModel Canvas (BMC) can be used for circular businessmodels as a concep-
tual framework. It is suggested that there is an urgent need for research in business
models that take cognizance of issues such as customer relationships, key partners,
value proposition, costs and revenue into consideration [21]. These will include
research on how risk of cannibalization are managed and how policy makers can
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be enablers of circular business models. There is need for research that investigates
how policy influences the operationalization of circular business models in creating
value for customers [22]. Research is needed on how circular business models inform
circular economy as well as the development of sustainability theories that inform
current challenges to circular business models [14]. There is also need for research
that tests the hypothesis of effectiveness of different circular business models which
could include business to business and business to customer which evaluates reverse
logistics and viability of operationalization of different sustainability strategies [18].

1.4 Need for Circular Business Models for the Case
of Composites Re-use

Composite materials made of glass and carbon fibers are extensively used in various
industries such as aerospace, automotive and sport equipment, due to their durability
and superior mechanical properties, light weight and high corrosion resistance [23].
By 2020, the yearly production of Carbon Fiber (CF) composites is expected to
be more than 140,000 tons [24]. Also, the market of glass fiber reinforced plastic
(GFRP) is huge and is expected to rise at a Compound Annual Growth Rate (CAGR)
of 6.4% from 2017 to 2022 [25]. As a consequence of such rising demand, the
waste management of composites is crucial. However, at the moment the common
waste treatment of composites is landfilling [26]. On the other hand, there are serious
environmental concerns on landfill disposal of composites, which have raised serious
concerns among policy makers [27]. For instance, EU legislation is making the
composites landfilling unviable in most EU countries [28].

As the future recycling of composites will be at the top in the agenda of many
countries, manufacturers in several sectors shift towards implementing a circular
economy business model, which encourages the use of recycled composites. This
way, the new businesses will be more economical and contribute to environmental
legislations [26].

FiberEUse project aims at diversion of waste from landfill through recycling and
reuse of composites and development of innovative circular business models. In the
following sections the circular business models of composites reuse in the sanitary,
ski equipment, furniture and automotive industries are presented.

2 Rational of Business Model Research Approach

As the purpose of this study is to develop innovative circular business models based
on composites reuse, the state of the art of business model innovation in the context
of circular economy was firstly investigated to derive insights for the development of
novel value propositions, innovative value network architectures and revenuemodels.
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Literature review Industrial Investigation Circular business model 
formulation

Fig. 2 Methodology of developing composites reuse business models

Both academia and industry sources have been considered. In particular, 29 publi-
cations on composites waste management and business model have been taken in to
account. The search keywords were chosen as following: business model innovation,
circular business model, composites reuse, product-service system.

The proposal of innovative circular business models referred to the specific cases
of products chosen from sectors where composites are key-materials, such as the
sanitary, sports, furniture and automotive industry.

To develop a novel business model, it is significant to study the current market
conditions, envisaged trends and customers’ needs [29]. Focus group research
methodology was selected to derive such market insights. Two focus groups were
organized involving automotive industry experts from Spain and Germany, sanitary
sector experts from Italy, ski industry experts from Austria, and furniture industry
experts from Italy. The combined insights from these workshops as well as litera-
ture review supported the formulation of realistic novel business models. Graphical
representation of the methods used is presented in Fig. 2.

3 New Circular Business Models for Composites Reuse

In this paragraph, a new business models for each selected industry is proposed.

3.1 New Sustainable Business Models for Products
in Sanitary and Sport Equipment

Sanitary and sports equipment are among the industries that can benefit from using
recycled composites. Composites are an appropriate alternative to metals and are
widely used in industrial and sports equipment sectors [30]. As some examples of
usingGF composites in sanitary products, we canmention shower trays and bathtubs.
Ski is an example of sports product using massively GF composite materials.
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Sanitary products. The global demand for sanitary products is increasing. As an
example, the market of shower trays is expected to grow by 4.9% from 2018 to 2025
[31].

The new business model for shower tray and bathtub is focused on offering
a product made of recycled composites via mechanical recycling (Table 1). The
model suggests a manufacturer offers a product which is built using scraps generated
from the production process, that are usually lost. In this new paradigm, a manufac-
turer could replace at least 40% of virgin GFRP with post-industrial GFRP waste
(the percentage is calculated based on average performance/sustainability consider-
ations). In case in-house produced scraps are not sufficient to produce new products,
manufacturers can use external waste materials to meet the minimum level of scraps
they need to reach such a percentage (main available scrap source is the construction
industry). The intrinsic benefit of using in-house or external scraps implies securing
the value chain for raw material (cost saving) as well as assuring the quality of
secondary materials (non-mixed fractions of waste) are met.

From the value proposition point of view, the new business model aims at offering
products that have lower environmental impact, while keeping the price and perfor-
mance at the same level of products made out of virgin material. Thus, this is mainly
the case of a product-oriented type of business model. However, the offering of
greener products provides also the opportunity to provide a set of services that
increase the value for customers and that can also decrease eventual customers’
acceptance barriers. In particular, in order to address concerns about products perfor-
mance, maintenance packages and enhanced performance guarantee, which include
product substitution in case of failures, can be offered in bundle with the product
(with no or limited cost increase). Another type of possible advanced service consists
in the product upgrade after a certain use period, coupled with an efficient take-back
system. This service might be particularly interesting for segments such as hotel,
Spa, sport club, etc., which may plan in this way renovation periods in the frame of
long-term supply and service contracts.

Regarding the revenue stream, the selling price of products such as shower tray
and bath tub made out of recycled material need to be set at least the same as

Table 1 Summary of the new business models of recycled products in the sanitary and ski industry

Business model dimensions

Value proposition • Similar performance compared to the original product made of
virgin material

• Lower environmental impact

• Offering maintenance/repair/upgrade services

Value chain architecture • Partnership with waste management companies or
manufacturers selling scraps (if the in-house production scrap
for recycling is not enough)

Value capture • Revenue from: sale of products with the same price

• Cost is less than the original product built from virgin material
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that of products realized with virgin material. Customers may be reluctant to spend
more money for a partly recycled product, especially until when a generally-diffused
consumers’ green culture will not be established. With respect to cost structure, the
increase in cost due to the recycling process will be compensated by the use of the
in-house scraps.

Since the value proposition emphasizes green product, it is crucial to properly
communicate in order to let customers know the green value embedded in the prod-
ucts. Eco-marketing strategy could be deployed to highlight the company’s effort in
decreasing its ecological footprint through more sustainable production.

Key-assets ofmanufacturers to implement this businessmodel are on the one hand
the mastery of the mechanical recycling process and, on the other, the establishment
of a green brand image. Scrap collection, mechanical recycling and customized after
sale services such as offering maintenance and repair packages are the key activities
of manufacturer to create and deliver value.

From the value architecture point of view, if the internal waste to build a recycled
product is not enough, it is necessary that manufacturers establish new partnerships
with waste management companies or with other composites manufacturers willing
to sell their GFRP production scraps.

Ski. By having 43% of the global ski market, Europe holds the largest market share
of this industry. America and Asia, with 34% and 20% of the market respectively,
are the other largest markets for the ski industry [32]. Major customer of ski industry
are ski rental companies.

Regarding the ski’s End-of-Life (EoL), a systematic take back system to collect
the product does not exist. Moreover, since ski is made out of different types of
materials, disassembly is a very challenging task. As a consequence, currently, the
product at its EoL goes to landfill or incineration after removal of aluminum.

The new business model of ski is based on offering a greener product via replace-
ment of 10% of virgin GFRP (via mechanical recycling) with in-house scraps from
the production process. Such a limited percentage of recycled material is due to the
need to guarantee extreme mechanical performance to the products.

The business model proposed for skis is the same as sanitary products (Table
1). The manufacturer sells a greener product with similar price and performance,
while offering additional value-added service to ski renting companies. The service
includes enhanced warranty to customers during extended periods. In this way, the
customer uncertainty regarding the recycled product’s performance will be reduced.

In terms of cost structure, the product’s cost is lower than the original one.
The key assets of manufacturer are the mechanical recycling technologies and

green brand image.
From a value architecture point of view, there will be less need to recur to external

scraps supplier with respect to the sanitary case, since the target percentage GFRP
post-industrial waste is lower and compatible with internal production scraps of
ski-making companies.
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3.2 Leasing of Composite-Made Components in Furniture
Industry

Green public procurement (GPP) is one of the promising tools in moving towards
a more resource efficient economy [33]. GPP brings environmental factors into the
core of decisions that are related to purchasing public goods and services [34]. The
expenditures of public organizations that use GPP for goods and services account
nearly the 14% of the EU’s Gross Domestic Products (GDP). Such a large demand
for green products acts as a catalyst on green innovations and largely contributes to
circular production and sustainable consumption [35].

One of the areas that GPP can widely be used is in the office furniture industry.
Currently, there is a serious environmental concern regarding the inefficient life cycle
management of office furniture. These concerns aremainly related to the high volume
of waste at the end of products life cycle [36]. In Europe, around 1.2 million tons
of office furniture are discarded every year [33]. Therefore, new business models
that suggest reusing the furniture materials instead of disposing them can generate
significant environmental and economic gains in comparison to conventional busi-
ness models. In order to show how recycled materials can be used in this sector, we
consider the case of office desks built from recycled composites. Desks are composed
of two main parts: a table top made of GFRP and metal pillars. The two parts can
be easily disassembled and re-assembled, for example for on-site substitution and
renewal of table top or for re-use in other products.

In the new business model, we consider a business partnership between a furniture
supplier and aGFRP-made tabletops supplier (Table 2). The furniture producer offers
an eco-friendly office desk,with similar performance and aesthetic features compared
to those products made out of virgin material. He is responsible for installation of
desks at customers’ site and take-back service. The tabletop supplier is specialized
in the production of green GFRPmaterials by include a certain percentage of end-of-
life composites in the production of parts through mechanical recycling technologies
integrated in its plant. In the case of tabletops, about the 50% of virgin GFRP can be
replaced by recycled composites.

The proposed case falls under the category of a usage/access oriented business
modelwhere the product ownership remainswith the furniture producer and customer
pays for using the product rather than owning it [37]. In other words, this business
model is based on leasing the product instead of selling it. In reference to circular
economy concept, leasing would guarantee a constant return flow of old office desks
from customers to furniture producer. After recollecting the used products, the furni-
ture producer disassembles the desks and send their tabletops to the manufacturer.
This way the dismantled tabletops will be recycled and re-enter the production cycle.

A long-term partnership between tabletop manufacturer and furniture producer is
crucial for the successful implementation of the new circular business model. Part
manufacturer’s capacity in recycling materials, enables the furniture producer to
offer a lease concept centered on “green products” and that incorporates continuous
renovation services to the customers. On the other hand, the leasingmodel guarantees
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Table 2 Summary of the
new business models of
recycled office desk in the
furniture industry

Business model dimensions

Value proposition • Similar performance

• Lower environmental impact

• Non-ownership model

• Maintenance/repair/upgrade
services

Value chain architecture • Partnership with logistics providers

• Link with government/public
bodies

Value capture • Revenue from leasing of products

• Cost is less than the original
product

the tabletop manufacturer to have a constant and planned return flow of parts to be
recycled.

In the newfinancial scheme, the furniture producer offers a 4–7years lease contract
to public organizations and by the time that lease expiries, the furniture producer
would takeback theoldproduct andprovide customerswith newgreenofficedesks. In
addition, the furniture producer can offer regular maintenance checks and ergonomic
desk adjustments to address customers’ concerns on product performance.

From an economic point of view, the furniture producer will experience post-
poned incomes, which affect the revenue model. As a result, furniture producer need
to precisely reflect this into the leasing fee proposed to customers. Therefore, adop-
tion of advanced marketing and financial approaches are crucial for the economic
sustainability of this business models. Overall, the increase in the expenses need to
be compensated by the cost saving associated with reuse of materials and by market
increase due to the new attractive value proposition.

After 4–7 years that the lease expires, most of the metal pillars might still be in
good conditions. These metal parts can easily be integrated into the manufacturing
of new office desks and the manufacturer can decrease its related production costs.
Therefore, although composites reuse is themain area of focus in this businessmodel,
reusing the metal pillars of the office desks can be another attractive opportunity to
consider for efficiency and sustainability, as well as to strengthen the “green image”.

Using recycled composites in the manufacturing process complies with regula-
tions related to environmental protection. For instance, Italy has introduced an envi-
ronmental legislation that requires a mandatory GPP requirement for all the Italian
public offices. [38]. Therefore, business risks associated with the novelty of circular
model can bemitigated through company’s greenmarketing strategies. Eco-labeling,
as part of the green marketing strategy (company’s interface with customers) can be
applied to highlight the use of recycled composites in the product. This would help
customers to be aware of the green aspect of the product and accept the new business
model as an added value. From a customer perspective, green element embedded in
a product can be a key driver towards accepting the new business model.
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From a value chain network building blocks perspective, new partnership with
logistics companies for collection of old office desks might be considered, in case
the furniture supplier does not manage logistics internally. Finally, it is important to
consider building a strong partnership with government and public bodies. Such
a partnership will contribute to the evolution of legislation/directives that entail
incentives to increase the sustainability of GPP practices.

3.3 Greener Structural Components in Automotive Industry

Automotive industry is going through a radical transformation. There are signswhich
indicate that new technology and circular businessmodelswill be the leading trends of
the future [39]. The use of lightweight partsmade of compositematerials in vehicles is
another leading trend.One of themajor drivers to use lightweightmaterial stems from
the fact that heavyweight components used in Internal Combustion Engine (ICE) cars
are one of the sources of pollution. Therefore, the lightweight and remarkable fatigue
behavior of composite materials are the reasons, which the automotive industry is
moving towards using more composites [40]. Such a trend will be even more marked
in the future due to the transition towards electric vehicles, in which the significant
weight of battery pack requires reduction of weight of other components.

In the automotive industry, GF composites and carbon fiber reinforced polymer
(CFRP) are used in the structural components of cars [41]. Regarding the EoL waste
of CFRP, the common scenario is landfilling or incineration [42]. In order to address
the EoL waste problem of composites, three case studies of car components made
out of recycled composites reclaimed from thermal recycling are discussed in this
section.

The first vehicle structural component is cowl top, which is built from 20 to
30% rGF. The manufacturer uses the rGF derived from EoL of wind turbine blades
reclaimed from thermal recycling.Wind turbines have a lifecycle around20–25years.
Therefore, the removal and dismantling of wind turbines in near future will lead
to a substantial amount of composites waste [43]. The second vehicle structural
component is clutch pedal that is built from 20 to 40% thermally recycled CF (rCF).
Finally, the third vehicle component is a front-end carrier that is built from 15 to 25%
rCF thermally recovered from the production waste of the aeronautic sector. CFRP
is widely used in the aeronautic industry [41].

In the new business model of cowl top, a tier 1manufacturer provides eco-friendly
products with lower price, while keeping the aesthetic values and performance at the
same level of those products made out of virgin material.

Regarding the clutch pedal and front end carrier, the tier 1 manufacturer offers
green products with the enhanced performance, while the product’s price and
aesthetic value will be similar to the original products. Products’ technical perfor-
mances are improved since the new product is lighter, thanks to the low density of
the rCF.
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The new business models are characterized as product-oriented (Table 3). The
revenue is generated through selling greener performing products. In order to address
possible concerns about the performance of parts manufactured with post-consumer
material, extended guarantee will be offered with direct substitution of eventual
defective products as a product-oriented service. The targeted customers are Original
Equipment Manufacturers (OEMs), in particular those with a high environmental
profile. The evolution of regulation in the automotive sector will favor the diffusion
of this business model, since OEMs will be forced to increase the rate of recycled
materials in automotive parts. Regarding the cost structure, the product cost can
be either lower or higher than the product made out of virgin material. Given the
proportion of recycled material used in a product and the price of rCF, the product
final cost may vary.

The key asset of the tier 1manufacturer includes long term contractswith suppliers
of rCF/rGF and logistics providers. Through such contracts, the manufacturer is
assured of a steady supply of a certain volume of materials with specific quality
requirements. Green brand image is another key resource of manufacturer.

From a technical point of view, the manufacturing process is the same as the
one from virgin composites (GF/CF). Therefore, key activities of the manufac-
turer include keeping the production cycle time equivalent to the original product
and making sure that the reliability and quality of the recycled materials fulfill the
technological specification of the final products.

From the value chain architecture point of view, new partnerships with recyclers
and logistics providers need to be established. Another key partner includes govern-
ment and public bodies. Such a partnership allows government to update legislation/
directives and offer new incentives that promotes the circular economy and EoL
waste management based on the new business models.

Table 3 Summary of the new business models of recycled vehicle’s components in the automotive
industry

Business model dimensions

Value proposition • Similar/enhanced performance

• Lower environmental impact

• Similar/lower price

• Enhanced guarantee

Value chain architecture • Partnership with recyclers (rGF/rCF suppliers)

• Partnership with logistics providers

• Link with government/public bodies

Value capture • Revenues from sale of products with the same/lower price

• Cost can either be higher or lower, depending on the percentage of
the recycled material and price of rCF used in products
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3.4 Selling of Remanufactured Components in Automotive
from EoL Carbon Fiber Reinforced Plastic

Compositematerials are an appropriate alternative tometals [30] due to their strength,
lightweight and long life cycle [40]. In comparison to metal the deterioration of
composites is quite slow. Therefore, at the EoL of a car, technical performance of
CF composite structural components is close to new ones. This means that a great
proportion of composite components can be reused in several car generations. Based
on this consideration, a new business model is proposed, where the manufacturer
adopts lightweight CFRP car platform for an electric vehicle, that can be re-used at
the end of life, as an alternative to a steel one. The platform will be made using both
virgin and recycled composites, mainly drawn from the automotive industry.

In this novel business model, the tier 1 manufacturer offers a greener product
with the same quality and reliability, while the technical performance and aesthetic
values are enhanced and the product life cycle is extended through product reuse in
several car generations. In other words, the new product has the same stiffness and
can tolerate the same fatigue, while it is 40% lighter and has a better design compared
to the steel one. In addition, the product life cycle is extended through quick and non-
destructive disassembly. After the disassembly, the product will be tested to identify
whether it can be reused or not. In case the product cannot be reused, it will be sent
to recyclers.

The new business model is a product-oriented business model, with the inclusion
of End-Of-Life related services (Table 4). The tier 1 manufacturer establishes long-
term contracts with the OEM for the supply of CFRP platform, guaranteeing their re-
use in vehicles other than the first one at their end-of-life within a fixed time horizon.
Thus, recovered platform can be re-used either in vehicles of new production (in a
futuristic scenario), in fleets of vehicles sold to leasing/renting companies, or as spare
parts for used or refurbished vehicles. In the contractual relationship, OEM returns
to tier 1 manufacturer the platform dismantled from End-Of-Life vehicles. The latter
tests them, eventually carries out repair and adaptation operations, and provides back
to the OEM platforms to be installed in other vehicles with the same performance
guarantee than the initial ones. Supplied platforms can come from his stock of re-
usable platforms (after testing and necessary repair/adaptation operations) or can be
platforms of new production. Thus, tier 1 manufacturer becomes the responsible of
the circular economy of platform for the OEM, guaranteeing performance in-use in
multiple use cycles.

A promising market scenario for this business model is the one of vehicles fleets
leased to car sharing/renting companies, private or B2B customers. In particular, it
is projected that by year 2030, the sharing paradigm will reshape the automotive
industry. In Europe, car sharing will stand for almost 35% of road trips [39]. For
fleet vehicles that are used by customers occasionally or in the frame of full-service
contract limited in time, the main requirement is efficiency-in-use and cost saving,
while the non-ownership of the product lowers possible acceptance barriers related
to re-used parts. Furthermore, contractually fixed leasing periods with certain return
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Table 4 Summary of the new business models of remanufactured light weight platform in the
automotive industry

Business model dimensions

Value proposition • Enhanced performance

• Lower environmental impact

• Enhanced design

• Reusable products via several lifecycle

Value chain architecture • Partnership with raw material supplier and recyclers

• Partnership car sharing and fleet management companies

• Partnership with logistics providers

• Partnership with government/public bodies

Value capture • Revenue from selling a product and offering reuse/repair services
during several product life time

• Cost is higher in the first life cycle, however it decreases in the next
life cycles of products

time of parts, allow the exact definition of use cycles time, which is a fundamental
variable both for long-term contracting and operations planning.

From the cost structure point of view, in the first diffusion phase of this business
model, the first production cost of CFRP platform is significantly higher than the
current traditional platform cost (it will decrease when scale economies will be
realized through the massive adoption of this concept by OEMs). However, the
possible re-use of the part in 4–5 use cycles will more than compensate the increased
initial cost and will provide economic advantage in the long term. However, this
implies additional risk and postponed revenues.

In terms of key assets, the platform manufacturer should rely on detachable
joining technologies enabling the disassembly of the lightweight platform quickly
and without any destruction. Other key resources are the non-destructive test and
repair technologies.When theplatform is dismantled, special technologies are needed
to specify if the product can be reused or not. In addition, in case of product’s small
damages, the manufacturer repairs the products via innovative repair technologies.
The green brand image and the long term contract with recyclers and raw material
suppliers are other key resources of the manufacturer. Finally, special agreements
need to be established with OEM/fleet management companies/car sharing. Such
agreements serve as a key resources, which guarantees a strong take back system to
collect a lightweight platform at vehicle’s EoL.

Fromvalue chain architecture point of view, it is important to develop a partnership
with raw material (CF) supplier, recyclers, logistics providers and fleet management
/ car sharing companies’ and taxis. Another key partner includes public bodies, so
that they can update regulations based on the new business model to increase the
circular economy practices in the automotive industry.
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4 Reverse Logistics

4.1 Current Status of Logistics for Composite Materials
Circular Business Models

It is identified both in the academia and industry that the introduction of reverse
logistics is essential to the transition towards a circular economy businessmodel [44].
It is considered one of the main modifications for the companies’ circular economy
businessmodels [45]. During the reverse logisticsmanagement on a circular business
model it is highly important to investigate the potential of each return product and
decide regarding the reuse, recycle, remanufacture of the material, component and
product itself. In addition, another necessary issue is to understand the sources and
the frequencies of the returns, as well as their impending benefits [46]. This includes
concerns regarding the returns’ quality and their quantification, especially in the
future. In this section, potential reverse logistics pathways for composite materials
are presented, along with the quantification of the sources.

It is argued that one of the first issues on the reverse network design in general
is the location-allocation problem, hence there is a rising interest on the reverse
flows and optimal facilities identification [47]. Extensive collection of papers can
be found in the literature that discuss the deterministic optimization of closed loop
and reverse supply chains [48] or optimization under uncertainty [49]. In Table 5
a review of reverse logistics circular economy methods is presented, including the
optimization method, the objectives and the application sector.

It is evident fromTable 5 that in the existing literature there are no studies focusing
in the reverse supply chain optimization of reinforced composite parts. This can be
explained by the fact that the reverse supply chain for composite parts and materials
does not currently exist, apart from some exceptions (e.g. the carbon fiber recycling
sector).Models for the automotive reverse supply chain have also been proposed [52],
however the focus was not on the reinforced composite parts of the EoL vehicles.

There are few cases that considered reinforced composite products. A study devel-
oped an optimization model to identify suitable locations in UK to process the waste
fromwind blades, however the study focused only on thematerial flow form thewind
farms to the recycling facilities [57]. Another study introduced an optimizationmodel
for the design of an aerospace CFRP waste management supply chain in France,
including various recycling technologies [58]. However, the reverse supply chain
proposed did not include the outbound flow of the recycled fiber to the customers.
This gap in the literature has to do with the fact that there is uncertainty and chal-
lenges regarding the reinforced composite parts recycling, as well as the end market
of the recycled composites.

In the following section, potential, novel reverse logistics pathways for composite
materials are proposed.
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4.2 Novel Reverse Logistics Pathways for Composite
Materials

Proposed Reverse Logistics Pathways. Three promising reverse logistics pathways
for composite materials are proposed, and are presented in Fig. 3. These pathways
were identified within the FiberEUse project.

The three pathways recommend different treatment for the FRPwaste:mechanical
and thermal treatment, as well as remanufacturing. For Glass Fiber (GF) material
the mechanical treatment option was considered as the most reasonable way forward
due to the low value of virgin material and the high volumes of waste available,
in combination with the availability of potential end use applications. The wind
sector was selected as a representative example of waste supplier of EoL GFRP,
due to the fact that wind blades consist more than 82% of GF and it is estimated
that by 2050 there will be more than 300,000 tons of waste wind blades in Europe
[59]. The Sheet Molding Compound (SMC) and Bulk Molding Compound (BMC)
manufacturers are assumed the most promising customers of the recycled material
according to the literature [60] and experts, where the shredded fibers are used as
fillers in new thermoset polymers. In that respect the reverse supply network has a
cross-sectorial approach since the SMC and BMC material is employed in various
end applications such as transportation, electronics and building. Furthermore, the
SMC/BMC material has an increasing demand with approximately 287,000 tons
produced in 2018 and an expected 1–2% annual growth [61].

Regarding the Carbon Fiber material, thermal treatment was assumed, due to the
expensive processing required that, according to the literature and experiments, it

Fig. 3 Proposed reverse logistics pathways
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is not a feasible option for a low value material such as Glass Fibers, and the fact
that thermal treatment has the potential to maintain the original fiber properties to
a higher extent than mechanical treatment, which enhances the potential for high-
value applications and circularity of the rCF. In addition, the production of carbon
fibers is energy-intensive [62], which has as a result the high price of the virgin
material. Therefore, the possibility of recycling the CFRP waste has both economic
and environmental incentives. Two sectors have been assumed to providematerial for
the thermal treatment, the automotive and aircraft sector, sinceCFRPmaterial use has
great potential in those two sectors due to its lightweight properties [63].However, the
latter sector, has the greatest amount of material with better mechanical properties.
In total it is forecasted that from both sectors, there will be more than 130,000 tons of
CFRP available in Europe by 2050. A potential pathway, after the rCF are retrieved
is to create pellets that can be used for injection molding in the automotive sector.
For this reason, the rCF are sent to chemical facilities (compounders) and after to
the end customer, the 1st Tier car part manufacturers, where the demand of CFRP in
Europe is forecasted for 2050 to be more than 200,000 tons [61].

For thefinal reverse supply chain pathway, remanufacturingofFRPparts is consid-
ered. Asmentioned earlier in the businessmodel section, the focus is on an innovative
and high value product from the automotive, the reusable CF car frames (platform)
from car share companies. Car sharing is an alternative for sustainable transportation
and it supports towards a low emission mobility [64]. It is estimated that Europe has
currently almost a 60,000 cars fleet [65] and an increase is expected. In addition,
the use of the CF platform for the shared cars is promising due to the lightweight
properties of the material, it improves the fuel consumption, which is highly impor-
tant for the car users. Secondly, these cars have a high usage (almost 12,000 miles
per year) and they are usually dismissed after three years of service, however, the
platform of the car is usually in a good condition and only the engine or the body
of the car actually needs replacement. Therefore, the EoL cars are assumed to be
sent to a new entity, the remanufacturing facility, where they are dismantled and the
car platform is inspected. Some frames are then remanufactured depending on their
condition, otherwise they are sent to thermal treating facilities. The remanufactured
car frames are returned to the car assembly plants, where they are reused for new car
production.

For the first pathway with the mechanical treatment, four logistical scenarios
were identified according to the wind sector and waste management experts that are
presented in Fig. 4, as already presented in Chap. 3 of this Book.

In all four scenarios the main process, shredding, is performed in a dedicated
processing facility, however in scenario 2 a pre-shredding process is performed in the
wind farm location. It is challenging to fully shred thewind turbine blades at the wind
farm currently, as pre-shredding at the wind farms is controlled by many regulations
concerning the prevention of dust formation and in some countries (as Germany) it
is almost impossible. Scenarios 1 and 3 are quite alike, with only difference in the
final size of the blades at the wind farm. Scenario 1 is similar with the currently
adopted procedure, when the blades are cut and transported for landfilling. These
two scenarios showcase the trade-offs between the more cost-efficient cutting in
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Fig. 4 Scenarios for the wind blades reverse supply network

the facility and the lower transportation cost of scenario 3, with the more efficient
transport density of the blades. In the final scenario, the blade is transported as it is
to the facility with exceptional transport, which has a much higher cost compared to
the other alternatives.

A sensitivity analysis was performed for the four scenarios against the most influ-
ential parameters in order to identify the most interesting ones from a cost and prac-
tical perspectives. The four scenarios were investigated for the following variables,
which are the most impactful:

• Number of blades in a decommissioned wind farm: 3, 6, 12, 18, 30 and 40
• Distance wind farm-plant: 20, 100 and 1000 km
• Particles final output dimension: 2, 4, 6, 8, 10 mm.

The scenarios that were optimal in greatest percentage of combinations of the
above factors are scenarios 1 and 2, as it is depicted in Table 6. Therefore, these two
reverse supply networks are considered the most promising.

Table 6 Sensitivity analysis
of scenarios: number of cases
of optimal cost per scenario

Scenario 1 Scenario 2 Scenario 3 Scenario 4

53% 37% 0% 10%
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The first two proposed reverse logistics pathways of Fig. 3 are optimized for
Europe and the latter one for the case of United Kingdom, due to data availability.
A location-allocation problem was followed with the inputs and outputs of Fig. 5.
A cost optimization model was developed, because the focus was to maximize the
potential for viability of the proposed reverse supply chains. At the current stage
where the cost is one of the key barriers, focusing on configurations that reduce
the carbon footprint, while potentially increasing the cost would be less relevant.
In addition, the proposed networks that introduce a circular pathway are considered
more sustainable than the current end-of-life option, which is the landfilling or the
incineration. In future work, the model could be adapted to include environmental
objectives as a multi-objective optimization problem.

Some indicative results regarding the optimal configurations and their economics
as well as environmental performance are presented in the following section.

Results from Optimal Networks. The model developed for the reverse logistics
network cost optimization was employed to find the optimal facility location and
material flows for the three previously presented reverse supply chains for composite
materials. The optimal networks are presented in Table 7 for the proposed supply
networks for both 2020 and 2050.

For the mechanically treated glass fiber it can be observed in Table 7 that the
network proposed from the optimization will need to change from 2020 to 2050
for both scenarios. Only the facilities in Germany and Spain remain the same and
facilities in UK and Poland are introduced. The optimal reverse supply chains have a
decentralized nature and similar locations of the optimal facilities for both scenarios
and for 2020 as well as 2050. This can be inferred as an approximate indication of
where the facilities should be initially located, whichever treating process is selected
and these locations will remain optimal while the system would be expanding over
time. It should be noted first that the facilities are located near the SMC/BMCmanu-
factures and second that the largest facility is in Germany, which has the highest
supply and demand of material.

For the second reverse logistics pathway (CFRP), it is observed that the proposed
network is semi-decentralized, with only two facilities for 2020 since the amount of
waste material is quite low and four facilities for 2050. The two proposed networks
are quite different, with only similarity the facility in the Netherlands. Generally, in
both networks the facilities are located in central Europe.

Fig. 5 Reverse logistics network optimization
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Table 7 Optimal facilities location for each reverse logistics pathway

Reverse logistics pathway Scenarios Year Location

Mechanical treated glass fibers 1 2020 Spain
Germany
Switzerland

2050 Poland
UK
Spain
Germany

2 2020 Spain
UK
Italy
Germany

2050 Spain
UK
Poland
Germany

Thermal treatment of carbon fibers 2020 Austria
Netherlands

2050 Switzerland
France
Netherlands
Sweden

Inspection, repair, remanufacture of CFRP Optimistic 2020 1 × South East UK
1 × South East UKPessimistic

Optimistic 2050 2 × South East UK
1 × South West UK
2 × Central West UK
3 × North East UK

Pessimistic 2 × South East UK
1 × Central West UK

In the final reverse logistics pathway (reusable CF car platforms), for 2020 both
scenarios indicate as optimal a centralized facility near the hot spot of CFRP EoL
products, due to the low amount of material. It is observed that both the optimistic
and pessimistic scenario propose the same facility location. On the other hand, the
optimal network for 2050 differs and becomes very decentralized. This is highlighted
on the optimistic scenario, where 8 facilities are proposed, due to the higher amount
of CFRP EoL product.

Finally, it can be inferred for the two first reverse supply networks that the optimal
supply network structure identified is not centralized and the facilities receive mate-
rial in most cases from more than one country, as well as they supply material in
customers in other countries. Therefore, the optimal networks showcase the need of
intercountry transportation of both waste and recycled material.
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In Fig. 6 the breakdown of the cost of each process is presented for all the optimal
reverse logistics pathways. For the first pathway, it is evident that the transportation
cost for scenario 1 is much higher compared to scenario 2. This is due to the fact
that in the former case there is no pre-shredding of the blades in situ; therefore, the
blades are transported into pieces, which is more costly. The most prominent way
to transport one blade in pieces is with two trucks with two containers each. On the
other hand, it is inferred that the processing cost in situ for scenario 2, represents
almost 50% of the total cost, whereas for scenario 1 it is only 4–6% because in that
case the only process required in situ is the cutting of the blades in large pieces.

For the second reverse supply network, it is observed that the compounding cost
constitutes the greatest percentage on the total costs. It is evident that in 2050 the
pyrolysis cost percentage is decreasing; this is due to the benefits of the economy
of scale. So, the material increases and therefore, the processing costs increase
proportionally.

For the final reverse logistics pathway, it is evident that the processing constitutes
the greatest part of the costs with more than 85%. For both 2020 and 2050 it is
observed that the processing cost decreases, when the scenario becomes pessimistic
thus the percentage of material that is sent for recycling and is not remanufactured

Fig. 6 Economic assessment of the optimal reverse supply chains



New Business Models and Logistical Considerations for Composites … 407

increases. On the other hand, the transportation cost increases, since more material
is transported to the recycling facility.

In Fig. 7, the percentage of emissions per stage on the total emissions is displayed.
In the first case, the emissions from the shredding process correspond to more than
70% of the total emissions, with highest emissions for scenario 1 due to the highest
electricity consumption in the facility. The carbon emissions from transportation are
higher on scenario 1 compared to scenario 2 with almost 25% of the total emissions,
due to the inefficient blade transportation process, the higher amount of material
transported and generally the higher transportation effort involved.

In the second investigated reverse logistics pathway, the carbon emissions from
pyrolysis constitute more than 42% of the total emissions, whereas the compounding
around 37% for 2020. It is observed that in 2050 the emissions from compounding
consist a higher percentage than those of pyrolysis, this is due to the fact that the
carbon emissions per kWhper country differ.According to the data, Sweden,Norway,
France and Switzerland have a very low carbon emissions coefficient compared to
Austria and Netherlands. Finally, in both cases the contribution of the transportation
to the emissions is very low.

For the final reverse logistics pathway, it is observed that the greatest contribution
derives from the remanufacturing facilities, where mostly electricity is used. This

Fig. 7 Environmental assessment of the optimal reverse supply chains
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percentage is higher on the optimistic scenario, due to the greater amount of CFRP
EoL products that are processed. On the other hand, it is evident that in 2050 opti-
mistic scenario the percentage of the emissions from the transportation is decreased
compared to 2020. This decrease derives from the fact that the facilities on these
scenarios in 2050 are more decentralized therefore the distances travelled per EoL
CFRP product are reduced.

4.3 Logistics Challenges in Closing the Loop
of Fiber-Reinforced Composites

Abarrier in closing the loop forfiber-reinforced composites is the current lackof some
links in the reverse logistics/supply chain, that are needed for the reverse flow of the
material to happen. For example, in the mechanically treated GF logistical pathway
examined, there is currently nomechanical processing capacity available to undertake
this task. Despite the fact that the technology required exists, with modifications of
commercially available heavy-duty shredders, there is currently very limited capacity
available as there is no market for the end product yet. This is enhanced by the fact
that in many countries e.g. Austria landfills currently accept the EoL wind blades
in small pieces. In a similar way, pyrolysis capacity for CF currently exists at the
scale of the current CF waste production levels, but this will need to be significantly
enhanced in the future, since the anticipated amounts of related waste will increase
drastically. These supply chain links, essentially the material processors, could be
created by a market pull, either as new entities/startups specializing in offering these
services, or by existing players in relevant areas that could exploit the new business
opportunities arising, for example waste management and recycling companies.

Additional transport obstacles arise when it comes to cross border transportation.
At a cross border transport of waste, it has to be ensured if a notification in the origin
country as well as in the receiving country is necessary. Shipments of waste on the
“Green List” for closing the loop do not require notification. Since fiber-reinforced
composites are not included in the “Green List”, notifications are needed. It was also
observed that FRP are generally materials with low density, which is not ideal for
achieving logistical efficiencies.

Another logistics-related barrier in the emergence of the proposed circular
economy pathways relates to the geographical spread of the waste material avail-
ability. Glass and carbon fibers are included in products that are used widespread,
and in most cases a recycling system would need to recover the EoL material from
too many remote locations. This leads to logistical inefficiencies, as (a) the materials
involved have low density and do not make efficient use of transportation vehicle
capacities and (b) they require complex routing decisions and long transportation
distances, as the material is not currently aggregated at more centralized locations.
Recycling systemsgenerally benefit fromeconomies of scale at the processing facility
level,while the geographical spread ofmaterial availability favorsmore decentralized
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systems to reduce logistical costs. This is a trade-off between designing centralized
and decentralized systems that is difficult to resolve. Ultimately, some of the EoL
material that is available in very remote locations leads to much higher costs overall
for the system; hence, if systems were not forced to collect the material from every-
where, or if the remote material logistical operations were subsidized in some way,
the overall circular economy pathways economics would be much more favorable.

It was also identified that increasing the transported material density significantly
reduces the overall system cost. In more detail, the scenarios for the wind blades
reverse supply network show that the transportation cost in scenario 1 is much more
expensive, especially the inbound due to the inefficient transport of the blade pieces
as well as the transportation density difference of the cut and pre-shredded blades.
This leads to low utilization of the transportation capacity when transporting large
blade pieces. Therefore, this issue would require further research and significant
attention, in order to reduce the costs.

Ultimately, a current major barrier in the emergence of the proposed circular
economy pathways for fiber-reinforced composite materials is the low cost of the
virginmaterials, especially in the case of GF. For any circular economy pathway to be
successful in practice, a clear prerequisite is to be able to provide the recycled/reused
material at a price equal or lower to the virgin material currently used in the specific
end processes.

4.4 Managerial and Policy Implications of Novel Reverse
Logistics Pathways

The three logistical pathways investigated are quite different from each other; there-
fore, generic conclusions are difficult to draw. A conclusion valid for both pathways
1 and 2 is that the optimal supply network structure that leads to minimum cost
contains a handful of processing facilities at the European level. Hence, the mate-
rial flows are not country-specific and in many cases the proposed facilities source
waste frommany countries or may serve end users in a different country. This means
that if the aim is to minimize the recycled end product cost, movement of waste
and recycled material between countries should be allowed and any existing barriers
removed, as very few European countries in isolation would have enough supply and
demand to be able to support feasible circular economy pathways. For a successful
circular economy approach, especially in the GF case investigated where the feasi-
bility is marginal against the virgin material competitors, a change of perspective
from ‘waste’ to ‘valuable raw materials’ should be adopted. For the CF case, the
economics are more favorable due to the much higher cost of the competitor virgin
CFmaterials; however, even in this case the supply network proposed indicates large
facilities around Europewith awastematerial ‘catchment area’ spanningmany coun-
tries each. Ultimately, standardization of legislation on movement of waste material,
when these are for recycling and reusing within a circular economy approach, would
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be of great importance to facilitate the development of economically viable recycling
systems.

Another important lever in the hands of policymakers is the disincentives for alter-
native waste disposal pathways, such as landfilling or energy recovery. Currently,
there is a large variation in policies and costs of disposal of GF and CF, with
many European countries having very cheap landfilling, whereas others have already
banned the landfilling of these materials. Therefore, if policy makers ensure that the
alternative options that divert the material from the circular economy become more
expensive, or even cease to exist, they would automatically support the development
of such recycling networks for reuse of the FRP.

It is also interesting to note that when one designs a system to process/recycle all
the available waste material of one type, this comes at a higher cost compared to a
system that only processes the profitable quantities. This of course leaves a question
on what would be done with the remaining amounts of FRP waste. It is apparent that
some locations will incur a higher cost to provide the waste material for processing,
therefore incentives from the policy makers’ perspective should be considered for
the reverse supply system to include this more ‘expensive’ waste.

Another key point for consideration ofmanagers and policymakers alike is that the
trade-off between larger facilities for ensuring economies of scale, versus the need for
more decentralized network with more and smaller facilities to reduce the logistical
costs, has no obvious solution. This is apparent from the results of the various path-
ways and scenarios investigated, where the optimal network structure is different for
most of them. Therefore, modelling tools can support a better understanding of these
trade-offs and allow investigation of the impact of alternative scenarios, policies or
forecasts.

It was also observed that FRP are generally materials with low density, which is
not ideal for achieving logistical efficiencies. Despite the fact that there was not one
approach identified as best, in most cases increasing the transported material density
significantly reduces the overall system cost. Therefore, this issue would require
further investigation and significant attention, in order to bring the costs down. Still,
one would need to consider the whole network before focusing only on the logistics
efficiency in a part of the network, as in our work it has been shown that increasing
the transportation efficiency in logistical pathway 1 by pre-shredding at the wind
farms ultimately may come at a disproportional cost due to the cost of additional
operations in remote locations.

Logistical pathway 3 was quite different in scope than 1 and 2, as it investigated
the potential for remanufacturing and reuse of a CF-based automotive part, a novel
car frame designed specifically for car sharing applications. Despite the numerous
assumptions that had to be made, due to the novelty of this idea, it was identified that
even at the country level there would be multiple facilities required in the future, if
the demand grows significantly. This shows that the remanufacturing network would
bemuchmore decentralized at European level compared to the pathways 1 and 2, and
indicated the need for these remanufacturing facilities to be located primarily close
to the end users and secondarily close to EoL car availability hotspots. It also shows
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that transportation costs for reusing whole parts are even more important than in the
first two scenarios, ultimately favoring more local reverse supply chain networks.

5 Conclusion

In this chapter, new potential business opportunities of composites reuse were
presented. Case studies of products made out of recycled composite materials in
the sanitary, sports equipment, furniture and the automotive industry were selected
to propose innovative circular businessmodels. The new businessmodels of products
made from secondary composites in the sanitary, ski and automotive industries were
all focused on selling a greener product together with product-related services. The
innovative business model of recycled office desk, in the furniture sector, was based
on leasing (non-ownership). Finally, the proposed business model for designing and
remanufacturing of lightweight platform built from FRP was based in a customer–
supplier long-term supply relationship where the supplier sells greener and more
performing products that are periodically taken back and re-supplied at favorable
conditions for new production.

In addition, pathways for implementation of reverse logistics, which leads to
viable recycling and reuse of composites in Europe, were also proposed. Three
possible logistical pathways to reuse composites in Europe were investigated as
following: mechanical recycling of GFRP derived from EoL of wind turbine blades;
thermal recycling of CFRP derived from aeronautic waste; remanufacturing of CFRP
component (reusable CFRP platform) in the automotive industry. The optimal supply
network for the first two pathways, which leads to cost reduction, indicates that the
waste material flow should be semi-decentralized and that an open multi-country
approach should be pursued. The logistics pathway for the latter case suggested that
the remanufacturing network needs to bemore decentralized inEurope in comparison
with the former pathways. In addition, it was defined that even if remanufacturing is
carried out in one country, several recycling facilities are required in the future.

Future research is needed at business model level to carefully investigate sustain-
ability and risks, considering the high number of possible business model implemen-
tation options and scenarios. Based on techno-economic results, policy research is
also needed to elaborate evidence-based policy guidelines to support the diffusion
of circular business models in this sector.
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