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Preface

There is a great awareness of the urgent need to eliminate carbon emissions and
improve the operational energy efficiency of the built environment in order to
reduce the harmful effects on the ecosystem of human economic development and
mitigate climate change reality. This has led to a huge growth in research around
the science and technology of sustainable and resilient development.

The series Advances in Sustainability Science and Technology (ASST) was
created by Springer Nature and KES International to respond to the need for a
publication channel for the latest high-quality research on a broad range of sus-
tainability topics.

Emerging Research in Sustainable Energy and Buildings for a Low-Carbon
Future is the first volume published in the ASST series. It contains an introduction
and 20 studies of recent research in the area of sustainable and resilient buildings,
built environment infrastructure and renewable energy.

The book is directed to engineers, scientists, researchers, practitioners, aca-
demics and all those who are interested in developing and using sustainability
science and technology for the betterment of our planet and humankind.

Thanks are due to the authors and reviewers for their expertise and time. The
assistance provided by Springer during the development phase of this book is
gratefully acknowledged.

Shoreham-by-sea, UK Robert J. Howlett
Cardiff, UK John R. Littlewood
Sydney, Australia Lakhmi C. Jain
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Chapter 1
An Introduction to Emerging Research
in Sustainable Energy and Buildings
for a Low-Carbon Future

Robert J. Howlett, John R. Littlewood, and Lakhmi C. Jain

This book contains an introduction and 20 chapters, each describing a recent research
investigation in the area of sustainable and resilient buildings, built environment
infrastructure and renewable energy. Contributions are frommany different countries
of the world and on a range of topics, representing a sample of research within the
‘sustainable energy and buildings’ field.

Part 1: The first part of the book looks at the sustainable design of buildings.
Chapter 2, ‘Designing Active Buildings’, discusses the evolution and validation

of a design guide for Active Buildings. This was developed to aid in building design
to enable the Active Building concept to be adopted by the construction industry,
contributing to reducing the energy consumption of buildings and aligning with
the UK Government’s industrial strategy to at least halve the operational energy
consumption of all new buildings by 2030.

Chapter 3, ‘Sustainable Housing Solutions’, describes design based on experience
gathered over more than 20 years in social housing construction in Argentina for
vulnerable families. The design principles incorporate the axioms of sustainability
in its three dimensions: economic, social and environmental. The design premise
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2 R. J. Howlett et al.

is based on reducing the energy demands of the housing, considering bioclimatic
conditions appropriate to the location and incorporating the active participation of
the families from the very beginning.

Part 2: The next four chapters describe issues relating to the renovation, restoration
and reconstruction of existing buildings or in one case a railway wagon.

Chapter 4, ‘Future Energy-Related House Renovations in Sweden: One-Stop-
Shop as a Shortcut to theDecision-Making Journey’, discusses the attitudes of owners
of detachedhouses inSweden towards future renovations and considers their opinions
of a one-stop-shop to provide deep renovation services, based on an online survey.

Chapter 5, ‘Crisis of Institutional Change: Improving Restoration and Recon-
struction Methods for Estate Cultural Heritage’, presents the problem of institu-
tional changes in Russian Urban planning. The chapter discusses institutional prob-
lems in the sphere of cultural heritage. The necessity for the research is justified,
and methods and tools for evaluation of the effectiveness of the institutional are
suggested. A programme of urban development is proposed, and tested methods for
estate objects of cultural heritage protection, which are to be implemented further in
Russia considering climatic, seismic and ecological peculiarities of the regions, are
suggested.

Chapter 6, ‘GreeningExistingGarmentBuildings:ACase of Sri Lanka’, considers
green retrofitting as a solution for contemporary issues such as global warming,
resource depletion and greenhouse gas emissions which have arisen due to the
conventionally built environment. Building owners may be unwilling to invest in
green retrofits due to their perceptions of the first cost and payback period implica-
tions of the green retrofit. Therefore, the chapter assesses the first costs and life cycle
saving implications of fourteen energy and water-efficient retrofits incorporated into
four garment buildings in Sri Lanka to find the retrofit options which are financially
sound.

Chapter 7, ‘Sustainable Cultural Wagon’, describes the conversion of a redundant
railway wagon into a cultural and creative space for community use, responding to a
local need in an area of Argentina. The cultural wagon was equipped with a range of
features, including ramps for easy access, thermal-acoustic insulation, a photovoltaic
panel system, indoor LED lighting, cross ventilation and a community accessible
hot-water pump station powered by solar panels. This resulted in a public project
that was sustainable, encouraging energy production through renewable sources,
contributing to the reduction of energy consumption and the generation of clean
energy with significant economic and environmental benefits.

Part 3: This section contains two chapters that consider barriers or impediments
to low- or zero-carbon buildings.

Chapter 8, ‘Unearthing the Factors Impeding Sustainable Construction in Devel-
oping Countries—APLS-SEM (Partial Least Square Structural EquationModelling)
Approach’, presents the result of a case study of the factors impeding the sustain-
ability of construction projects in developing countries using Nigeria as an example.
The study sought responses from constructionmanagers, project managers and quan-
tity surveyors from the six different regions of the country. Data gathered was anal-
ysed using factor analysis and structural equation modelling. The findings revealed
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that issues surrounding regulation and policy, information and management, sustain-
ability knowledge and the availability of sustainable materials and technology are
significant reasons for the poor record of sustainability in the country’s construction
industry.

Chapter 9, ‘Barriers to the Adoption of Zero Carbon Emissions in Buildings: The
SouthAfricanNarrative’, continues this themewith a study that evaluated the barriers
to the adoption of zero carbon emissions in occupied buildings with a view to prof-
fering ways to mitigate such practices. A comprehensive review of relevant literature
was donewhich aided the identification of the barriers. Data for the studywas elicited
through questionnaire surveys frombuilt environment professionals.Methods of data
analysis used were percentage, mean item score and principal component analysis
while Cronbach’s alpha was used in testing the reliability of the questionnaire. Find-
ings from the study revealed several factors hampering the adoption of zero carbon
emissions in buildings. Recommendations were made to encourage the adoption of
zero carbon emission processes in building operations and activities by its occupants.

Part 4: The next two chapters are on policy and certification.
Chapter 10, ‘System Dynamics Analysis of Energy Policies on Buildings Perfor-

mance’, describes an investigation which aimed to develop a dynamic model to
analyse the impact of energy policies on buildings performance in the UK. The
principle of socio-technical systems was adopted as an approach to the modelling.
A system dynamics model was developed to simulate the intrinsic interrelationship
between the dwellings, occupants and environment systems. This chapter considered
the impact of various policy scenarios on energy consumption in building towards
achieving the UK national targets, namely improvements in the uptake of dwelling
insulation measures, occupants’ behavioural changes and policy change on energy
prices. An integrated scenario was also assumed to combine the effect of the first
three ones. The main findings indicate that it is unlikely for any one scenario alone
to meet the required binding reductions unless an integrated solution is adopted.
The developed model considers various qualitative conditions which are not usually
simulated using the traditional regression-based forecasting of energy use in build-
ings. The developed model can be used to test various policies in other than UK
context considering various datasets of the model variables.

Chapter 11, ‘Investigating the Application of LEED and BREEAM Certification
Schemes for Buildings in Kazakhstan’, describes a study that looks at the applica-
tion of rating and certification schemes on Kazakhstan and investigates some of the
first pioneering buildings that have undergone certification process in that country.
The construction industry in Kazakhstan has started adopting widely recognised
environmental assessment certification schemes such as the Leadership in Energy
and Environmental Design (LEED) and the Building Research Establishment Envi-
ronmental Assessment Method (BREEAM). Up to the present time, more than 50
buildings, especially from rapidly expanding cities such as Nur-Sultan and Almaty,
have obtained LEED and BREEAM certificates and have been recognised as green
buildings. This study investigates the adoption of these methods in the context of
Kazakhstan with the aim of understanding the driving factors of such application,
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characteristics of the certified buildings and potentials of promoting the certification
schemes at a wider scale.

Part 5: There then follow four chapters on various topics related to sustainable
buildings.

Chapter 12, ‘Examining Undergraduate Courses Relevant to the Built Envi-
ronment in the 4IR Era: a Delphi Study Approach’, discusses a research project
carried out in South Africa looking at undergraduate courses that will be relevant
to the built environment in the imminent future. A qualitative Delphi approach was
adopted to validate these courses as institutions of higher learning prepare students
for this latest wave of innovation. Fourteen experts completed a two-stage iterative
Delphi study process and reached consensus on all 29 courses identified. This study
found that courses such as data analytics, artificial intelligence, computer program-
ming, computer coding and data mining should be integrated into the curricula of
universities to ease the transition of students from the lecture room to the world of
work.

Chapter 13, ‘An Appraisal of the Level of Awareness and Adoption of Insur-
ance Policies on Sustainable Construction’, describes a study, the purpose of which
is to appraise the level of awareness and adoption of insurance policies on the
sustainability of construction projects in Nigeria. The study involved a question-
naire survey method that was self-administered to a range of professionals in the
construction industry. The data collected was analysed using Statistical Package for
Social Sciences (SPSS). The findings of the study indicate the types of insurance
policies available to the construction industry and concluded that insurance policies
have positive impacts highly beneficial to the performance of construction projects.

Chapter 14, ‘To What Extent is Biophilia Implemented in the Built Environ-
ment to Improve Health and Well-being?—State-of-the-Arts Review and a Holistic
Biophilic Design Framework’, is on an investigation of the application of biophilia in
building design practices for improved health and well-being. Biophilic theoretical
frameworks developed by leading biophilic experts were examined and compared to
health and wellness performance certifications such as WELL Building and Living
Building Challenge (LBC) standards. Then, a holistic biophilic framework inspired
by Kellert and Calabrese was elaborated to assess the biophilic features in the built
environment. Multiple case studies were studied during the project. The findings
revealed that the biophilic applications linked to direct experiences of nature were
implemented inefficiently and lacked a holistic approach to improve health and well-
being. The authors argue that biophilia needs to be included holistically to maximise
the benefits of nature’s experiences.

Chapter 15, ‘Thermal Conductivity Characterisation of Industrial Small-Sized
Building Materials: Experimental and Simulation Study’, describes a new experi-
mental procedure for determining the thermal conductivity of small-sized building
materials using the boxes method and an approach that does not require addi-
tional sensors. The measurement is based on the permutation of sensors and then
the interpretation of the steady-state heat balance of samples. Local earthen blocks
from eastern Morocco were developed. The measured thermal conductivity values
were compared with those obtained by an accurate transient hot disc method. The
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comparison shows a good agreement and verifies the performance of the permutation
approach. The chapter goes on to describe an evaluation of the thermal performance
of the developed building materials and the results obtained. The building perfor-
mance analysis clearly proved that earth walls can play a great role in mitigating the
cooling demand and improving the thermal comfort of buildings in summer.

Part 6: This section contains three chapters relating to renewable energy.
Chapter 16, ‘Coordinated Control Strategy to Improve Performance of Permanent

Magnet Synchronous Generator Wind Power Systems’, is intended to aid the reader
in their understanding of the principles of control for wind energy conversion systems
based on the permanent magnet synchronous generator. Modelling of the conversion
system is described, including models of the wind turbine, the permanent magnet
generator and the power converters. Then, the controls of themachine side converters
and grid side converter are introduced. The proposed control methods were used to
maximise the generated power from wind turbine generators, to keep a constant DC
bus voltage for the grid side converter and to control the power fed to the grid.

Chapter 17, ‘High-TemperatureHeat Pumps for a Sustainable Industry’, discusses
developments in heat pump technology applicable to the decarbonisation of industry.
This chapter gives a comprehensive overview of the current status and future possi-
bilities of high-temperature heat pump technology based on the working principles,
working fluids, configurations, existing prototypes and the possibility of reversible
operation. Many working fluids are available with low global warming potential, but
none of them are perfect as they come with their own disadvantages. The selec-
tion must be based on many factors. As well as various working fluid options,
there are several configurations. Working fluids and configurations are described
and explained.

Chapter 18, ‘Replacing Fossil Fuels byOn-Site Sources of Energy in a Residential
Building in Chalus, Iran’, has as its aim the evaluation of the possibility of replacing
fossil fuels by renewable sources of energy in a residential building in Chalus, an
Iranian city with a high potential for using on-site sources of energy. This study
first investigated the annual operating energy used by households in Chalus. To do
this, the type of appliances and average time of their use, including heaters and
air conditioning units, is extracted from official reports together with a local field
study. The ability of renewable on-site sources of energy to supply this load was
calculated by considering the specific characteristics of the region. The result shows
these sources have the potential to provide approximately 98% of the annual energy
the household consumes.

Part 7: This part of the book contains two chapters with a sustainable trans-
port theme, one relating to electric vehicles and the other about a sustainable road
infrastructure.

Chapter 19, ‘Simulation of an Adsorption Machine with Auxiliary Heater for
CO2-Neutral Air-Conditioning of Electric Utility Vehicles’, looks at air-conditioning
for electric vehicles, which is important for driver comfort. In conventional battery-
operated commercial vehicles, the energy required to operate the air conditioning
system is used from the battery which can reduce the range of the vehicle by up to
30%. To reduce energy consumption due to air-conditioning, it is preferable to utilise
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a technology that is independent of the battery. There are a number of options for
controlling the temperature of a moving vehicle, but only a limited number that is
CO2-neutral. This chapter focuses on adsorption chiller technology in combination
with an auxiliary heater based on bioethanol. To understand the advantage of an
adsorption machine, a simulation model can provide useful data on scaling and
ease of use and thus be the basis for design and assembly of a prototype system.
Therefore, a mathematical model of the adsorption technology is described which
is combined with the known dimensional parameters of electric vehicles, and the
results are presented in the form of a simulation model.

Chapter 20, ‘Sustainable Road Infrastructure in Rural Areas in South Africa—A
PreliminaryStudy’, describes a study that assessed thepossiblemeasures for attaining
sustainable road infrastructure within rural communities in Limpopo province, South
Africa. The study sought answers from rural dwellers and construction workers
within the study area through a questionnaire survey. Data gathered was analysed
using percentage, mean item score, standard deviation and one-sample t-test. The
reliability of the questionnaire was also tested using Cronbach’s alpha which gave an
alpha value of 0.948 which indicates the questionnaire used was reliable. Findings of
the study revealed that the most significant measures for attaining more sustainable
road constructionswithin the rural areas include the following: usingqualitymaterials
that will last the expected lifespan of the road, having planned maintenance, proper
investment on road projects and using contractors and skilled workers with the right
experience in road construction. It is believed that the findings of this study will help
increase the delivery of sustainable road projects within the rural areas in a bid to
provide a better standard of living for rural dwellers.

Part 8: The final chapter is on themanufacture of sustainable building components
for the UK housing sector.

Chapter 21, ‘Optimising Offsite Manufacturing of Timber-Frame Roof Trusses
for UK Housing’, describes a study involving sustainable offsite manufacturing
and modern methods of construction. This was undertaken in response to drivers
from the Welsh Government to increase the number of houses, and their quality, to
contribute to meeting Wales’ low to zero carbon agenda, launched in March 2019.
The chapter presents a case study undertaken in one of the largest manufacturers of
timber-frame construction systems in Wales (one of the countries that make up the
UK). The project involved time and motion and value stream mapping studies to
evaluate optimisation opportunities in the offsite manufacture of roof components,
such as trusses. The preliminary results are presented and highlight opportunities
for quick win refinement to the company’s operational processes with the aim of
increasing production efficiency, reducing waste and closing the performance gap.
By this means, increased quality and thermal performance of offsite manufactured
timber-frame buildings were achieved, resulting in reduced operational energy usage
and therefore minimising greenhouse gas emissions.

The chapters that make up this volume are from a range of diverse topics within
the sustainable energy and buildings area. Hence, it is not claimed that they represent
a comprehensive record of research in the field. However, this diversity does indicate
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the breadth of research that is being undertaken with the aim of reducing carbon
emissions and achieving energy efficiency in sustainable building and renewable
energy.



Part I



Chapter 2
Designing Active Buildings

Joanna Clarke

Abstract This paper discusses the development and validation of anActiveBuilding
Design Guide being developed to enable the design of Active Buildings. The defini-
tion of Active Buildings and the key principles to be consideredwhen designing them
are discussed and illustrated. The background to the research project is discussed,
which includes addressing the UK Government’s aim to at least halve the energy
consumption of all new buildings by 2030, and how the author’s experience in
designingActive Buildings and developing aDesignGuide to enable others to design
Active Buildings could help achieve this aim. The author has identified a need for
some design guidance to enable the Active Building concept to be adopted by the
construction industry, contributing to reducing the energy consumption of build-
ings, aligning with the UK Government’s Industrial Strategy. The paper presents
progress on the Design Guide development, testing and refinement, including the
considerations for ensuring it is a document that architectural designers of Active
Buildings will genuinely find useful and will use to ensure reductions in energy use
and associated carbon emissions through the design of such buildings.

Keywords Architecture · Buildings · Energy · Construction · Design · UK
government’s industrial strategy · Transforming construction · Low carbon · Net
zero carbon

1 Introduction

An Active Building is one that ‘supports the energy network by intelligently inte-
grating renewable energy technologies for heat, power and transport’ [1]. The
purpose of this paper is to discuss and illustrate the first Design Guide for Active
Buildings, intended for use by Architects and others to aid the design of Active
Buildings. This supports the role of the Active Building Centre (ABC), Swansea
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University, UK, in enabling theUKconstruction industry tomeet the goal to halve the
energy consumption of all new buildings by 2030 as set out in the UK Government’s
Industrial Strategy [2] and to reduce pressures on the wider UK energy networks
that connect buildings. The energy networks in the UK were originally designed to
supply power and heat to buildings in a distributed way from a centralised supply
[3]. However, with the increase in renewable energy generation across the UK as
reported since 2016 [4], the UK energy networks are now more dynamic, presenting
both technical and commercial issues for the grid networks [3]. The UK electricity
grid was not designed or installed to respond to dynamic electrical energy genera-
tion and supply, where at certain peak renewable energy generation across the UK,
the grid has too much power and therefore must curtail the generation of renewable
energy, and at times of peak demand, the grid struggles to supply the electricity
demanded across the UK.

Active Buildings could offer a solution to the above peak electricity
demand/supply of renewable energygeneration.Using intelligent controls and energy
storage, it is possible to manage import and export of energy from a building such
that buildings could support the grid, rather than adding to its current constraints
[1]. This concept is currently being tested on a building designed by the author
whilst she was employed at SPECIFIC Innovation and Knowledge Centre (IKC) at
Swansea University [5], prior to the establishment of the ABC, where she is currently
employed as Head of Design. Known as the Active Office [6], this building acts as
a demonstrator to trial different modes of interaction with the UK electricity grid,
utilising a combination of renewable energy generation, energy storage, intelligent
control strategies and smart electric vehicle charge points. Linking theActiveOffice’s
energy strategy to control algorithms that monitor the carbon intensity of the grid,
the current energy tariffs, weather predictions and occupancy patterns, the building is
capable of managing its import and export of energy, depending on different factors
[7]. For example, the control system may choose to import energy when the carbon
intensity of the grid is low, maximising the use of renewable energy generation, and
to export energy when the carbon intensity is high, that is when the energy mix
contains a high proportion of fossil fuel sources [8].

In September 2018, theABCwas established [9] to develop solutions to enable the
UK construction industry to investigate how to adopt the Active Building concept,
supporting the UK Government’s ambition to Transform Construction, by at least
halving the energy consumption of buildings by 2030 [2]. To date (2020), no specific
guidance has been developed to aid those wishing to implement the Active Building
concept. The Active Building Design Guide (ABDG) currently under development
will be the first source of guidance produced to aid the design of Active Buildings
and one of the first outputs from the ABC. Figure 1 illustrates the crucial role of the
ABDG within the context of the ABC.

This paper sets the context to the development of the ABDG, describes the
development to date (2019) and discusses the methods used to test the ABDG.
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Fig. 1 Inputs, influencers and use of the active building design guide (ABDG)

2 Background and Related Work

Before the ABC was established in 2018, the author worked as the Building Integra-
tion Manager for SPECIFIC IKC [5], where her role was to encourage UK construc-
tion industry stakeholders to adopt the Active Building concept on building projects,
utilising renewable energy technologies developed by SPECIFIC and their industry
partners. The author’s experience as an architect helped her to identify the best
way to achieve this as being to develop demonstrator buildings to showcase the
Active Building concept, which was at the time (2014) referred to as ‘Buildings as
Power Stations’—buildings that generate, store and release their own energy. The
first building designed by the author was a garden office building, known as the Pod
[10], which demonstrated the ‘Buildings as Power Stations’ concept on an off-grid
and self-sustaining building (see Fig. 2). The aim of the Pod was not only to demon-
strate the concept to theUK construction industry stakeholders and potential building

Construction 
Structurally Insulated Panels (SIPs) 
Innovative Technologies 
Building Integrated Photovoltaic 
(BIPV) Roof 
Glazed Solar Air Collector 
Battery Storage 
Novel Resistive Heating System 
Bespoke Control System 

Fig. 2 Pod [10]



14 J. Clarke

Construction 
Novel interlocking steel framed 
panels 
Innovative Technologies 
BIPV Roof 
Transpired Solar Collector (TSC) 
Air Source Heat Pump (ASHP) 
Mechanical Ventilation and Heat 
Recovery System (MVHR) 
Battery Storage 
Novel Resistive Heating System 
Bespoke Control System

Fig. 3 Active classroom [11]

owners and clients, but also to provide a building that the researchers at SPECIFIC
could relate to as a home for the innovative technologies they were developing.

The Pod became the catalyst for a new opportunity for SPECIFIC (to focus on
demonstrating generate, store and release technologies on buildings, rather than
simply developing individual technology prototypes), and soon after, the author was
asked to design a second building—the Active Classroom [11], shown in Fig. 3.

The nameActive Classroomwas chosen as it highlights that the building envelope
is ‘activated’. Rather than the facades and roof being ‘passive’ elements to simply
provide shelter for the building occupants, the technologies embedded within the
fabric generate heat and electricity, for use in the building. Hence, the term ‘Active
Buildings’ was created [11]. The Active Classroom has been successful in raising
the profile of SPECIFIC within the Welsh and UK construction industries, winning
several awards, including the prestigious ‘Project of the Year’ at the Royal Institute
of Chartered Surveyors (RICS) Wales Awards in 2018 [12].

In designing and delivering the Active Classroom, the author worked with the
technical team of scientists and engineers at SPECIFIC, who developed control
systems to ensure the building operated effectively, and that data collected from a
range of sensors within the building could be used to learn about what worked well
and what did not work so well—lessons that could be used in the design of further
Active Buildings. The Active Classroom demonstrated that it was possible for a
building to produce more energy than it consumed over an annual period, described
as being ‘energy positive’ [11]. However, during the process of designing the next
building—the Active Office [6], a two-storey office building (shown in Fig. 4)—it
became clear that achieving ‘energy positive’ is more challenging the more storeys
a building incorporates. With experience, the SPECIFIC team also realised that the
capability of a building to interact intelligentlywith the energy grid, controllingwhen
power is imported to or exported from (made possible through the use of energy
storage and smart controls), has the potential to truly transform both the energy and
building sectors and is hence of more value than simply being energy positive over
a year.
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Construction 
Modular – 12 modules 
Innovative Technologies 
BIPV Roof 
Battery Storage 
Combines Solar Thermal and PV 
(PV-T) System 
Thermal Store 
Bespoke Control System 

Fig. 4 Active office [6]

These Active Buildings are fully electric, operating without consuming gas for
heating and hot water, aligning with the UKGovernment’s target to decarbonise heat
in buildings, as outlined in their Clean Growth Strategy [9].

2.1 Professional Doctorate—Sustainable Built Environment

The ABDG will form part of a Professional Doctorate in Sustainable Built Environ-
ment (D.SBE) [13] research project which the author commenced inApril 2017, after
completion of the Active Classroom [11], based on her work to date on designing
Active Buildings [14]. The progress of the author’s doctorate project has included
taking a multi-methods approach after Creswell and Plano Clark [15] including a
critical review of both academic and professional publications; engaging with UK
construction industry stakeholders and architectural students (delivering workshops
and Continuous Professional Development (CPD) seminars and hosting innovation
visits to theActiveBuilding demonstration projects); developing and testing aDesign
Guide for Active Buildings; presenting at various events; and contributing to articles
in publications [16, 17, 18, 19, 14], Premier [20, 21].

In addition, performance data is being collected from demonstration buildings
the author has either designed or influenced the design of. This data is analysed by
the technical teams at SPECIFIC and the ABC and used to detect faults, optimise
performance of building systems and develop predictive control strategies for Active
Buildings. Data collection is essential to enable the ABC to build an evidence base
that can be used to support the transformation of the UK construction industry to
meet the goals set out in a report entitledConstruction 2025 [22] and the UKGovern-
ment’s Industrial Strategy [2]. Ambitious targets for the UK construction industry,
including lowering carbon emissions from the built environment by 50% by 2025
[22], indicate the need for innovative solutions to reducing energy consumption and
carbon emissions from buildings, which the Transforming Construction Challenge
[23] and the Active Building approach [1] set out to deliver.
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Before embarking on the development of the Active Building Design Guide
(ABDG), the author undertook literature reviews on the current status of the UK
construction industry and the UK Government’s ambitions to reduce the energy
consumption of buildings [2, 22]. The evaluation of these publications was discussed
and presented in a paper at Eco-Architecture 2018: 7th International Conference on
Harmonisation between Architecture and Nature [17].

TheABDGunder development is an enabler to the adoption of theActiveBuilding
concept in the UK, setting out the six core principles and the process for meeting
these, as summarised in Fig. 5. As Active Buildings are a relatively new concept
in the UK and there is currently (2020) limited data available from Active Building
projects, the principles are deliberately not too prescriptive which may otherwise
reduce clients and developers’ consideration for future projects. As data and evidence
are collected fromActiveBuilding projects, theminimumperformance specifications
will be developed, which will prescribe target energy values to be achieved.

In developing the ABDG, the author has reviewed existing information available
to Architects on these topics and referenced the most appropriate documents within
the Design Guide, for example, environmental design [24] and building physics [25]
to reduce the energy consumption of buildings, which relate to the first principle of
an Active Building. The intention is that section one (energy reduction) will act as an

Fig. 5 Core principles of an active building [1]
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aide-memoire to those reading and using the guide on fundamental passive design
principles without repeating information described in detail in existing literature
[26, 25, 24, 27].

To further support the development of the ABDG, existing guidance documents
used by Architects in the UK will be reviewed, including the Approved Documents
used to provide guidance on compliance with UK Building Regulations [27] and
guidance documents produced by other bodies, such as Local Authorities (e.g. [28]).

Feedback from a pilot project undertaken as part of the author’s D.SBE between
February and June 2019 and documented in a paper entitled ‘Active Buildings in
Practice’ was presented at the 11th International Conference on Sustainability in
Energy and Buildings [18]. This paper (ibid) and the feedback from the presentation
are being used to refine the ABDG in development. In the pilot project, the author
tested a first version of the ABDG with Architects in UK practice and feedback
suggested that a mixture of small amounts of text, images, diagrams and tables is
preferred to a document consisting of main text. The ABDG will be developed to
align with existing design guidance used by UK-based Architects and feedback from
participants of the pilot project.

3 Methods to Test the Active Building Design Guide
(ABDG)

Qualitative research methods are deployed in this D.SBE project in order to test,
evaluate and refine the ABDG using semi-structured interviews and focus groups,
following researchmethods described by Saunders et al. [29]. Asmentioned above in
Sect. 2.1, before commencing development of version two of the ABDG, the author
undertook a pilot project, which took place in two stages:

Stage 1. Identified the main challenges facing UK construction industry stake-
holders when introducing innovative technologies and practices into
construction projects, between March and November 2018. The results
from the analysis of this stage influenced the decision to develop an ABDG
to address some of the challenges identified;

Stage 2. Development of a draft ABDGwhichwas testedwithUK-basedArchitects
in professional practice between January and March 2018 and also with
architectural students studying at one of the two Schools of Architecture
in Wales during the same time period, January–March 2018. The analysis
of the feedback led to version two of the ABDG.

Final testing and refinement of version two of the ABDG will be undertaken
between January and June 2020. This final testing and evaluation will use Action
Research [29], more specifically a design-decision research approach described by
Groat and Wang [30], where the researcher is embedded in the research process.
Figure 6 shows the strategy for developing and testing the different versions of the
ABDG.
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Fig. 6 ABDG development and testing

Aprobabilistic or random sampling strategy [30]was used in the pilot project,with
the aim of achieving a sample representative of the larger population of Architects
Participants included those who signed up to workshops, rather than selecting indi-
vidual participants. As climate change and the need to reduce the energy consumption
of buildings are high on the UKGovernment agenda and that of construction industry
stakeholders, the author has been approached by Architects known to her and bodies,
such as the Royal Society of Architects in Wales (RSAW) [31], requesting work-
shops on the design of Active Buildings. This suggests there is a desire within the UK
construction industry to seek ways to reduce the energy consumption of buildings,
potentially by incorporating the Active Building concept, and an appetite for some
guidance on how to do this. Table 1 illustrates the proposed sampling plan for testing
the ABDG in the final phase of the D.SBE project [18].

As illustrated in Table 1, before testing the ABDG externally to the ABC with
UK construction industry stakeholders, the author will obtain validation from the
internal teams at both the SPECIFIC [10] and the ABC [1]. After any refinement
to version two of the ABDG from the internal testing, testing will take place with
external stakeholders, primarily Architects in professional practice, and students of
both architecture and architectural technology, who are the main target audience for
the Design Guide. Feedback will be sought on aspects such as technical content
accuracy; level of technical content provided; usability of the ABDG, including
accessibility, intelligibility, visual appearance, structure andgraphical representation;
and use of Active Building case studies.

An Active Building Overlay to the RIBA Plan of Work [32] has also been devel-
oped to form part of the ABDG, as a way of ensuring Active Building elements
are considered at every stage in the design and delivery of Active Building projects.
Figure 7 illustrates how this will be presented within the ABDG.
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Table 1 Sampling plan for testing the ABDG

Participant group Method

Internal testing

SPECIFIC technical team Workshops
Individual meetingsExpert knowledge of technical aspects of

Active Buildings

ABC technical team Workshops

Expert knowledge of technical aspects of
Active Buildings

Individual meetings

Use on Active
Building projects

Graphic designers (SPECIFIC & ABC) Discussions

Expert knowledge on presentation of
documents

Individual meetings

Individual meetings

External testing

Architects Workshops

Expert knowledge of architectural design,
aesthetics and building fabric

On Active Building projects

Architectural technologists Workshops

Expert knowledge of detailing building
designs, including building fabric and
integration with building services

Building services engineers Workshops

Expert knowledge of building services design On Active Building projects

Building contractors Workshops

Expert knowledge in construction and
installation of services

On Active Building projects

British standards institution Development of a scoping document to
determine potentialExpert knowledge of building standards

BREEAM Workshop to discuss a scoping exercise

Expert knowledge of environmental assessment
methods and criteria for building projects

4 Results

The results of the pilot project were discussed in a paper entitled Active Buildings in
Practice, which was presented at the eleventh International Conference on Sustain-
ability in Energy and Buildings in 2019 and published in Smart Innovation, Systems
and Technologies, Volume 163 [18].

These results are summarised in Table 2.
The results from the pilot project will be used to refine the ABDG in the next

phase. From the results, the author has determined the need for separate documents
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Stage Core Objec ves Ac ve Building Centre Input
Define Ac ve Building (AB) requirements: Key considera ons and Design Guide
Provide advice on passive design, such as si ng and orienta on
Set objec ves for Project Delivery Team (PDT) on Ac ve Building elements
Iden fy key stakeholders, e.g. building owners, facility management team (FMT)
Review data and lessons learnt from previous AB projects to inform PDT
Addi onal du es: Ensure AB requirements and access to data in accordance with AB 
monitoring specifica ons are included in contractual documents

Provide feasibility study on proposed site(s) incorpora ng constraints - financial, site, other

Provide integrated PDT advice/support
Provide high level data monitoring and performance specifica ons

Develop ini al low complexity concept model on early design scheme(s)
Provide report on early design(s) and recommenda on for steps to enable AB elements
Provide informa on to support early LCC assessment to support the aim to reduce whole 
life costs
Provide informa on on AB technologies to support Design and Access Statement (DAS) for 
planning applica on

Provide advice on renewable energy technologies using evidence from concept model
Assist the development of the energy strategy in conjunc on with the design team
Provide performance specifica ons for an AB to PDT

Develop detailed building physics/dynamic thermal model
Review design informa on and Mechanical, Electrical & Plumbing (MEP) strategy
Review specifica ons developed by PDT to ensure Ac ve Building elements included
Provide monitoring specifica ons
Provide naming schema for Building Management System (BMS)
Provide informa on on AB technologies to supportdesign development

Provide/deliver toolbox talks for on-site induc ons, management and commissioning
Undertake site visits/inspec ons to support the delivery of the AB 
Work with BMS installer to ensure naming schema used properly and monitoring in place
Work with MEP installers to ensure correct installa on of equipment
Advice on commissioning and tes ng to ensure all systems working properly before building 
is signed off and handed over

Provide informa on for Opera on & Maintenance (O&M) manuals
Review the whole design and construc on process and capture lessons learnt
Undertake post-project review workshop with all stakeholders
Support handover workshops with building owners/occupiers/FMTs

Assist with monitoring of building performance
Capture data in Na onal Ac ve Building Evidence Base (NABEB) and assess op mised 
performance of systems
Provide updated informa on for O&M manuals as necessary
Assist the PDT with Life Cycle Cost repor ng
Support Post Occupancy Evalua on (POE) with occupants and FMT

0
Strategic 

Defini on

Iden fy client's Business Case and Strategic 
Brief and other core project requirements

1
Prepara on 

& Brief

Develop Project Objec ves, including Quality 
Objec ves and Project Outcomes, 
Sustainability Aspira ons, Project Budget, 
other parameters or constraints and develop 
Ini al Project Brief, undertake Feasibility 
Studies and review of Site Informa on

2
Concept 
Design

Prepare Concept Design, including outline 
proposals for structural design, building 
services systems, outline specifica ons and 
preliminary Cost Informa on along with 
relevant Project Strategies in accordance with 
Design Programme. Agree altera ons to brief 
and issue Final Project Brief

6
Handover

Handover of building and conclusion of 
Building Contract

7
In Use

Undertake In Use services in accordance with 
Schedule of Services

3
Developed 

Design

Prepare Developed Design, including 
coordinated and updated proposals for 
structural design, building services systems, 
outline specifica ons, Cost Informa on and 
Project Strategies in accordance with Design 
Programme

4
Technical 

Design

Prepare Technical Design in accordance with 
Design Responsibility Matrix and Project 
Strategies to include all architectural, 
structural and building services informa on, 
specialist subcontractor design and 
specifica ons in accordance with Design 
Programme

5
Construc on

Offsite manufacturing and onsite 
Construc on in accordance with Construc on 
Programme and resolu on of Design Queries 
from site as they arise

Fig. 7 Active building overlay to the RIBA plan of work

for students and designers. In addition to the ABDG for Architects in practice, she
will also develop anActive Building Student Guide, whichwill containmore detailed
information than the ABDG for Architects in practice. Version 2 of the ABDG is
currently underway and is being developed as a more visual document, with more
diagrams and less text than version 1. The author is also developing a detailed case
study of the Active Classroom, which includes considerations at each of the RIBA
Plan ofWork stages [32]. This will provide a supplementary document to the ABDG.
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Table 2 Summary of findings from pilot project

1. Architecture students
(10 participants)

• Found the document helpful
• Understood the definition and what constitutes an
Active Building

2. Architects in practice
(10 participants)

• Understood what an Active Building is
• Found content was good but would prefer less text
& more graphics

• Wanted to see case studies included
• Wanted information on costs and comparisons of
technologies to advise their clients

3. Architect of an active building
project

(1 participants)

• Understood what an Active Building is
• Found content was good but would prefer less text
& more graphics

• Wanted to see case studies included

5 Discussion

To date (2020), the author has determined that design guidance is needed to enable the
UK construction industry to adopt the Active Building concept. Testing of the ABDG
in the pilot project and the literature review undertaken by the author have provided
a strategy for developing the ABDG, based on a combination of short paragraphs
of text, diagrams, images, tables and case studies, all based on the Active Building
principles. The Action Research approach [29] which is being adopted enables the
ABDG to be tested in its various versions (two thus far), reviewed, updated and
tested again, which is one output of the author’s D.SBE project. Based on the pilot
project, the interest in the Active Building approach the author has experienced since
designing the first Active Building (the Pod) in 2014 [10], and the proposed building
demonstrator projects that the author in her role at the ABC will have design input
into (e.g. Active Homes Neath [33]), and it is anticipated that there will be plenty of
opportunities for testing the ABDG further.

Figure 6 sets out the steps to the completion of both the testing and publication
of the ABDG. Table 3 sets out the steps to the completion of the author’s D.SBE
project.

Table 3 Steps to completion of D.SBE project

Date Activity

January–March 2020 Refine ABDG and other supporting documents and publish ABDG
v2

January–June 2020 Test ABDG and other supporting documents with architectural
designers and architecture students

June–December 2020 Develop ABDG v3

December 2020 Publish ABDG v3

January 2021 onwards Develop further ABDG documentation
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The recommendations from the completion of the work documented in this paper
are that use of the ABDG and the associated Active Buildings designed using
the ABDG will enable the construction industry to deliver low energy buildings
that incorporate energy generation, storage and intelligent controls to support local
and national grid networks, by managing the building’s interactions with the grids.
Deploying the Active Building concept, as set out in the ABDG, on building projects
will help reduce the energy consumption of buildings in the UK and their associated
carbon emissions, contributing to mitigating climate change.

The limitations to the completion of the work documented in this paper have
been the ability to recruit participants to test the developing ABDG with. Time and
geographical constraints have led to the decision by the author to restrict the testing
of the ABDG to Architects and architectural students in Wales.

6 Conclusions

This paper has discussed the development of an ABDG which will help enable the
construction industry to adopt the Active Building concept on building projects,
helping to achieve the UK Government’s mission to halve the energy use of all
new buildings by 2030, as set out in the Transforming Construction Challenge [23].
Halving the energy consumption of buildings will also help meet the targets set out
in the 2019 amendment to the Climate Change Act (2008) [34] to reduce the UK’s
greenhouse gas emissions (GHGs) by 100% below 1990 levels by 2050. The author
believes that the ABDG provides one enabler to the adoption of the Active Building
concept by the construction industry.

The ABDG developed by the author provides an opportunity to collate all the
information available to date on Active Buildings together in one reference docu-
ment that can be utilised by Architects and other building design professionals in the
design and development of Active Building projects. It will provide guidance on the
elements that should be considered when designing Active Buildings and examples
of how these might be achieved. Once complete, the ABDG can also be used as a
basis for further work, such as developing training modules, standards and certifica-
tion schemes. Further work could also include developing individual design guides
for different building typologies—residential, commercial, educational, industrial,
leisure and healthcare—and also for retrofit.

The next steps are to refine the ABDG; develop additional associated documents,
such as the Active Building Student Guide; test these documents with architec-
tural students and Architects in practice; and use feedback from testing to refine the
developing documents further as an output to the D.SBE project.

One limitation of this project is the ability to test theABDGwith a large population
of architectural practitioners. During the next stage of the project, the author will
develop a sampling strategy to determine an appropriate number of participants
needed for a meaningful study, depending on the population of Architects in Wales.
It will not be possible to test in the whole of the UK, due to time and geographical
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constraints.Another limitation is that the author has identified a number of documents
that would be useful to develop to support the roll-out of the Active Building concept,
which will not be able to be developed during this research project. These are listed
as future work in Fig. 6.
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Chapter 3
Sustainable Housing Solutions

Pablo Gonzalez, Lucia Rodriguez, Soledad Cormick, Lucas Daher,
Edgardo Suarez, Maria Benítez, Hercilia Brusasca,
and Aantonella Caballero

Abstract Based on our experience of more than 20 years in housing construction
for vulnerable families, from the IMV and IH, we have assumed the commitment
to project integral housing solutions, incorporating the principles of sustainability
in its three dimensions: economic, social and environmental. Our design premise
is based on reducing the energetic demand in the houses, projecting in bioclimatic
conditions which correspond to the convenient site for the facilities, incorporating
the active participation and themultidisciplinary accompaniment to the families from
the very beginning. The Institute of Building Sustainability (ISE) has evaluated the
first houses in their energetic and environmental performance, allowing us to learn
about the functioning of the homes and be able to meet the minimum requirements
in terms of comfort.

1 Introduction

From the public policy and referring to the previous municipal, provincial and
national housing construction programmes, a physiognomyof identical housing units
is observed in constructionswhichdonot respond to the economic, environmental and
social dimensions, stigmatizing the social welfare dwelling as a repetitive element,
without considering the participant’s own identity. Thus, families receive a problem
and not a solution to their housing issue.
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Our work is carried out within the Eva Perón Housing Program with the incorpo-
ration of an interdisciplinary perspective, reconsidering social housing as an integral
dwelling solution for families located in high-risk communities.

In terms of economic and environmental dimensions, it is necessary to submit the
result of this process to the building sustainability assessment entity, the eSe protocol
of the Building Sustainability Institute (CAPC), in order to allow continuity to the
improvement process.

This model shift seeks to influence future housing policies, oriented towards the
construction of sustainable cities, and resilient to climate change.

The modern concept of “sustainability” implies the development of socio-
ecological systems reconfiguring the three dimensions (environmental, economic
and social) of the so-called sustainable development.

2 Objectives

• Develop a quantitative approach to the housing deficit from an integral concep-
tion of housing as a process and as habitat, incorporating alternative constructive
variants and systems, applying sustainable criteria in the design and development
and involving social actors in the different stages and production processes of
habitat.

• Overcome traditional ways of conceiving housing policies based on assumptions
of homogeneity of their recipients and centralized implementation, advancing in
the construction of methodological instruments that facilitate the recognition of
specific and heterogeneous needs and situations, as well as the strengthening local
community management and social connection.

• Strengthen the community by means of providing tools and strategies (work co-
ops, home gardens, job training)which diminish their work and food vulnerability.

• Diagnose the final performance of the use of resources, particularly of the primary
energy demanded and promote the improvement of their use, using design tools
first and technological ones later. (Thefigure shows the assigned order of strategies
and their impact.)

Costs and impacts of efficiency strategies (Fig. 1).
MITIGATION Renewable energies to reduce the impact of fossil fuels.
EFFICIENCY Devices/support systems to improve efficiency/reduce consump-

tion.
Enclosure/passive design to establish efficiency and reduce demand.
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Costs and impacts of efficiency strategies 

Fig. 1 Efficiency strategies impacts

3 Background Information and Related Works

The Housing Program Eva Perón (Programa de Viviendas Eva Perón) is based
on the reality of social housing which affects a considerable group of families located
in different city neighbourhoods and is part of precarious places living under poor
conditions.

Since 2016, other types of houses have been considered, where families become
part of the project togetherwith the development of the design alongside the architect,
as well as each dwelling being sustainable and much better at saving energy.

This paradigm shift makes each member of the families active characters of their
own change, helping them step out of the shadows of being a mere recipient of public
policies.

Once the work was completed, an audit of building performances of the two
finishedhouseswas carried out, consisting of a diagnosis of the 33variables (18 calcu-
lation engines), which make up the eSe/building sustainability labelling protocol,
developed by the iSe of the College of Architects of the province of Córdoba.

The eSe protocol of the iSe is an ordered set of objectives, requirements and
strategies that, as an operational instrument, allows the improvement and sustain-
able integral efficiency of the design, manufacture and effective use of buildings.
The environmental factor and economic and social aspects are especially taken into
account in this system, in order to find a better balance in the framework of sustainable
development.
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4 Project Two Houses in Los Olmos Neighbourhood

Its main aim is to be energy efficient by taking advantage of natural resources,
fostering environmental care, promoting waste reduction and generating the possi-
bility of developing an economic activity within the same architectural work. The
main principles to be mentioned are housing with universal accessibility, DVH
openings, cross ventilation and natural light, eaves for solar radiation control,
home/community gardens and vertical gardens, a compost of organic waste for the
homegardens,water heating solar tank, energy-efficient LED lighting, Russian stove,
grey water recovery, rainwater collection and storage to use when potable water is
not necessary and double-flushing toilets.

The IMV and IH subsequently perform the verification of results related to the
adaptation of families to the principles of sustainable housing.

Then the performance building diagnosis is implemented, applying the “eSe”
diagnostic protocol, aimed at the final improvement of the environmental perfor-
mance of both buildings and the micro-sector, where members can apply their skills
in successive possible interventions (Fig. 2).

4.1 Work and Sustainability Cooperatives

Work co-ops participated in the construction and development of the houses, gener-
ating genuine job opportunities, incorporating working habits through the learning
of trades.

Co-op groups are intrinsically a sustainable and hands-on company model. They
encourage job safety and improved working conditions; they foster democratic
principles and knowledge and social inclusion. Therefore, they are well equipped

Fig. 2 General plant plan
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to contribute to the triple balance of economic, social and environmental objec-
tives of sustainable development, among other reasons because they are companies
committed to achieving the economic progress of their partners, while attending to
their socio-cultural interests and protecting the environment.

5 Economic Dimension

We owe ourselves the responsibility of defining the economy as a set of integral
and inclusive production models that take into account environmental and social
variables. This definition is the “green economy” that produces lowcarbon emissions,
uses resources efficiently and is socially inclusive.

The social cost is composed of: the alternative cost of the resources used in the
production of a good, plus the loss of well-being and the increase in costs that the
production of that good may cause to any other productive activity. To lessen the
impact, different alternatives were sought in food generation, health management
and the decrease in the demand for the use of resources, particularly water and
energy.

The IMV and IH decided to incorporate said economy in support of all their
projects, since it, in addition to recognizing and demonstrating the value of natural
capital, invests in it and seeks to increase it in order to give society sustainable
economic progress.

With respect to the projects carried out, in the construction of the first two sustain-
able homes, the amount paid for each of the homes was e 53,077.11. (e 780.55 per
square metre).

This cost represents a 23% increase in price when compared to the construction
cost of more traditional dwellings.

6 Results

Within this context, the results of the audit of building performances were the
following:

6.1 Potable Water Demand

Audit: 239 lt/person/day. With strategies for improving device replacement, a 44%
reduction in demand is achieved: 136 lt/person/day, below the sustainable reference
base (100 lt/person/day).



30 P. Gonzalez et al.

6.2 Effluent Septic Systems

Audit: 958 lt/day impulsion of sewerage effluents. Considering the potential of reduc-
tion in the potable water demand, the quantity of sewerage liquid poured to the septic
system can be reduced an average of 413 l/day (43% saving).

6.3 Management Rainwater System/Sigall

Each house has a usable recollection capacity of 10,000 lt per month. There is a
tank system of 3000 lt, on deck. The resource provision for the efficient irrigation is
proposed (trickle irrigation) suggested by the Cobertura Vegetal Equivalente/Cve
(Equivalent Vegetable Cover).

6.4 Equivalent Vegetable Cover/Cve

The audit detected that the equivalent environmental correction generated by the
project is 170 m2 equivalent to 25 large shrubs, generating an equivalent return of
70%.

6.5 Superficial Reflectance Index/Irs

The final objective of this index is to quantify and then reduce the impact of over-
heating of the built environment, associated with the heat island effect (ICU). The
IRS index of the existing housing is 35.75 BAD. With IRS improvement strategies,
such as designing “cold” covers, which involve the use of “cold” materials or high
reflectance index, an improvement to 74.52% is achieved: GOOD.

6.6 Greenhouse Gas Emissions/Gei

Audit: 26, 11 kg CO2/m2 year, the integration with renewables represents a 0, 02 kg
CO2/m2 (2%) saving, because of the solar water heating system use.
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6.7 Energetic Demand of Primary Energy/Ipe

Modelling and simulation of energetic demand and hygrothermal adaptive comfort
ran under the calculation engine of the transient dynamic regime, ECOTEC@, a
system developed by Western Australia University, where there is register of the
thermal balance of the building, and of each specific area, without restrictions related
to the building geometry or the number of internal thermal areas which can be anal-
ysed in a simultaneous way in multi-stationary regime. The mathematical protocol
of thermal analysis used is the admittance method of Chartered Institute of Building
Services Engineers (CIBSE Admittance Method).

The real environmental and context conditions were established from a private
climatic data file (according to the geographic location of the audit location),
corrected from the climate base EPW (Energy Plus Weather Format). The model
is constructed with a general orientation and precise environmental conditions to
develop a close to the real bioclimatic evaluation.

The dynamic simulations (8760 h) are carried out considering zoned models by
indoor areas (thermal areas) which allow to shape the monthly and annual energetic
demand, establishing levels of seasonal thermal comfort (in correspondence to the
local regulations).

The thermal areas are defined as such among those facilities which present divi-
sions limited by walls, partitions and carpentries or watertight compartments. The
non-thermal areas are determined likewise, and they include obstacles that directly
influence the percentage of shadow over each building (Fig. 3).

In the first diagnosis made, there is an attempt to emulate the existing infiltration
conditions and air movement. In this case, the calculation base is established as 0, 5
ACH (air changes per hour) and an air sensibility speed of 0, 25 m/s.

Afterwards, in the process of the improvement proposal, these values are arranged
to simulate conditions of air renewal for convective ventilation systems, not only for
the traditional and original building model but also for the one proposed to improve
it.

Finally, two comfort bands for each thermal cycle were defined: from 18 to 26 °C
for the refrigeration cycle and from 16 to 24 °C for the heating one.

Fig. 3 Thermal zones
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6.8 Simulation Results—Diagnosis for Existing Constructive
Scenario.

Average results per house

Energetic demand for thermal load in Kwh/year

Cooling: 2.07685 Maximum load: 6, 80 Kw at 4 p.m. December
01st. 01

Heating: 4.10008 Maximum load: 9, 53 Kw at 8 a.m. July 14th

Total: 6.17744 Kwh/year

Energy intensity for thermal load in Kwh/M2/year

Cooling: 15, 28 Heating: 30, 15 Total: 45, 42 Kwh/M2/year

6.9 Diagnosis of the Annual Hygrothermic Comfort

For comfort ranges in both thermal cycles (cold: 16–24 °C-heat: 18–26 °C), the audit
shows 1440 °C annual hours of discomfort, which are reduced to 1013 °C hours (29,
70% improvement) with the implementation of the improved systems.

7 Conclusions

Environmental performance improvements and the use of resources have a direct
impact on the economic component.

The building sustainability audit findings of the dwellings presented conclude that
the design strategies used to reflect a good final performance, in general, highlighting
the variable primary energy demand, whose final energy performance index (EPI) is
92.53 kWh/m2/year (taking as a reference that the national average for this building
typology is in between 250 and 300 kWh/m2/year), placing itself on the upper third of
the reference classification and presenting, at the same time, a good and considerable
improvement potential, easily reachable after the detailed detection of each type of
energy demand discriminated for the annual cycle.

49%of the final energetic demanddepends on the thermal load for acclimatization,
and this one depends on the external casing and the efficiency of the ventilation
systems used. The impact of lightning is minimum (7%) because of the strategies
designed to cause this.

It is necessary to implement a policy to change the technology of the domestic
electrical appliances (especially refrigerators) because they consume 43% (2600
kWh/year).
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The improvements in the environmental performance and the use of the resources
impact directly on the economic component.

When social housing incorporates the other two components of sustainability
(environmental and economic), the possibilities for continuous improvement quickly
materialize.

The participation of the users from the initial stage (selection of the land) reduces
the distortions produced by the non-appropriation of the built environment, by the
users.

We are convinced that it is necessary to reconsider and reflect upon the habitat,
the world that we encounter and must leave to future generations.

From the IMV, we commit ourselves responsibly to implement actions that allow
to provide housing with greater quality and integrity, caring for the environment
and helping create a more environmental friendly place for future generations. With
correct and applied policies, we believe that the environmental crises we are suffering
nowadays may be reverted in the near future.
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Chapter 4
Future Energy-Related House
Renovations in Sweden: One-Stop-Shop
as a Shortcut to the Decision-Making
Journey

Georgios Pardalis, Krushna Mahapatra, Brijesh Mainali,
and Giangiacomo Bravo

Abstract Based on an online survey, this paper analyzes the attitude of detached
house owners in Sweden toward future renovations and their perception over a one-
stop-shop (OSS) service for deep renovation of these dwellings. With the aid of
a house owners’ renovation decision-making journey for renovation, personal and
contextual variables have been analyzed to identify those house owners having reno-
vation plans in the near future, what they are going to renovate, and which needs
to lead them to that decision. Furthermore, we examine if there is an interest in
OSS concept and the factors affecting positively or negatively the choice for such
a concept. Results suggest that deep renovation is not yet prioritized. The priority
for house owners is to change specific components of their dwelling and follow a
step-wise approach. Aesthetic renovations are high on the agenda, with some struc-
tural and energy-related renovations following them. House owners between 29 and
49 years of age are those mostly interested in more comprehensive renovations. The
OSS concept appears to be interesting to a number of house owners capable to verify
a business potential. House owners up to the age of 45 years, with dwellings built
from 1960 and above and with environmental awareness, are the market segment that
can act as early adopters of the OSS concept. When it comes to the decision-making
journey for renovations, house owners’ future plans, and the factors affecting their

G. Pardalis (B) · K. Mahapatra · B. Mainali
Department of Built Environment & Energy Technology, Linnaeus University, 35195 Växjö,
Sweden
e-mail: georgios.pardalis@lnu.se

K. Mahapatra
e-mail: krushna.mahapatra@lnu.se

B. Mainali
e-mail: brijesh.mainali@lnu.se

G. Bravo
Social Studies/Centre for Data Intensive Studies & Applications, Linnaeus University, 35195
Växjö, Sweden
e-mail: giangiacomo.bravo@lnu.se

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
R. J. Howlett et al. (eds.), Emerging Research in Sustainable Energy and Buildings for a
Low-Carbon Future, Advances in Sustainability Science and Technology,
https://doi.org/10.1007/978-981-15-8775-7_4

37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-8775-7_4&domain=pdf
mailto:georgios.pardalis@lnu.se
mailto:krushna.mahapatra@lnu.se
mailto:brijesh.mainali@lnu.se
mailto:giangiacomo.bravo@lnu.se
https://doi.org/10.1007/978-981-15-8775-7_4


38 G. Pardalis et al.

choice for an OSS provider, we can claim that OSS can act as a guide for house
owners from the early stages of their decision-making journey and provide them
with a shortcut that will make this journey more secure, while triggering renova-
tion decision of greater extent. In terms of financing, incentives related to energy
performance are also suggested as means that could boost greater interest for more
comprehensive renovations.

Keywords Future renovations · Energy-related renovations · One-stop-shop ·
House owners · Renovation journey

1 Introduction

The European Union has a goal of 32.5% energy efficiency in 2030 compared to
the levels of 2005 as referred to the Directive 2018/844/EU [1]. Sweden has set an
ambitious cross-sectoral target of reducing energy intensity 20% by 2020 compared
to 2008 levels and 50% by 2030 compared to the levels of 2005 [2]. For the building
sector, Sweden has a national goal to reduce energy consumption by 20% compared
to the 1995 level by the year 2020 [3], a goal that seems ambitious considering
that several EU member states have already revised their energy efficiency targets
to 16.9% by the same year [4]. The Swedish residential sector could be a major
contributor to achieve the national goals for reduction of energy consumption, as it
is responsible for 22% of the total energy consumption, from which 12% coming
from single-family houses [5]. Out of 4.7 million residential dwellings, 51% (2.4
million) are one- or two-family houses (from here onward “detached houses”), and
they account for 293 million square meters of floor area, which is larger than that of
multifamily houses [6].

According to Statistics Central Bureau (SCB) in Sweden, 86% of the one- and
two-family dwellings are about 30 years old. They have poor energy standard and
need of renovation. The most common practice in Swedish renovation market is to
renovate kitchens and bathrooms (aesthetic type of renovations) as was observed in
a recent survey of owners of detached houses in Kronoberg region of Sweden [7, 8].

The adoption of energy-efficient measures or deep renovation for improvement of
the energy performance is rather low due to various socioeconomic barriers [9]. Also,
house owners in general are not aware of where to seek information regarding deep
renovation or which craftsmen offer such a service [10]. The renovation market is
dominated by small and locally based craftsmen-owned companieswhoare interested
to offer individual solutions and sell their own product, which leads to lack of trust
between them and the house owners [11]. Moreover, the current building code in
Sweden (BBR26) obliges the energy performance of a deep renovated house to reach
the levels of a newly built one [12]. Regardless of location, the investment cost for
such a renovation is relatively high, and this can act as a demotivating factor for many
house owners. Additionally, the existing tax incentive does not differentiate between
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deep renovation and aesthetic renovation [13]. Moreover, the financing mechanisms
that could boost deep renovations (green loans) are yet to be developed.

To address those challenges, Mahapatra et al. [11] proposed the one-stop-shop
(OSS) concept, in which a single actor could offer a full-service renovation package
to house owners. One-stop-shop is a product-service system (PSS) concept, which
could address some of the factors that prevent the house owners to renovate their
dwellings [14]. In this concept, a single actor coordinates all the involved actors in
the renovation process to offer a comprehensive package on energy-efficient reno-
vation. In that concept, house owners deal with a unique contact point, and partic-
ipating actors work together in a way that redefines their activities and increases
their resource efficiency [15]. House owners would receive consulting services for
renovation, including energy audit and recommendations for upgrades, facilitation
in getting building permits (where it is required), renovation packages with finan-
cial schemes based on house owners specific needs and financial situation, supply
of quality material and technical re-sources in the value chain, and post-renovation
quality checks and guarantees. With OSS, house owners receive a guided journey
throughout their renovation and get a renovated dwelling that truly satisfies their
needs.

OSS concept has been emerging in several parts of Europe [16] and in Scandi-
navian countries, such as Norway [17] and Denmark [18]. In Sweden, the concept
is yet to be tested, although the turnkey (“totalentreprenad” in Swedish) concept
exists in the construction of all types of new buildings and renovation of multifamily
buildings.

In this study,we analyze the future plans of Swedish house owners to renovate their
houses. We analyze the underlying reasons leading them to take that decision, the
influence of their socioeconomic background, and their preferred type of renovation.
Furthermore, we examine to which extent they have knowledge of the renovation
services offered and their perceptions over a full-renovation package as envisioned
in the OSS concept.

2 Background and Related Work

The low level of adoption of energy-efficient measures by the house owners when
they renovate their dwellings is a subject widely examined by literature. A significant
number of studies identified factors motivating or preventing house owners toward
energy-efficient solutions. They are categorized in related literature as economic
[19–22], behavioral [19, 23–27], social [28–30], regulatory [31], and factors related
to the physical condition of the dwelling [19, 28, 31–35]. To better understand how
all those different factors affect the level of adoption of energy-efficient measures,
it is important to understand the “journey” of house owners in deciding to renovate
their dwelling.



40 G. Pardalis et al.

2.1 The Context of Renovation Decisions

The changing demands of domestic life and the need to adapt to those changes
influence the house owners in their decision to renovate and the specific improve-
ments they chose. According toKarvonen [36], “Domestic retrofit is not an activity of
changing a house from poor energy performance to exceptional energy performance,
but an intervention into the rhythms of domestic habitation”. Judson and Maller
[28] observed that adoption of energy efficiency measures is usually combined with
improvements of other parts of the dwelling. Hence, the decision to adopt energy
efficiency measures is not independent or static, but a journey over time in a broader
context of renovating the property.

The innovation-decisionmodel of Rogers [37], which has been applied in different
contexts like adoption of heating systems [38–40] and solar photovoltaic systems [41,
42], posits that decision to adopt an innovation passes through five stages. The upper
part of Fig. 1 represents those stages starting from initial awareness to a final decision.
In our conceptual framework, we have adapted those stages to the renovation journey
of house owners, which is presented in the lower part of Fig. 1. The decision-making
journey of a house owner starts from the point of reflection over the dwelling’s
situation (step 0). On that step, house owner is not thinking that it is time to renovate.
A previous study [41] has found that satisfaction with the physical condition, thermal
performance, and aesthetics of the dwelling are the reasons for that decision. When
the house owner.

Fig. 1 Decision-making journey for house renovations
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becomes aware of a need, like the dwelling itself or a component is old and
dysfunctional, energy cost is high, etc., or when he/she becomes more environmen-
tally concerned, proceeds in step 1. In that step, house ownermakes an initial decision
on whether the dwelling needs renovation or not. If it needs renovation, then step 2
follows where house owner starts to investigate what exactly needs to get renovated.
At a later stage, house owner starts becoming active (step 3), looking for available
services and planning his/her budget before reaching the “final decision” step (step 4),
where after considering all the parameters described on the previous steps proceeds or
not in the renovation. There is also the stage of “experience renovation” that relates to
howhouse owners adapt and react to the renovations performed in their dwellings, but
this stage is not considered in this paper since, as previously mentioned, we analyze
future plans, not actual implementation of renovations. Dwelling’s and household’s
characteristics are influences explaining why house owners start thinking of renova-
tion and typically are not included in decision-making models [43, 44]. Instead, they
are used as triggers for personal and contextual influences on renovations.

2.2 One-Stop-Shop Concept for Deep Renovation

One-stop-shop is currently advocated by the energy performance of buildings Direc-
tive (EPBD) 2018/844/EU [1], which amends the earlier EPBD 2010/31/EU [45] and
Directive 2012/27/EU [46] on energy efficiency (EED). The Article 2A of the 2018
EPBD calls for a long-term renovation strategy, and member states “are required
to facilitate access to mechanisms, such as one-stop-shops, which are considered
as advisory tools here to inform and assist consumers in relation to energy effi-
ciency renovations and financing instruments” [47]. According to the Article 20(2),
“member states shall provide the information through accessible and transparent
advisory tools such as renovation advice and one-stop-shops” [45]. Examining the
potential interest of Swedish house owners on OSS will allow us to understand the
market potential for such a service and to point out which parts of this service need
to be reconsidered to reach a broader customer base.

3 Materials and Methods

The analytical framework in this paper is based on a preliminary stage of a larger-
scale research project about the renovation-related practices of owners of detached
houses in Sweden and the development of an OSS concept offering full-service reno-
vation packages to them. To gain in-depth understanding regarding house “owners’”
perception regarding energy consumption in their dwellings and toward renovation,
we have designed an online survey in late spring 2017. The questionnaire for that
survey was based on literature review and existing theories and pretested with a
limited number of house owners, prior to its distribution. Later, the survey was sent to
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Fig. 2 Basic info on the survey respondents and their dwellings

144,660members of Villaägarna, which is a non-profit and party-politically unbound
consumer and interest organization for residents and owners of single-family houses
in Sweden. In total, 12,194 house owners answered, after one reminder, which corre-
sponds to a response rate of 8.43%, which is considered normal for such kind of
surveys [48]. In the introductory note of the survey, the participants were informed
that their participation was voluntary and that their identity and individual responses
would be kept anonymous. Some basic information regarding the respondents and
the dwellings can be found in Fig. 2.

The research is built on abductive approach, moving between theory and reality or
observation in a systematic way. What will be presented in the following section is a
preliminary analysis of the survey findings. The results were analyzed and interpreted
in the theoretical context to derive conclusions [49].

4 Preliminary Survey Findings

4.1 Future Renovation Plans (Step 0)

The respondents were asked to share if they had planned to renovate their dwelling in
the near future with the possible alternative answers: (a) I have no plans to renovate,
(b) Yes, I plan to renovate my whole house at once, (c) Yes, I plan to renovate my
whole house but gradually, and (d) Yes, I plan to renovate only a few parts of my
house (Fig. 3). We have analyzed the respondents’ answers per age and income
groups to better understand the influence of socioeconomic attributes on their future
renovationplans.Analysis showed that 25%of the respondents hadnoplan to perform
a renovation in the nearest future. The main reasons for not planning a renovation in
the future were satisfied with the current state of the dwelling, which confirms the
findings of previous studies, and the time lived in the house. House owners living in
their dwelling for a few years appear to be less willing to renovate in the close future.
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Fig. 3 Percentage of respondents planning to renovate their dwellings per income and age group

From the rest, 7% plan to renovate their whole house in stages, only 0.3% are
interested to renovate their house at once, while the remaining are interested in
renovation only some components of their dwelling. House owners between 29 and
49 years of age showed the greatest willingness to renovate their dwellings, at least
some components, while owners over 50 years of age have shown greater willingness
only to renovate parts of their dwelling or rejected the idea of renovation. Medium
and high-income groups were more willing to renovate, but this was not the case
when looked at the willingness to renovate the whole house at once or in stages.
Additionally, houses built before the 1980s were more likely to be renovated.

4.2 Needs Leading to Renovation (Step 1)

The respondents were asked a question about the reasons for them to consider reno-
vating their dwelling. The respondents were given 12 different alternative reasons
(e.g., “house is old”, “I want to improve indoor environment”, etc.), with the possi-
bility to indicate their level of agreement to each alternative on a Likert scale of 1–5,
where 1 = disagree, 5 = agree. Their answers are presented in Fig. 4.

The analysis showed that the age of the house and the need to improve its aesthetics
are very important reasons for house owners to begin thinking of a renovation project.
Furthermore, the perception of increased value of the renovated house and the desire
to reduce the energy cost are high on their priority list. On the other hand, parameters
like improved indoor environment or influences from the social environment seem
not to be reasons leading to the need for renovation.

4.3 Preferred Type of Renovation (Step 2)

Survey participants were asked to specify the type of renovation they were planning
to perform. As seen in Fig. 5, they were given a variety of renovation measures to
choose, which we have classified into energy, structural, and aesthetic renovations.
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Fig. 4 Trends regarding reasons for considering renovating the dwelling

Fig. 5 Depiction of plans to perform maintenance or change house components

Respondents were asked to specify if they planned to perform a maintenance of
existing building component or change them completely. Performing a maintenance
appears to be the most common plan for the future, especially related to energy
or structural renovations. Results regarding complete changes show that a greater
number of respondents were willing to perform aesthetic renovations (changing
kitchen and bathroom) than energy or structural renovations. Among structural reno-
vation, roof and drainage were more attractive, while ceiling insulation was the most
preferred option among energy-related renovations. 20% of the respondents intended
to perform only one energy-related renovation (including in combination with struc-
tural or aesthetic renovations), while 43% of the respondents planned to implement
multiple energy-related measures.
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4.4 Awareness of Services and Interest in OSS (Steps 3 and 4)

Without introducing the phrase one-stop-shop, the respondents were asked if they
were aware of actors offering full-service renovation packages in their area. Only
18% of them answered that they were aware of such actors in their area. Additionally,
the respondents were asked to express their opinion on which actor could offer a
full-service renovation package. The majority answered that local craftsmen and
small construction/renovation companies could offer such a package, and some of
them answered that large construction companies could offer such a package. A
considerable number of respondents answered that someone else could be able to
offer such a renovation package without specifying who that others could be.

Moreover, house owners were asked to express their interest on a full-service
renovation package offered by a single contractor, as one-stop-shop concept suggests
if that was offered in their area. More than 1/4 of the respondents answered that are
interested or very interested to buy such a package if existing, while almost half
of the respondents showed low or no interest at all. Results showed that both men
and women owners, up to the age of 45 years and with university or high school
education showed greater interest for that type of renovation package (Figs. 6 and
7). Moreover, those house owners own dwellings built from 1960 and above and
show greater environmental concern, while they are willing to take action to protect
the environment (Fig. 7).

Additionally, house owners were asked about the factors that are important for
them to choose and actor offering a full-service renovation package. Respondents
were given 16 different factors, and they were asked to evaluate them on a 1–5 Likert
scale, where 1 = not important and 5 = important. Guarantees on cost/benefits,
guarantees on delivery according to the agreed time schedule, and guarantees on
quality of renovation work are the main qualities that house owners look after in
order to choose such a package (Fig. 8).

To understand betterwhy almost 50%of the respondents showed lowor no interest
in theOSS concept, we asked “how important are the following facts for not choosing
one-stop-shop”. Four different options were given in a 3-point Likert scale, where 1
= not important for me and 3= very important for me. The main reasons for low or

Fig. 6 Correlation of interest for OSS with the age of house owner
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Fig. 7 Variables affecting interest on OSS

Fig. 8 Factors affecting choice of an OSS provider

no interest inOSSwere the perceived high cost of it and the house owners’ preference
to choose different contractors to perform the different parts of renovation (Fig. 9).

4.5 Financing the Renovation

One of the questions asked to house owners was how they were going to finance
their planned renovation in the near future. Respondents had to select between three
different alternatives, namely own savings, mortgage loan, and private loan. The vast
majority.
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Fig. 9 Factors affecting lack of interest for OSS

of respondents (67.8%) would fund the renovation from their own savings, while
very few (3.6%)would choose a personal loan,which usually has a higher interest rate
than house mortgage loan. Additionally, house owners were asked to express their
opinion on different financial incentives that could affect their interest to perform
energy renovation.

Respondents were called to express their positive, neutral, or negative opinion
on four preselected financial incentives for energy renovation (Fig. 10). According
to them, connection of tax subsidies with energy reduction and the introduction of
energy loans could positively incline them toward performing energy renovations.

Fig. 10 Opinions on financial incentives that may motivate house owners for energy renovations
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On the other hand, return on investment connected to energy deduction after reno-
vation, and mortgage loans which consider the energy reduction post-renovation are
financing measures that would lead to less positive inclination among house owners
toward energy renovations.

5 Discussion and Conclusions

In this paper, we have analyzed the future plans of Swedish house owners toward
renovating their dwellings. We have identified the underlying reasons leading them
to take that decision and the influence of their socioeconomic background on it.
Furthermore, we have identified the extent of the renovation they would prefer to
perform and the components of their dwellings that they consider maintaining or
change. Additionally, we have examined to which extent they have knowledge of the
renovation services offered and their perceptions over a full-renovation package as
envisioned in the OSS concept, as well as the financial incentives that wouldmotivate
them to invest in a more comprehensive renovation of their property (adoption of
both energy and non-energy-related measures).

Our analysis showed that house owners between ages 29 and 49 years are themost
positively inclined to perform renovations, while people aged 50 years and above
show lower interest to perform renovations (with those aged 65+ years of age to be
the least interested). The most preferable option is to renovate parts of the house.
The number of people planning to renovate their whole house at once or in steps is
still low. Aesthetic renovations are prioritized, but there is also a significant interest
for structural changes (roof) with accompanying energy measures (additional ceiling
insulation). Energy-related renovations are part of the house owners’ future plans,
but not from a holistic perspective (deep renovation). It should also be noted that
energy-related renovations are not decided as an only renovation, but as a part of a
broader renovation plan.

One-stop-shop appears to be interesting for an amount of house owners capable to
verify a business potential for that concept. House owners up to the age of 45 years,
with dwellings built from 1960 and above, are the market segment that can act as
early adopters of the OSS concept. Additionally, those house owners show greater
environmental interest and willingness to take action to protect the environment.

The perceived high cost of OSS and the interest to hold power to select the
craftsmen appear to be important hindrances to market for OSS. Own savings are the
most preferable option for house owners to finance renovations. Energy loans from
financial institutions and tax subsidies linked to energy renovations are suggested to
encourage them to perform energy renovations.

It becomes evident that an optimal OSS concept for detached house renovation
should allow house owners to have an active participation in the whole process.
Having in mind the decision-making journey for house renovations presented in
Fig. 1, in the adoption of OSS, house owners are likely to be very engaged in the
decision-making process right from step 1. That concept can provide solutions in the
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direction of making the right decisions on which house components need to be reno-
vated, taking under consideration house owners’ desires, but also the necessities in
each individual dwelling.Moreover,OSSprovides house ownerswith a feasiblework
and time schedule for the renovation of their house and with a group of craftsmen
capable to deliver quality work. That enables to a great extent the decision of house
owners to renovate and creates opportunities for the adoption of energy efficiency
measures,within the givenbudget for renovation.Overall,we can claim that one-stop-
shop can become the shortcut of the renovation decision-making journey for house
owners and the vehicle for a smoother renovation process. Exempting house owners
from the pains of renovation can become the trigger for them to further the extent of
renovation and orient themselves to the adoption of more energy-efficient measures,
despite the expressed financing doubts. Ways to finance a more comprehensive reno-
vation need further research. There are though insights from house owners’ side that
highlight what needs to be addressed. The existing subsidies for house improvements
should be linked with improved energy performance of those houses, to create an
extra motive to invest in energy-efficient solutions. Own savings are, for nonce, the
main financing mechanism of renovations. That makes the need for the development
of financing products, like “green loans”, imperative, as such loans could create a
more favorable environment for investments in comprehensive renovation solutions.
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Crisis of Institutional Change: Improving
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Abstract The work presents the problem of institutional changes in Russian Urban
planning. Institutional problems in the sphere of cultural heritage are discussed. The
necessity to conduct the research is substantiated, and methods and tools for evalu-
ation of the effectiveness of the institutional changes are suggested. The program
of the urban development is proposed, and tested methods for estate objects of
cultural heritage protection, which are to be implemented further in Russia consid-
ering climatic, seismic and ecological peculiarities of the regions, are suggested. The
issues of marketing and reforming of institutions in the sphere of cultural heritage
protection as well as the ways to manage estate cultural heritage are discussed.
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1 Introduction

One of the most vital and complicated issues of the modern urban planning is a
problem of the cities’ growth, of the reconstruction and modernization of the cities’
environment. In the context of the global social, economic and ecological changes
happening in the post-soviet space, first of all, the important role of institutional
changes happening in the country, which influence economic, political, social insti-
tutions and the urban planning policy in the whole, is attentively studied. Institutional
changes are considered as changes of legal norms and relations of their correlations,
as changes of organizational structures and space of their interaction, such as asso-
ciations or as changes in a common way of thinking. In my work, institutions can
be considered as a set of rules and customs, norms and political and economic rules
of behavior of society, which are stated in the legislation, decisions and instructions.
Alternatively, institutions are established and developed in the country and in the
region, mechanisms for coordination of the political and economic processes, such
as elections and/or markets. Modern economic science defines “institutions” as “a
steady complex of mutual roles and relationships, and behavioral features of social
and economic agents”. These are the “rules of the game”, which are formal (laws,
contracts, deals and organizational and legislative structures) and informal (rules of
behavior, customs and ethic and ideological norms) [1].

2 The Crisis of Institutional Change in the Sphere
of the Cultural Heritage Protection and the Ways for Its
Solution

The cultural heritage objects (CHOs) and, first of all, monuments of history and
culture of the Russian Federation (RF) are of unique value and are an integral part of
the world cultural heritage. The Russian Federation guarantees the preservation of
cultural heritage (historical and cultural monuments) in favor of present and future
generations.

Today, cultural heritage sites are becoming increasingly important, especially
in forming of the urban environment. There are new requirements for the devel-
opment of the society, corresponding to modern economic, environmental, social
and aesthetic norms and settings. To solve the problem of historical and cultural
heritage preservation, there is a need to develop new approaches that correspond to
the modern conditions of economic, social and political transformations happening
in the country. The analysis of various conceptual approaches for the explanation of
the ongoing with historical real estate processes in our country allowed the authors to
conclude that it is necessary to study the methods and methodology for solving this
problem. It is concluded that it is expedient to improve the regulatory and legisla-
tive support and development of marketing programs in the field of preservation of
cultural heritage. There is a need to improve the attitude to cultural heritage objects
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too. This is also due to the objective impossibility of ensuring the proper protection
and use of all cultural heritage sites solely by the efforts of state and local authorities
alone.

The basis for the preservation of the cultural heritage is the relevant legal frame-
work. The existing institutional framework requires improvement, at the federal,
regional and municipal levels. For example, the federal law on cultural heritage
objects provides for the division of cultural heritage objects into categories of histor-
ical and cultural significance (federal, regional and local). This division of cultural
heritage, as practice has shown, has no scientifically based criteria, and the system
of measures of the state preservation does not depend on the categories of histor-
ical and cultural significance, under the modern conditions. In turn, such a division
of cultural heritage objects creates unnecessary obstacles to the implementation of
the state protection and entails some problems related to differentiation of the state
ownership of cultural heritage objects and of their financing at the expense of the
state budgets at different levels.

Therefore, as a result of the authors’ analysis of the types andmethods of manage-
ment of cultural heritage, it was revealed that the solution to the problem is in the
implementation of market mechanisms and of state levers to influence the related
decisions. Particularly relevant is the development of marketing programs in the field
of real estate cultural heritage preservation of. The urgency and necessity of the work
on marketing programs for the preservation of architectural monuments are caused,
first of all, by the aggravated situation in the field of cultural heritage protection, by
the need to attract investments for the preservation of cultural monuments.

3 The Current Legal Framework in the Field of Estate
Cultural Heritage Protection

The most important in the context of the ongoing reforms are the formal institutions,
which, first of all, establish the main rules of the business activities. These rules
determine the effectiveness of the whole economic system functioning and serve as
a basis for the solution of the urban planning issues. Therefore, the role of system
and local organizational institutions has to be distinguished.

The major document determining the norms of urban planning and regulating the
interaction of the stakeholders in the country is Urban Planning Codex of the Russian
Federation (UPC RF), the last edition of which has been ratified on December 29,
2004. The major task of the UPC is to guarantee the following of the legal rights of
builders and to protect interests of the local community in the field of planning and
building in the territory.

The necessary requirements for urban planning and reconstruction activities are
included in the Building Norms and Rules (BNRs). The other normative documents,
which regulate urban planning and protect citizens’ rights, include federal level docu-
ments and documents of the regional and municipal levels. Urban planning for each
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large city is usually conducted through the development and periodic actualization
of the documents about urban planning for the development of the territories. The
planning of volumes, pace and turn of activities for capital repairing, moderniza-
tion, reconstruction and renovation of buildings and structures of the present cities’
structures can be conducted as well, based on the territorial scheme of the scheduled
developments and implementation of the cities’ programs for the complex recon-
struction, which is to be conducted with the consideration of the general plan. The
general plan of the urban planning development of the large cities is of long-run
character.

Back in 1996, Russian Government has adopted the program “Housing: Recon-
struction of the Dwelling Blocks of the First Mass Series”. The single experiment
has been realized in cities of Sankt-Petersburg, Moscow, of Moscow region and in
a few other cities of Western Russia. In July 2007, the federal law of the Russian
Federation No 185-FZ “About a Fund to Assist the Reforming of the Municipal
Housing Economy” was ratified.

The existing legal framework needs improvements and further development, both
at the federal and regional levels. The federal lawoncultural heritage objects states the
division of cultural heritage objects into certain categories of historical and cultural
significance (of the federal, regional and local (municipal) significance). This division
of cultural heritage practically has shown that it lacks scientifically grounded criteria,
and the existing system of preservation measures to protect cultural heritage does
not depend on the categories of historical and cultural significance under the modern
state. In turn, this division of cultural heritage objects results in unnecessary obstacles
in the implementation of the state protection and entails problems of differentiation
of state ownership of cultural heritage objects, their financing via the state budget
money of different levels.

In the context of the problems of the complex reconstruction of the ongoing urban
development, a new project of the Urban Planning Code of the Russian Federation
(UPC RF) is of particular interest [2]. In particular, the regulation of issues related to
legal zoning. It details the purpose and content of rules of the land use and develop-
ment, procedure of their preparation, coordination, public discussion, adoption and
application, types and characteristics of territorial areas in the rules of land use and
development, as well as the scheme of recognition of individual real estate objects
that do not comply with urban planning regulations.

The draft of the code defines the procedural issues of preparation of urban plan-
ning documentation for the planning of the territory (grounds and procedure for
preparation, purpose, types and composition of such documentation). Differences in
procedures of preparation, coordination, discussion and acceptance of urban plan-
ning documentation for planning of the territory are predetermined by the fact that
this documentation can be ordered by various entities of urban planning relations:
public authorities of the Russian Federation or of its entities, local governments,
individuals and other legal entities. The key point in the preparation of project docu-
mentation is to change the regulatory issues of the state examination of project
documentation. This procedure is proposed to be implemented only to particularly
dangerous, technically complex and unique objects (in the form of verification of
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project documentation, especially for dangerous and technically complex objects,
for compliance with technical regulations, and for unique objects the determina-
tion of the feasibility of the project in the absence of technical regulations). Project
documentation for other objects in accordance with the draft code can be realized
through assessing its compliance with technical regulations, which is carried out by
accredited organizations in the manner prescribed by self-regulatory organizations.
In addition, the procedure for issuing a construction permit and providing a certifi-
cate of acceptance is established for a property built in accordance with the approved
design documentation.

The current Russian legislation is lacking the concept of “protected historical and
cultural territory”, but in some cases, such territories have already been created or are
being created in accordance with special legislative acts of regional and local author-
ities. The strategy for the protection of cultural landscapes requires the inclusion of
issues of socioeconomic development of the protected territory. In turn, the program
of socioeconomic development of the administrative unit, within which borders the
protected territory is located, should be adjusted in accordance with the requirements
of the preservation of the cultural landscape [3]. As a rule, unique territories form the
framework of regional heritage systems. In most countries of the world, the basis of
this framework consists of natural reserves, historical cities and large historical and
cultural museums-reserves, but most often regional and national parks, combining
elements of natural and cultural heritage [4].

4 The Concept of Estate Cultural Heritage and the Subject
of Protection of Cultural Heritage

According to the existing definition of the cultural heritage presented by federal
legislature, it is important, in the context of this research, to formulate the following
concept of a cultural heritage object. Estate cultural heritage is a special type of
real estate, each category of which (building, block and historical center of the city)
is unique and has individual features that form its historical and cultural potential.
Cultural heritage objects are divided into the following three types, in accordance
with the most significant typological features and their functional purpose:

(1) monuments are separate constructions, buildings and structures with historically
developed territories (including monuments of religious significance: churches,
bell towers, chapels, mosques, Buddhist temples, pagodas, synagogues, houses
of worship and other objects specially intended for divine services); memorial
apartments; mausoleums, separate burials; works of monumental art; objects of
science and technology, includingmilitary; partially or completely hidden in the
ground or under water traces of human existence, including all related to them
movable items, the main or one of the main sources of information about which
are archaeological excavations or finds (hereinafter: objects of archaeological
heritage);
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(2) ensembles are clearly localized in historically developed territories groups of
isolated or united monuments, buildings and structures for fortification, Palace,
residential, public, administrative, commercial, industrial, scientific, educa-
tional purposes aswell asmonuments and structures of religious purpose (temple
complexes, datsans, monasteries, farmsteads), including fragments of histor-
ical planning and settlements constructions, which can be attributed to urban
planning ensembles;

(3) works of “landscape architecture and garden art””(gardens, parks, squares,
boulevards), necropolis;

(4) places of interest are the ones created by man or joint works of man and
nature, including places of folk arts and crafts; historic centers of settlements
or fragments of urban planning and construction, memorable places, cultural
and natural landscapes associated with the history of people and other ethnic
communities on the territory of the Russian Federation, by historical (including
military) events, life of outstanding historic figures; cultural layers, remains of
buildings of ancient urban, settlements, villages, ancient places of stay; sites of
religious rites and worship.

According to the existing legislation, among the categories of cultural heritage
objectswith historical and architectural, artistic, scientific andmemorial value,which
are of special importance for history and culture, are distinguished the following:

• objects of cultural heritage of federal significance. These are the objects which
have historical, architectural, artistic, scientific and memorial value of particular
significance for the history and culture of the whole Russian Federation, as well
as objects of archaeological heritage;

• objects of cultural heritage of regional significance. These are objects having
historical, architectural, artistic, scientific and memorial value, having special
significance for the history and culture of the Russian Federation entity;

• objects of cultural heritage of local (municipal) value. The objects possessing
historical and architectural, art, scientific and memorial value having especial
significance for history and culture of a municipality.

Such allocation of the immovable monument of history and culture to the corre-
sponding type and category is fixed when drawing up documents of the state account
of monuments and entering data to the uniform state register of objects of cultural
heritage.

The main objectives of the protection of historical and cultural heritage are
declared, as already mentioned earlier, in a number of federal laws and local regula-
tions governing architectural, urban planning and landmanagement activities, aswell
as property relations. However, the direct legal force of these declarations, according
to Academician Slavina T. A., is weakened by the uncertainty of such concepts as
“lands of historical and cultural significance”, “historical city”, “protected areas”
and “monument” [5]. According to the federal law of the Russian Federation “about
objects of cultural heritage” (monuments of history and culture) of the people of the
Russian Federation, objects of cultural heritage are of unique value.
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Article 3 of this law defines that the objects of cultural heritage include immovable
propertywith related paintings, sculptures, decorative and applied art objects, science
and technology, and other objects of material culture, which appear as a result of
historical events, and are significant in terms of history, archaeology, architecture,
urban planning, art, science and technology, aesthetics, ethnology or anthropology,
social culture, and represent evidence of epochs and civilizations. Hence, they are
authentic sources of information about the origin and development of the culture.

As the carrier of culture, heritage contains information potential that can ensure
the preservation of the human being as a species, people as a nation, city as a smaller
community, the communities itself and families. It is implied that not everything
created by man is expedient in this sense of the word and must be preserved at all
costs. This thesis is fully applied to the architectural and urban heritage. The criteria
for assessing what has been created in the past are historically mobile, and we can
rely only on the paradigm of the turn of the century (millennia). However, let us
assume that modern society, objectively assessing the path traversed by mankind, is
able and obliged to “separate the grain from the chaff”.

The subject of protection implies those elements, parameters and characteristics
of the architectural and urban development object, which are carriers of its real value.
In terms of activity, the subject of protection is the subject of limiting the actions
of all participants in the urban planning process, fixed by full-fledged documents
from the legal point of view. The subjects of protection are the features of the object
of cultural heritage, which served as the basis for its inclusion into the register and
mandatory preservation [6].

When insisting on the protection of architectural and urban heritage, we strive
to preserve the material evidence of the “memory of the past” and thus provide our
contemporaries and descendants with conditions for the production of material and
spiritual culture. Architecture is a system of buildings and structures that form a
spatial environment for the life and activities of people, as well as the art itself to
create these buildings and structures in accordance with the laws of beauty.

The existing experience of protection activities for the last decades allowed to
reveal numerous objects which require preservation: lands of historical and cultural
use, reserved places, historical cities, districts and their planning, compositions,
panoramas, etc. Then, for a long time, the necessity was realized to switch from
protection of separate objects to protection and maintenance of the whole systems.
Architectural heritage is the spatial shell of the past life. It is this life, at its best, that
deserves to be extended and, therefore, protected.

The mechanism of protection, according to many authors, is urban regulation as
well as professional management, bymeans of which the relations of all stakeholders
in the architectural and urban development process are streamlined. The definition of
objects of protection is accompanied by the assessment and ranking of the territory
and of its development. Not all the fragments of the city are equal in their architectural
quality.When analyzing the environment of the studied zone, the expertise is obliged
to accurately formulate the optimal mode of reconstruction according to typological,
compositional, functional analysis.
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The differentiated approach to monuments, tested on a number of objects in St.
Petersburg’s historical center, opened up significant reserves for transformation. The
search for a compromise between preservation and transformation is a historically
established pattern of city life. Today, in order to increase the investment attractive-
ness of urban areas and economic returns, it is necessary to preserve the historical and
architectural potential of urban objects and the territories surrounding these objects.

Stated legally in federal and local laws, in inventories, in zonal regulations and in
property documents, the specific definition of the subject of protection allows us to
(1) ensure real preservation of historical and cultural heritage; (2) to determine the
degree of freedom of the designer, investor and property owner; (3) to improve the
quality of the environment where it is required.

Thus, the “subject of protection” is a concept that allows to actualize a large
amount of historical and theoretical knowledge, which is not excessive, and allows
to understandwhat the city has andwhat and how should be preserved in the historical
environment.

Themonument in its broad sense is an object that forms part of the cultural heritage
of the country and society. Protection of historical and cultural monuments is a task
of public importance. Literary and historical monuments, works of architecture, fine
and decorative arts, archaeological finds and complexes of national and international
importance are subject to protection.

5 The Management of Estate Objects of Cultural Heritage

The management of cultural heritage is a system of measures aimed to ensure
the preservation of the qualitative state of the object and/or targeted development
(restoration) of its qualities. The system of such measures includes research and
inventory works (information support, including monitoring); regulation and control
of various subjects of activity (legal support and organization of protection); verbal
and graphical modeling of the desired states of the object under the management,
namely planning actions to preserve or change its qualitative parameters (develop-
ment of concepts, strategies, projects, programs, plans and schemes); and realization
of the planned works, including their logistical, financial and personnel support
(implementation of management initiatives and goals achievement) [7]. Some sepa-
rate objects, property complexes and their territories are distinguished among objects
of management of historical buildings and structures.

Most of the identified cultural heritage sites are in state ownership. The existing
authorities, responsible for monitoring the proper implementation of obligations for
the preservation and use of historical and cultural monuments, are taking a number
of appropriate measures. At the same time, the interaction of state bodies for the
management of cultural heritage objects also depends on the level of significance of
these objects (please, see Fig. 1).

The owner of federal property is the federal agency for state propertymanagement
(Rosimushchestvo) and its territorial bodies [8]. The owners of cultural heritage
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Fig. 1 Interaction of cultural heritage managing bodies

may also be the entities of the Russian Federation and municipalities. In this case,
the powers of the owners shall be exercised by the relevant executive authorities
authorized to manage such property.

Responsibility for supervision and control over the preservation of federal monu-
ments was assigned to the federal service for supervision of compliance with legis-
lation in the field of protection of cultural heritage (Rosokhrankultura). In August
2011, the decree of the Government of the Russian Federation # 590 of July 20, 2011,
was ratified, according to which the functions of Rosokhrankultura were transferred
to the Ministry of Culture of the Russian Federation. In accordance with this reso-
lution, the organizational structure of the Ministry of Culture was reformed. The
department accepting powers and functions of Rosokhrankultura had been formed.
Now the Ministry of Culture of the Russian Federation performs functions on devel-
opment and implementation of the state policy, normative-legal regulation, control
and supervision in the sphere of cultural heritage.

The activities of the Ministry of Culture as regards preservation of heritage sites
are realized directly through the territorial authorities in cooperation with other
federal executive authorities, executive authorities of the Russian Federation enti-
ties, local authorities, public associations and other interested organizations. Among
territorial bodies of the Ministry of Culture, we can name, for example, Depart-
ment of Cultural Heritage, Committee on the State control of use and protection of
historical and cultural monuments (KGIOP), Committee on the State protection of
objects of cultural heritage, Department of the State protection, preservation, use and
popularization of objects of cultural heritage in the Department of Culture and other.
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6 State Protection of Historical and Cultural Monuments

Let us study a number of the most important functions of the state protection of
cultural heritage. There is state registry kept in respect to all historical and cultural
monuments, regardless of ownership or use of. The complex of measures includes
identification and inspection of monuments; determination of their historical, scien-
tific, artistic or other cultural value; fixation and study; preparation of record docu-
ments; and maintenance of state lists of estate monuments. Documents of the state
registration of historical and cultural monuments, including those excluded from the
state lists of monuments, are subject to mandatory and permanent storage too.

A registration card containing data on location, dates, character of modern use,
degree of safety of a monument and/or again revealed object, about availability of
scientific documentation and a place of its storage as well as the short description
and illustrative material is developed for each monument representing historical,
scientific, art or other cultural values in the corresponding centers of scientific docu-
mentation of the state bodies of protection of monuments. Also, a passport is devel-
oped for each state monument, containing information describing the history of the
monument and its current state; location; assessment of historical, scientific, artistic
or other cultural significance; information about its territory, associated structures,
gardens, parks, works of art, objects of cultural value, protection zones as well as
the main historical, architectural and bibliographic materials. The passport indicates
the category of protection and type of the monument with reference to the approving
document.

If the object is the one which is newly identified and represents historical, scien-
tific, artistic or other cultural values, it is recognized as a monument of history and
culture by including it in the relevant state list of estate monuments of history and
culture, depending on the type and category of protection of the monument. State
lists of estate monuments of history and culture, which are the main documents of the
state registration and protection of monuments, are compiled according to categories
and types [9].

The regulations on protection zones for objects of cultural heritage of Russian
Federation population, approved by the resolution # 315 of the Russian Federation
Government back on April 26, 2008, establish the order of projects development
for zones of protection of objects of cultural heritage (monuments of history and
culture) of RF people, and requirements to land-use regimes and urban planning
regulations within the boundaries of these zones. The project of protection zones of
these objects represents the documentation in the plain text format and in the form
of maps (schemes), containing the description of borders of the projected zones and
borders of territories of the objects of cultural heritage located in the specified zones,
projects of modes of use of lands and urban planning regulations in borders of these
zones.

Based on the project of protecting zones for the cultural heritage object of federal
significance and the positive conclusion by state historical and cultural expertise,
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the corresponding body of the state power of the Russian Federation entity, in coor-
dination with the Ministry of Culture (except for borders of zones of protection of
especially valuable cultural heritage object for people of the Russian Federation or
an object of cultural heritage included in the world heritage list), approves the modes
of land use and urban planning regulations within borders of these areas. Projects of
protecting zones of objects of regional or local (municipal) importance are approved
in the order established by the law of the region in which it is located. Data on
availability of zones of protection for object of cultural heritage is registered in the
uniform state register of objects of cultural heritage (of monuments of history and
culture) of the people of Russian Federation and is submitted to the body that is
acting as the state cadastre of real estate keeper.

The urban planning regulations define the legal regime of the land lots, as well
as everything that is above and below the surface of the land lots and is used in the
process of their development and further exploitation of capital construction objects:
art. 36 of the Urban Planning Code of the Russian Federation, December 29, 2004 #
190-FZ GSK. According to the fourth paragraph of this article, it does not extend to
the land lots within borders of territories of the monuments and ensembles included
in the uniform state register of objects of cultural heritage (monuments of history and
culture) of the people of the Russian Federation. Only authorized federal executive
authorities, authorized executive authorities of the Russian Federation entities and
authorized local governments, and in accordancewith federal laws, determine the use
of these land lots. If the use of these land lots continues and is dangerous for human
life or health, for the environment and cultural heritage, it is possible to impose a
ban on the use of such land lots and objects.

7 Essence and Principles of Management of Estate
Cultural Heritage

The problem of preservation of estate cultural heritage, while reconstructing and
if building new facilities in different eras and in different countries, was solved in
different ways. However, the exceptional role, played by CHO to ensure historical
national continuity and identity, educates the younger generation in the spirit of
patriotism, develops tourism and related industries and regional business links, etc.
and has rarely been disputed.

In Russia, there are four options for saving CHO: (1) exterior and interior restora-
tion; (2) restoration of external appearance and reconstruction of interiors to the
modern level of improvement; (3) complete or partial reconstruction of the exterior
and interiors; and (4) transfer of CHO to another location and development of the
territory with new capital construction objects.

Today, all these schemes are used to some extent in the large cities of the Russian
Federation (such asMoscow, St. Petersburg, Kazan, Nizhny Novgorod, Novosibirsk,
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Krasnoyarsk and Irkutsk). This is due to the rapid reconstruction andnewconstruction
happening in our country.

The relocation of a monument building is justified only when it is threatened
to be completely lost if it remains at the same location. This situation may be the
result of climatic, geological or other objective reasons. In fact, the possibilities to
relocate an estate heritage object are significantly limited. Basically, this measure is
used for the preservation of wooden buildings, whose frame, elements of the roof
and truss system and ceilings can be disassembled and mounted on the site where
the preservation of the monument is not threatened. For instance, among the striking
examples of such a solution in Russia can be named the village of Malye Korely in
Arkhangelsk region, where 120 monuments of wooden architecture were collected
together on a territory of about 140ga, museum of wooden architecture Taltsy and
47 km away from Irkutsk toward the Lake Baikal (Baikal tract).

The use of other three schemes of the estate objects preservation depends onmany
factors, including the technical condition of the monument, its cultural and historical
value, the possibility of interior recreating, compliance with modern requirements
of comfort, reliability and safety. The implementation of these schemes can be real-
ized as part of capital major repairs of the heritage object. However, in the vast
majority of cases, the management of cultural heritage objects is carried out as a
part of a particular investment project. The reasons for initiating such projects are,
for example, non-compliance of the building, which is a monument, with modern
sanitary and epidemiological requirements, the discrepancy of utilitarian purpose
originally incorporated in the object to its modern use in accordance with the current
needs of the society, poor technical or disrepair condition of the object or of its
particular structural elements, etc.

The changes carried out at the heritage site in accordance with the market require-
ments, as a rule, are directed not only to the object’s preservation as a building itself,
having certain historical and cultural values, but also to increase its cost too, to create
with it as with the basis, a real estate product demanded in the active market. This
approach to historical objects fits into the framework of the existing system of the real
estate transformation of, called the development. This transformation is presented in
Fig. 2.

8 Marketing in the Field of Cultural Heritage Preservation

We define marketing for the preservation of the cultural heritage as a system of
measures to attract new economic agents to the region or city, aimed at the preserva-
tion of cultural heritage. It can be realized in the form of marketing of administrative
and residential buildings, zones of economic development and adjacent territories,
investments, tourismmarketing, etc. Specific marketing measures at the regional and
municipal level may include publication and distribution of printed materials about
cultural heritage sites in the region or city, targeted visits by heads of administration,
meetings with chiefs of organizations willing to invest in cultural heritage objects
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Fig. 2 Historical estate development activities

in the region or city, campaigns conducted mutually with the chamber of commerce
and industry, etc. In fact, marketing in the field of preservation of cultural heritage
can be an effective tool for socioeconomic development of the region and the city.

Therefore,marketing in thefield of preservation of estate cultural heritage involves
actions to increase the attractiveness of the object in the view of investors, tenants,
renters, buyers or another target group for whom the object is intended after its
transfer into operation. With the professional approach, marketing should be applied
from the very beginning of theworks for the preparation of the estate cultural heritage
object and continues throughout the life cycle of the object.

In the course of the life cycle of an estate cultural heritage object, the following
directions of marketing in the field of its preservation can be distinguished:

• marketing of restored/reconstructed objects (business idea—completion of
construction);

• marketing of completed objects and land lots (object circulation);
• marketing of services.

Development and implementation of the marketing programs in the field of
preservation of cultural heritage are a complex and urgent problem of economic
development of all entities of the Russian Federation:

• firstly, because not always they understand in the regions the importance and
necessity of systematic promotion of positive information about cultural heritage
in order to create a favorable attitude to the region and monuments of architecture
as well as to provide information about the benefits of doing business and/or living
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in monuments of architecture, i.e., information marketing for the preservation of
cultural heritage;

• secondly, because organizations which are performing functions of information
marketing in many entities of the Russian Federation, as a rule, perform these
functions only partially and haphazardly.

The relevance and necessity of the marketing programs development for the
preservation of monuments of architecture are caused, first of all, by the aggravated
situation in the field of protection of cultural heritage, the need to attract investment
for the preservation of cultural monuments. The problem is also complicated by the
fact that institutions of history and culture do not have the right to spend budget
money on commercial advertising, and social advertising is not available for them.

The need to develop marketing programs is also associated with a weak focus on
marketing.Often the thinkingofworkers,whosework is related to history and culture,
to objects of historical and cultural heritage, is focused on the product/service that
they provide or directly on the object itself, rather than on the consumers or investors
with their desires. Therefore, most often, they go the way of modifying traditional
services or search for new forms with old content.

To present the marketing of an object of cultural heritage as a complete system,
it is necessary to distinguish the principles of marketing of an object, subjects,
components, goals, elements, methods and composition of the marketing program.

As a concept of market strategic management of an object, marketing of CHO
requires the following of these principles:

• purposefulness, which is marketing goals definition;
• development of the strategy of the object development based on the analysis of

market opportunities, identification of strengths and weaknesses of the object,
determination of its competitiveness;

• selection of target markets and of positioning method;
• coordination of interests of the parties (complexity of marketing of CHO consists

that such an object can serve different functions: a residence, a place of rest, a
place of business and/or production, representation of part of history and culture
of the city, region, the country or the world). There may be conflicts of interest
among groups representing these functions. Private interests of potential investors
may conflict with the interests of the centers of preservation of history and culture
of the city, region or the world as a whole. The resolution of these contradictions
can be accomplished on the basis of the principle of striving for the satisfaction
of the parties involved in the conflict;

• development of organizational structure of the object marketing;
• development of tactics of realization and audit of object marketing.

Marketing of the object’s components is the most important element of marketing
of the whole object, since components are its bearing skeleton and the basis at the
same time. In addition, such advantages as reliable communications, good insolation
and aeration, cleanliness and safety are signs, which are quite attractive to potential
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investors. Their availability is not a guarantee of demand growth, but their absence
or poor condition makes this growth impossible.

For the permanent rehabilitation and renovation of the object, it is not enough only
to repair it. Resource constraints, requirements of heritage agencies and interdepart-
mental relations create the need for the development of a special type of management
activity which is management of cultural and historical heritage, associated with a
wide range of works, from monitoring the condition of objects to their systematic
improvement with the help of modern methods and technologies.

Providing support from citizens, politicians, organizations, services and agencies
in marketing in the field of cultural heritage protection requires the development
of interaction marketing aimed at the development of cultural and historical capital
of the region. This strategic direction of cultural heritage marketing may include
support of public organizations.

Stimulation of development of cultural and historical capital and support of public
initiatives can be carried out by local administrations: in the form of regular compe-
titions for creation of projects of protection and preservation of cultural and histor-
ical heritage, projects of development of objects of cultural heritage and ongoing
historical architectural research projects.

9 Reforming of the Ownership Institution for Historical
and Cultural Heritage

One of the most important directions of the reforms realized in the country is the
reform of the property institution. Ownership is the right on the basis of which an
entity (legal or an individual) manages a property at its own discretion. The concept
of ownership includes to the full and indivisible extent the right to use: the right
to use the fruits resulting from the property, which is the subject of the ownership,
and the right to use this property and to manage it at own discretion. The modern
economic interpretation defines property as a set of rights of the subject to manage
the conditions of economic activity and its results.

Some authors believe that property is realized only through the appropriation by
the owner of income generated by their means of production [10]. Others, appealing
to the fact that property is a complex system and its implementation should reflect
this complexity, argue that it is realized through the entire system of production
processes [11], i.e., “ the content of property can be realized only in the concrete
historical reproduction process” [12]. Along with the monistic points of view, there
are also dualistic ones. So, Afanasenko I. D. believes that at the level of society,
property is realized through production, exchange, distribution and consumption,
i.e., through the entire system of production relations and, in general, at all levels
through appropriation [13].

The functional structure of ownership, which includes the property ownership
itself, and the way it is used and/or disposed, has to be implemented through the
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allocation of appropriating and managing entities according to corresponding func-
tions. If applying this theoretical approach, it can be concluded that the realization of
state property involves the distribution of property functions among all participants
in these relations. The state form of ownership in accordance with its functional
structure, reflected in the levels of its entities (state, collectivity and individual), for
each entity in the production phase is implemented in management as a function of
ownership, i.e., specific historical forms of labor organization (organizational and
economic relations), and at the distribution phase: the appropriation of the relevant
part of income.

The institution of private property is a guarantee of inviolability of economic
freedom, and it minimizes the possibility of forced redistribution of the wealth gener-
ated. Transformation of relations and of the ownership structure is one of the most
important problems. The role of the property itself, as the basis of the economic
system, determines the systemic nature of both: the reforms in this area and the
reforms in general in the context of the transition economy.

It is the owner of the object of cultural heritage who is responsible for the mainte-
nance of the object belonging to him,which is included in the register, or the identified
one, and considering the requirements of the federal law. Therefore, the privatization
of monuments of architecture and history by private individuals is considered as a
panacea by many cultural figures. In their opinion, only this way we can save the
cultural heritage of Russia.

They note that the transfer of historical and cultural monuments to private owners
abroad is quite a common phenomenon. For example, in the Czech Republic,
someone who owned a piece of property (say, a castle) before 1945 can get it back
now and then sell it off or rent it out. The estate that remains in the state ownership
is offered at special auctions. In France, the owners of monuments have to maintain
them according to the historical era and pay quite large taxes if they do not use
them for excursions. In Russia, many officials and businessmen also acquire cultural
monuments into the ownership not for the first year. The officials believe that the
privatization of cultural monuments is quite timely in Russia too, since they still can
be sold out to private owners in order to save them.

The private and collective (joint or shared) ownership of the property arises as
a result of the privatization. Some researchers also include in this definition the
process of modifying the management model of the state enterprise without alien-
ation of property rights: that is, via an agreement, a lease, contracts, full or particular
changes in the legal or financial status of the state enterprise. Synonymous with
this interpretation is largely the concept of “denationalization”. The latter, a broader
interpretation, is usually not accepted (as a method of privatization) by Russian
ideologues. At the same time, it is possible to speak with a certain degree of condi-
tionality about the beginning of such denationalization in Russia back in 1987–1988
already and having in mind spontaneous privatization too as a certain prepared stage
of transformation in this sphere [14].

In the context of this work, a special theoretical and practical interest may be
the study of the interdependence of privatization and deprivation as the possible
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methods of state influence on the formation of the institute of ownership of CHOs,
the relationship of owners and renters with the state.

Therefore, the task is “not to give away property, state property, but to give it
into the hands of a really better owner. The prerequisite for this is the formation
of a genuine private entrepreneurial motivation” [15]. “The main role that institu-
tions play in society is to reduce uncertainty by establishing a stable (though not
necessarily effective) structure of interaction among people” [1]. One of the tasks of
the institutions is to remove the uncertainty arising from the interactive activities of
enterprises and processes of economic exchange. For example, the long-term devel-
opment of the industry requires reliable property rights and of property management,
guaranteeing its inviolability and protection by law.

10 The Justification of the Choice of the Way to Manage
an Object of Cultural Heritage

Taking into account the existing options for the preservation of cultural heritage, a
decision-making model was developed for choosing the OCH management option
(Fig. 3). This model takes into account a number of parameters of an object, such
as the state of structures, state of the internal infrastructure, the relation of the
architectural and planning solution of an object to the heritage to be protected.

The choice of the optimal control option is done depending on the required charac-
teristics of the object and the acceptability of changes. Based on this, the final version
of the project is determined. At the same time, regardless of the chosen option of
object management, the procedure and conditions for ensuring public accessibility
of estate cultural heritage are defined in special sections of heritage rent agreements
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Interiors 
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location is required and possible 
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Fig. 3 Adaptedmodel of decision-making process to choose themanagement option for the cultural
heritage object
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and in other documents, regardless of the type, form of ownership, departmental
affiliation, nature and mode of use.

Owners and users of estate cultural heritage and of related land lots are obliged
to observe the established procedure and terms of accessibility by public and to
ensure the compliance with the requirements of state protection, preservation, use
and promotion of estate cultural heritage during its realization.

When changing the functions of the building and its space-planning solutions to
realize these functions, the major task is preserving the exteriors of the building,
within its historical environment, its structure, plastics and silhouette. It is possible
to accomplish this task through partial dismantling of a historical building, while
saving only its facade and plastic of details. A special permission has to be granted
by the state heritage protecting body for this design solution. There is a need for a
special project to strengthen the facade at the stage of its connection with the new
object, and during disassembly, it is necessary to very carefully protect the facade
from accidental breakdowns, shocks, unexpected deformations and destruction.

11 Conclusion

It is important to create terms and conditions in Russian cities, to develop an effective
and adequate policyof historical heritagemanagement, aimedprimarily to restore and
reconstruct monuments of architecture and cultural heritage and attract investment,
for elaboration and implementation of plans for the territories development, taking
into account cultural attractions and historical features of the objects. In this regard,
it is necessary to develop and implement a long-term concept of preservation and the
integrated management of the cultural and historical environment in the region.

When marketing cultural heritage objects, four important issues or components
should be addressed: (1) place or geographical location of the object; (2) product or
inherent advantages and disadvantages; (3) price and/or investors and philanthropists,
buyers/renters of the object expenses, related to their stay or business on the site; (4)
promotion or information marketing of the object.

Professional disclosure and promotion of information about cultural heritage
objects, in standards that are understandable both for professional circles and for
ordinary citizens, is one of the most important strategic directions. In Russia, there
are still very few instances when regional and municipal authorities are seriously
engaged in the problemof information promoting andmaintaining of favorable image
of the site and objects of cultural and historical heritage in particular. Today’s situ-
ation is such that without information, there is no trust. Without trust, there will
be no investment and preservation of cultural and historical heritage. Without the
management of heritage sites, there will be no history and attractions, originality and
individuality of Russian cities.

Currently, many Russian cities get the understanding about the need for marketing
in the sphere of historical and cultural heritage preservation and for information
marketing. However, the efforts of cities in this direction are usually very small,
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with few exceptions. The surveys of the heads of departments of executive bodies
and specialized NGO “center of preservation of cultural heritage” in Irkutsk city had
revealed that marketing functions in the field of conservation of cultural heritage
objects were realized only partially. The institution of private ownership of estate
objects of cultural heritage experiences the formation stage. There is literally no
evaluation of the effectiveness of marketing and of institutional changes happening.

The specificity of the ongoing systemic changes in the country is such that the
problems of urban development should be considered within the framework of the
institutional structure. This approach relates to the issues of territories development
and landscape planning, building up, the role of education and cultural and historical
heritage and problems of environmental and economic development. Three types
of institutional changes can be distinguished by their origin in the context of the
problem of preservation of cultural heritage objects: changes carried out by federal
authorities, changes carried out by regional administrations and changes initiated by
municipalities. In addition, there are endogenous and exogenous transformations.1

When we talk about institutional changes to address the problems of urban plan-
ning and the preservation of cultural heritage, we mean changes that need to be
made in the relevant institutions (please, see Fig. 4). Namely, these are property and
investment and financial institutions; in the regulatory and legislature framework;
institutions providing the development, implementation and realization of regulatory
documents; institutions providing professional training and education of personnel
whose work is related to the solution of existing and potential problems of urban
planning; as well as institutions responsible for information support.

As a result of the analysis, it was determined that all activities in the sphere
of protection of objects of historical and cultural heritage may include the imple-
mentation of scientific researches aimed at the study, classification, cataloguing and
publication of monuments, as well as the preparation and publication of legislative
acts on the recognition of objects as monuments of history and culture, ratification of
laws prohibiting damage, destruction or reconstruction of monuments, their export
abroad, etc. Therefore, instructions are developed on the procedure for the registra-
tion, storage and restoration of artistic and historical valuables, and the works for
conservation, restoration and reconstruction of estate objects of cultural heritage are
conducted regularly.

Now, it is possible to create the basis for the use of cultural heritage as an instru-
ment of urban policy, in determining the approaches and models of transformation of
society, both social and economic components of this process. In our case, cultural
heritage and its associated range of concepts are considered not only as a value in
itself, but also in the context of the current social, economic, environmental and other
problems of the society’s existence, as well as prospects for its development.

To solve the problem of reconstruction of Russian cities, we propose a consistent
set of activities presented in the program, which includes three consecutive stages.

1Endogenous transformations are transformations of the institutional structure, which are carried
out by evolutionary changes in the existing rules and norms that form the basis of institutions.
Exogenous institutional changes are inherently more radical.
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Fig. 4 Relationship between urban planning and institutional changes

The urban planning problems of reconstruction solved in the proposed program are
related to preservation of the buildings having historical and architectural value,
increase in density of housing stock by means of construction on free sites, ensuring
hygienic conditions of building up (insolation and aeration modes, level of gas pollu-
tion and noise), optimization of structure and capacities of social, engineering and
transport infrastructure. The program proposed includes the following steps [16]:

1. Reconstruction and modernization of old and dilapidated buildings and struc-
tures,

2. Complex per block reconstruction,
3. Construction of residential complexes.

At least, three institutional “dimensions” can be considered in the context of
sustainable territorial development: formal rules, informal constraints and the effec-
tive enforcement of these rules and constraints. The creation of a favorable environ-
ment for living is based on the development of a favorable regulatory and legislative
framework. In this regard, the need to improve the institutional structure should
be noted, which in Russia and in regions still remains complicated and confusing.
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Economic reforms and new principles of public administration resulted in the aboli-
tion of the old system of planning and development. Complex urban problems,
including the prioritization of development and reconstruction of the city in accor-
dance with social, environmental and economic goals and criteria, the need to coor-
dinate the development and implementation of long-term and current programs for
the development of urban sectors, its infrastructure, plans for development of admin-
istrative districts and other territorial units, can be solved effectively only within a
united system of planning for development of the city.

For the further research of institutional changes, it is necessary to define tools
and methods of evaluation of institutional changes effectiveness and to define levels
of effectiveness of institutional transformations too. To assess the effectiveness of
institutional changes in urban planning, we suggest to use Q-methodology and IADF
method. Another modern approach proposed for the study of institutional problems
of urban planning is the method of modeling, and to evaluate the effectiveness of
institutional changes, a cross-sectional regression model is proposed.

The economic compound in the management and development of the cultural
heritage objects should take into account its individual value and sociocultural signif-
icance. It is difficult to overestimate the role of cultural heritage in the process of
social and economic development and preservation of the environment, as an instru-
ment of urban policy, in determining the approaches and models of transformation
of society, and prospects for its development.
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Chapter 6
Greening Existing Garment Buildings:
A Case of Sri Lanka

Thanuja Ramachandra and Achini Shanika Weerasinghe

Abstract Green retrofitting is the justifiable solution for contemporary issues such
as global warming, resource depletion, and greenhouse gas emissions which have
arisendue to the existing conventionally built environment.Nevertheless, the building
owners are less willing to invest in green retrofits due to the contradictory views asso-
ciated with the first cost and payback period implications of the green retrofit. In that
context, this chapter presents an assessment of the first costs and life-cycle saving
implications of fourteen (14) energy and water-efficient retrofits incorporated into
four (04) garment buildings in Sri Lanka to find the retrofit options which are finan-
cially sound. The green retrofits such as skylights, LED lights, steam line insulation,
compressed airline modification, biomass boiler, evaporative cooler, energy-efficient
chiller, and VSDs were implemented in the garment buildings in Sri Lanka as energy
and IEQ measures. Additionally, the selected buildings were upgraded using green
retrofits such as subsystem-level water meters and low water flow push taps. All the
selected green retrofits are financially practical with positive NPVs and SPB periods
of less than 5 years. This information would provide some cost-based considera-
tions for green investors in the selection of retrofits for other industrial buildings and
thereby contribute to promoting sustainable developments.

Keywords Green retrofits · Industrial · Costs · Savings · Sustainability · Sri Lanka

1 Introduction

Globally, buildings are responsible for increased energy consumption and green-
house gas (GHG) emissions. For example, buildings construction and operations
as end-use sectors consume about 36% of global final energy and produce 39% of
energy and process-related CO2 emissions in 2018 [20]. The impact of the building
and construction industry on the GHG emissions and depletion of natural resources
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is staggering. Therefore, the issues of greenhouse gas (GHG) emissions, energy
consumption, and depletion of natural resources challenged the sustainable devel-
opment goals (SDGs) [45]. Consequently, building owners have pledged to reduce
emissions to slow down the rate of warming, besides ensuring environmental, social,
and economic sustainability [35].

As of today, green buildings are an important concept, which addresses the issue of
resource consumption. Green buildings have now become the flagship of sustainable
development (SD) that takes the responsibility for balancing the three pillars of
the SD: social, environment, and economic or the triple bottom line approach [41].
However, to demolish an existing building and to build a new green building in its
place is counter-productive to the idea of energy conservation. By some estimates,
it would take more than 65 years to regain the energy savings of demolishing an
existing building and replacing it with a new green building [51]. However, most
existing buildings will still be in use for the next 50–100 years due to its long lifespan
nature [29]. Thus, green retrofits have forefronted in countries.

The challenge of climate change could be effectively addressed by retrofitting the
vast stock of existing conventional buildings [36]. Similarly, the green retrofitting
of existing buildings would reduce energy consumption and GHG emission [27].
The built environment will have less responsibility to deal with global warming
unless the rate of green retrofits amplified [47]. However, this is on account of the
number of buildings built every year in developed nations that only corresponds to
1.5–2% of the existing building stock [8]. Although there is increasing recognition
that green buildings outperform conventional buildings in terms of a variety of envi-
ronmental, economic, and social indicators, much less is known about how green
building initiatives might be incorporated into existing buildings [36].

Unfortunately, retrofitting existing buildings is significantly more difficult than
creating a new green building from scratch. For example, in existing multi-tenant
commercial buildings, any sustainability retrofit or technology upgrade needs the
cooperation and participation of a wide range of stakeholders [23, 25]. Moreover,
due to issues such as long payback periods [22, 34], excessive cost, and limited
access to capital [12, 22, 60], the industries are unenthusiastic about green retrofit.
Other barriers are lack of retrofit experience and lack of understanding of the available
retrofit technologies [12, 36]. Themain challengemet is the unwillingness of building
owners to pay for retrofits [30].

Although there is awide range of retrofit technologies readily available, finding the
most cost-effective retrofit measures for projects is still a major technical challenge.
If there is no financial support from the government, the cost of the retrofit falls onto
building owners while the benefit often flows primarily to the tenants. Therefore, the
significance of the subject is the identification of the most appropriate retrofit options
based on the potential expenses and effects involved [3].

In the context of Sri Lanka, the existing building stock is substantially large and
represents one of the biggest opportunities to reduce energy, waste, air pollution, and
global warming. However, a limited number of buildings have been certified for the
incorporation of green features in Sri Lanka [56]. For instance, 51 buildings have been
certified to date, while there are only seven existing buildings which were converted
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as green buildings [52]. Further, the green building investors fail to appreciate the
subsequent benefits received by those buildings during the operational phase [55].

Therefore, a detailed analysis of the costs and benefits of green retrofits is essen-
tial at the pre-retrofit stage. This research aims to assess the green retrofits towards
identifying the potential retrofit technologieswhich can be integratedwith full aware-
ness of their cost commitments and saving potentials and thereby enhance the rate
of sustainability transition of the existing building stock.

Accordingly, this piece of work enables the identification of the rightest retrofit
options based on the analysis of costs and benefits of green retrofits implemented in
green buildings in Sri Lanka.

The following three objectiveswere set towards achieving the aim of this research:

• Objective 1: To review the concept of green retrofitting, economic drivers and
challenges, and cost implications and potential savings of green retrofitting,

• Objective 2: To identify the green retrofits technologies incorporated in the
selected garment manufacturing buildings,

• Objective 3: To assess the costs and benefits of green retrofit technologies
implemented in the green-certified garmentmanufacturing buildings in Sri Lanka.

The literature review section of this chapter addresses the first objective while
the second and third objectives are achieved through data collection and analysis
presented in the results section of this chapter.

2 Literature Review

2.1 Green Retrofitting

In the past, Sanvido and Riggs as cited in [21] explained retrofit projects as the
modification or conversion of an existing facility, structure, and process. Unlike
complete replacement, retrofits involve additions, rearrangements, deletions, and
replacements of one or more parts of the facility. Later, Egbu as cited in [2] more
elaborately defined the retrofit as ‘refurbishment to encompass renovation, rehabil-
itation, extension, improvement, conversion, modernization, fitting out, and repair
which is undertaken on an existing building to permit its reuse for various specified
purposes’ (pp.684). Besides, Latham as cited in [21] viewed retrofitting as ‘a process
that reaps the benefits of the embodied energy and quality of the original building
dynamically and sustainably’ (pp. 1361). Subsequently, USGBC [53] defined the
retrofit as,

‘any type of upgrade at an existing building that is wholly or partially occupied to
improve energy and environmental performance, reduce water use, improve comfort
and quality of space in terms of natural lighting, air quality, and noise, all done in a
way that it is financially beneficial to the owner’.
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Similarly, green retrofitting is an effective strategy to enhance the sustainability of
existing facilities [29]. Particularly, green retrofit can be defined as the ‘incremental
improvement of the fabric and systems of a building with the primary intention
of improving energy efficiency and reducing carbon emissions’ [27]. Furthermore,
the USGBC is continuously stressing that the buildings should sustain over time.
For instance, USGBC [52] noted that green retrofits range from minor work that
involves installing new heating, ventilating, and air-conditioning (HVAC) compo-
nents, rooftop solar panels, and placing a bike rack outside the building to major
work that involves multiple complex renovations on building facades and interior
spaces [52]. Similarly, green retrofitting includes an envelope, structural upgrades,
and spatial layout changes as well as improvements to the building’s environmental
systems; mechanical, electrical, plumbing, etc. and systems influencing thermal
comfort; exterior insulation, roof insulation, etc. [18].

Furthermore, the existing buildings need retrofitting rather than demolishing and
rebuilding existing buildings to meet new energy standards at an excessive cost [6].
The same authors argued that even though the reduction in operational energy is
not always the primary reason, any retrofitting should include full consideration and
renewal of the energy systems for the building. In particular, the term ‘deep energy
retrofitting’ is used where the entire fabric and conventional systems of the building
must be evaluated, redesigned, and reconstructed in an integratedway [16]. Similarly,
the deep energy-efficient retrofits such as any aesthetic or functional upgrades reduce
the demand for non-renewable energy resources and help the society and environment
sustainability [18].

On the other hand, the implementation of green retrofits follows the specific
standard rating system of LEED for existing buildings, which evaluates operations
improvements and maintenance [28]. As per the green building rating system, the
greening of the existing building incorporates different strategies and technolo-
gies. However, the green retrofitting is only a part of greening existing buildings,
which only addresses the physical improvement to the building and site, whereas
the greening of existing buildings also includes planning, monitoring, controlling,
managing certain aspects, etc.

2.2 Economic Drivers and Challenges

2.3 Economic Drivers

The owners or occupiers of existing buildings may have varying economic drivers,
should a building be retrofitted and the conflictions about time and the way of imple-
menting the retrofit. For example, Fuerst and McAllister [15] explained that high
rent, occupancy rate, and tax reduction will motivate the owners to implement retrofit
projects. On the other hand, Gucyeter and Gunaydin [17] pointed out that occupiers
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are interested in energy cost savings. Even though the owners invest in energy-
efficient retrofits, it is the occupiers who receive the most direct benefits of energy
cost savings [30, 38, 42]. Similarly, low rent [35] and productivity [50, 60] are other
drivers that motivate the occupiers to retrofit their existing facilities.

Moreover, for both owners and occupiers, the main motivations for green
retrofitting are low operation costs, followed by a high return on the green investment,
higher asset values, improved tenant satisfaction, and competitive advantage [33].
As earlier studies highlighted, the main driver for green retrofitting is the company’s
corporate responsibility for sustainably leading the market to increase environ-
mental awareness in society and employee satisfaction [1]. Similarly, increasing
environmental awareness would eventually improve the company’s corporate image.
Furthermore, these authors observed that the client-driven approach and employee
satisfaction are other reasons for greening existing buildings [39, 19].

From a stakeholder’s perspective, a drastic reduction in GHG emissions is vital
to mitigate global warming and climate change. Therefore, it is a duty to look at
methods of reducing emissions from the vast stock of existing buildings that drive
green retrofitting [59]. Further, green retrofitting of existing buildings reduces the
energy use worldwide [8]. Indeed, policymakers have acknowledged the need for
more retrofitting projects in the company’s vision, and the environmental policy of
the client is a way of reaching sustainability in the built environment [59].

Reviewing the earlier studies, it was identified that the reduced whole life-cycle
costs are the major economic drivers which motivate the owners and occupiers to
invest in green retrofits [1, 7, 61], which is followed by rising energy costs [1, 61].
Energy-efficient retrofits reduce the cost of energy and the operational costs, which
later contribute to the reduction of the whole life cost of the building [30, 33, 38].
Moreover, high return on major investments within a short payback period such as
renewable energy projects also motivates the investors to go for retrofitting [61].
Green retrofitting enhances building value and thus increases the property value, and
the owners will be able to earn a high rental [7]. Additionally, the green retrofitted
existing buildings have high resale value, less construction cost compared to new
construction, less depreciation in rent, and reduced-price in insurance cost and have
a greater chance of lease renewal [61]. All these together drive the owners and
occupiers to invest in green retrofitting.

2.4 Economic Challenges

The stakeholders of existing building stock contribute to drastic reductions in GHG
emanations globally [59]. Even with the growing concerns of the stakeholders
over sustainability aspects, green retrofitting is still not winning its place at the
forefront due to the challenges that exist [40]. According to Wilkinson [58], the
earlier researches show that building stakeholders are less likely to agree with green
retrofitting due to the challenges that exist when deciding whether to execute a
retrofitting project.
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The major barriers affecting the green building implementations are higher
costs for green design and energy-saving material, technical difficulties during the
construction process, lack of knowledge and awareness of green technologies, and
conflict of interest between various stakeholders [62]. An interesting finding is that
the owners do not perceive the cost as a barrier for greening their existing buildings.
However, in the case of new construction, this is one of the main reasons for the
companies to be reluctant [13, 19, 33, 62]. The reason why the cost is not considered
as a barrier in these cases is primarily the fact that the converted buildings are mostly
commercial, and the owners see the certification as an opportunity to enhance their
corporate image, so they are more flexible with their budget.

The high initial cost is the main challenge in designing and retrofitting existing
buildings towards achieving sustainability. Therefore, the initial cost for green space
may be acceptable for new construction, but any improvements to existing space
need capital expenditure [32].

A study by Pedini and Ashuri [40] revealed that the lack of knowledge and experi-
ence leads to deciding not to implement green retrofit. For instance, company finan-
cial plans, which are usually unstructured results in difficulties to track life cycle
cost (LCC) for a project and longer-term gains, which are hard to record. Hence, the
initial capital cost of green buildings, lack of life-cycle costing knowledge, insuf-
ficient funding, and the fluctuation of the price of green materials are the factors
affecting green retrofit projects financially.

Shift in government priorities, such as supporting regulations, but removing tax
incentives and subsidies are other barriers in implementing sustainability in existing
buildings. Removal of tax incentives and subsidies contributes to the barriers in
sustainability implementation [5]. As a result, lack of financial incentives, loss of
financial incentives, unevenness and the difficulty to obtain tax and regulatory incen-
tives, uncertain end dates of incentives, low investment, and the absence of govern-
ment and private sectors’ involvement in the green building development affects the
implementation of the green retrofit projects by stakeholders in existing buildings.

According to Reza et al. [43], the information of green structures and items
should be available to significant parties in the building industries as well as to
the overall population to get more attention for green buildings. For instance, owners
and investors who do not have access to enough information failing to realize that
green building is the best course of action to pursue, unaware of the benefits of green
building and also the lack of knowledge about financial institutions have primarily
affected stakeholders from implementing green retrofit projects.

2.5 Cost Implications and Saving Potentials of Green
Retrofits

In this section, the major green retrofit studies carried out in different contexts are
reviewed, and the outcome is in terms of potential savings: energy saving, CO2
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emission reduction, cooling load reduction, and water savings. The cost implications
such as cost saving, payback period, additional cost, and investment cost of individual
green retrofits are summarized in Table 1.

As shown in Table 1, individual green retrofits reviewed are categorized into the
five (05) sustainable features. Considering the SS feature, an experimental study on
energy and environmental performance of the green roof system by Santamouris
et al. [44] found that the energy saving due to the reduction of the cooling load of
the green roof system was between 15 and 49%. Another study, [1] using actual
site measurement, highlighted that giving space for bicycle parks as an alternative
transportation facility saves 26% of energy.

In terms of WE feature, the same authors, Aktas and Ozorhon [1], showed that
implementing subsystem-level water meters and sensor faucets with low flow rates
equally saves 40% of water, while gray water recycling saves another 43% of potable
water use for non-portable purposes by re-directing the treated gray water. Another
study conducted on an industrial factory in China by Li et al. [26] using simple
energy calculations and site readings indicated that rainwater harvesting through
the permeable pavement, garden space, roof greening, landscape pool, and other
runoff control measures absorbs 5716.3 kg carbon dioxide each year and 20% more
rainwater is absorbed to the ground through the runoff water infiltration.

With respect to EA feature, Stefano [48] reported that the potential to save elec-
tricity and reduce electricity-related carbon dioxide emissions were achieved by
modelling the installation of four energy-efficient lighting technology alternatives to
replace 1.2 m fluorescent lighting fixtures.

The four energy-efficient lighting technology alternatives include electronic
ballasts, T8 magnetic ballasts, T8 electronic ballasts, and T5 electronic ballasts that
would result in energy savings of 13.9, 20.5, 24.4, and 64.9%, respectively. In another
study, Mahlia et al. [31] highlighted the significant savings of energy and cost of $37
to $111 million through retrofitting incandescent lamps with compact fluorescent
lamps. Recently, Si [46] calculated energy saving, investment cost, and payback of
lighting retrofits of a university building in the UK. The findings of this study reveal
that 30w halogen lamps supply substantial saving of energy by 1800 kWh for an
investment cost of £298, and the investment cost could be recovered within 0.8 years
compared to other energy-efficient lighting retrofits such as T5 lamps and lighting
timers. However, implementing T5 lamps gives a little saving (378 kWh) for a high
investment cost of £440 which needs 8 years to pay back.

Further, Si [46] indicated that integrating a building management system (BMS)
provides an annual energy saving of 18,413 kWh for an investment of £3,000 which
could be paid back within 2.4 years, and installing secondary glazing on all single-
glazed windows provides an annual energy saving of 20,160 kWh which would pay
back the investment cost of £11,200 within 16 years.

The energy savings and cost-effectiveness of individual retrofit options in single-
family buildingswere studied byCohen et al. [11] based on analyzingmetered energy
consumption and actual installation costs. The results showed that the replacement
of windows is not a good retrofit option since it has a very small normalized annual
energy saving of 2–5%with an average cost of conserved energy greater than $15/GJ,
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while the heating system retrofit produced significant savings of 19–34 G J/year with
an average cost of conserved energy less than $2.70/GJ. Stovall et al. [49] performed a
series of experiments that were performed by another study to examine wall retrofit
options such as replacing the cladding, adding insulation under the cladding, and
multiple sealing methods that can be used when installing replacement windows in
well-built or loosely built rough openings. The results from the experimental tests
were later applied to an energy model to estimate whole-house energy impacts, and
it was found that the annual utility cost savings are equal to 10% for most of the
wall retrofit options. Another study in the EA category, Zhang et al. [62], proved the
incremental costs of applying floor insulation ranges between 30 and 100 Yuan/m2.

Similarly, Ascione et al. [4] studied the energy-efficient retrofit of historical build-
ings and proposed amulti-criteria approach for the energy refurbishment of historical
buildings and employed a numerical energy model to simulate the effectiveness of
energy performance and economic feasibility of several retrofit actions. The results
showed that wall insulation, heat recovery, and a double-glazing system with low-
emissive coating involve an investment cost of around 18,600 EUR, 17,000 EUR,
and 76,000 EUR and save 2, 5, and 12% of annual energy, respectively. Doherty et al.
[14] conducted an experimental investigation on implementing a ground source heat
pump in a university building concluded that the predicted CO2 savings for the
system are 11.3 tons per annum and the payback period for the system is 0.25 years
compared to electrical heating. Another simulation study was done by Ciampi et al.
[10] on a historical building in Italy highlighted that the use of a natural gas-fired
condensing boiler saves 64.3% of energy, reduces the operating cost by 74.0%, and
the SPB equals 0.64 years.

In terms of renewable energy, Verbeeck and Hens [54] discussed the economic
viability of different retrofit measures through the use of the NPVmethod concluded
that solar collectors and PV cells reduce the total primary energy consumption by
25%; however, this retrofit potion is not financially optimal due to the increase of the
total net present value by 75%. Similarly, Li et al. [26] estimated that the solar thermal
system and the PV together can produce 2 ~ 6% of the total energy consumption and
the CO2 emissions will be reduced by 16.8 tons per year.

Considering the IEQ feature, Li et al. [26] estimated the energy saving due to CO2

sensors was 25.99 kWh/m2, 60% of the predicted usage. Moreover, Ascione et al.
[4] and Nabinger and Persily [37] investigated the impacts of air tightening retrofits
such as installing house wrap over the exterior walls; sealing leakage sites in the
living space floor; tightening the insulated belly layer; and sealing leaks in the air
distribution system showed that for the two studies, the energy reduction of heating
and cooling was 11% and 10% respectively.

As per the foregoing review, most green retrofits were in the EA category and
contribute to the reduction of energy consumption and CO2 emission, while green
retrofits related to WE, SS, and IEQ are comparatively less. Among the selected
green retrofits, energy-efficient lighting retrofits are important retrofit measures for
any kind of buildings, while solar collectors and PV cells, Low-E double glazing, heat
recovery, wall insulation, HVAC systems, and air filtration are not financially best due
to the incremental costs and long payback periods. Further, a lack of integration of
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retrofits of thematerial and resources (MR) category is visible from the earlier studies.
As evidenced by the review and summarized in the table, retrofit technologies vary
widely in terms of their implications on initial cost, operational costs and savings, and
finally their contributions to overall sustainability. However, in most of the previous
studies, retrofits are assessed based on a single parameter, either potential savings
or cost implications, and the trade-off between initial investment commitments and
saving potentials is seemed to have given less priority in integrating the retrofit
technologies. Moreover, most of these reviewed studies were based on numerical
simulations instead of reporting actual cost implications and potential savings in
implementing desired green retrofits. Only a few studies have conducted an analysis
that accounts for the NPV and payback period of retrofits based on actual cost. Thus,
it is essential to assess the overall cost-effectiveness of these retrofits and integrate
themost effective retrofits and thereby achieve sustainability. Detailed analysis of the
actual cost implications would increase the level of confidence of building owners
to retrofit their buildings for better sustainable performance.

3 Methodology

Quantitative researches are more suited to finding out the extent of variation and
diversity in any aspect of social life and involve quantitative data [24]. This research
was approached using quantitative methods involving quantitative data collected
through document analysis. Four (04) garment buildings certified under the LEEDO
+ MExisting Building category were selected for this study as those buildings were
in the similar business category and were certified under the same rating system.
Relevant data, the costs, and savings due to green retrofits were collected from those
buildings by referring to documents related to green retrofit projects. The collected
data on costs and economic savings of green retrofits implemented were analyzed
using net present value (NPV) and simple payback (SPB) to determine the lifetime
gain and time to recover the initial capital cost of the retrofits, respectively.

Assumptions made in performing NPVs and SPBs are as follow:

• Energy savings from retrofitting are the difference between the energy consump-
tions before and after retrofitting. Annual cost saving of retrofit is a function of
energy savings (kWh) and the price of a unit of electricity (LKR 14 per kWh).

• Water savings from retrofitting are the difference in water consumption before
and after retrofitting. Cost of water equals to LKR 0.60 per one liter.

• The cost savings achieved due to the reduction of energy and water consump-
tion through the implemented green retrofits are the cash inflows, and the first
investment cost is cash outflow of the projects.

• The market interest rate (r) is assumed as 9%.
• The discount rate (i) equals to 4.26% at the average inflation rate (e) of 4.5% for

the period of 2012–2016, obtained from the Central Bank Annual Report 2016
[9] which was used in calculating the life-cycle saving of each retrofit (Table 2).
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Table 2 Profile of LEED-certified existing buildings

Building Rating system (Version) Rating level Green space Business

GB1 LEED O + M: Existing
buildings (v2009)

Platinum Industrial manufacturing Garment

GB2 Gold Garment

GB3 Gold Garment

GB4 Silver Garment

GB5 Gold Spirits and wines

GB6 LEED O + M: Existing
buildings (v2.0)

Platinum Garment

GB7 LEED O + M: Existing
buildings v4.0

Gold Warehouse Logistics

i = 1 + r

1 + e
− 1

• In the selected buildings, the retrofitting was carried out in different period (2013–
2015) as indicated in Table 3. However, the national consumer price index (2013
= 100) for the said years does not seem to change significantly [9].

• The retrofits will give an equal annual monetary saving throughout the lifetime
of the project and no scrap value at the end of the project.

• The year 2015 was considered as the base year for the calculation of NPV, using
the formula belowwhere FV-future value, discount rate (i), and n-number of years.

N PV =
n∑

i=0

FV
(1 + i)n − 1

i(1 + i)n

• SPB of each retrofit equals.

Table 3 Profile of the selected green buildings

Building Gross floor
area (ft2)

Age of
buildings

Number of
employees

Year of
green
retrofit

Life cycle
(Years)

Type of
function

GB1 168,000 10 2600 2015 50 Garment

GB2 155,200 19 2200 2015 50 Garment

GB3 181,048 19 2400 2014 50 Garment

GB4 124,000 25 1800 2013 50 Garment
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SPB = First Cost

Annual Saving

• The lifetime of individual retrofits was assumed based on the market information.
As the lifetime of retrofits varies, an equivalent annuity cash flow was calculated
to compare the retrofits for net savings.

4 Results

4.1 A Case of Garment Buildings in Sri Lanka

According to the profile of green-certified buildings under the LEEDO+MExisting
Building category, in Sri Lanka, six (06) industrial manufacturing buildings and one
(01) warehouse building were transformed to green with the integration of green
retrofits. Among, most of the buildings (5 out of 7) were certified under LEED O
+ M: Existing Buildings (v2009) category. Those five (05) buildings include four
(04) garments manufacturing buildings and one (01) building used for the production
of spirits and wines, as shown in Table 2. Therefore, four (04) buildings of similar
business, garment, and certified LEED O + M: Existing Buildings (v2009) were
considered for the study. However, two of these buildings, GB2 and GB3, are ‘Gold’
certified while GB1 and GB4 are certified as ‘Platinum’ and ‘Silver’, respectively.
Although these buildings are certified with different certification levels, there are no
differences in the implementation of green retrofits by the certification. However,
the cost implications of each retrofit vary due to the physical condition of retrofit
technologies such as capacity, type, model, and scale. Therefore, the implications
of costs and savings due to retrofits implemented in each of these buildings were
analyzed separately, and comparisons were made between the technologies toward
recommending the most economical retrofit technologies.

Table 3 presents the profile of four (04) garment manufacturing buildings certified
under LEED O + M: Existing Buildings (v2009) and achieved platinum, gold, and
silver rating levels.

According to Table 3, selected buildings are of approximately similar range, in
terms of gross floor area, land area, number of employees, and life-cycle years of 50.
All buildings are large scale, leading garment factories in Sri Lanka with the age of
above 10 years. The next sections present the green technologies implemented and
the cost implications of those technologies.

4.2 Green Retrofits Implemented in Garment Buildings

Firstly, the green retrofits/technologies implemented in the selected four garment
buildings were identified. As seen from Table 4, irrespective of green certification
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Table 4 Summary of green retrofits implemented in selected green buildings

No. Retrofits Sustainability criteria GB1 GB2 GB3 GB4

[1] Replace existing chillers with
the evaporative cooler

EA/IEQ
√ √

–
√

[2] Replace oil fired steam boiler
with the biomass boiler

EA
√ √ √ √

[3] Replace existing chillers with
energy-efficient chillers

EA/IEQ
√ √ √

–

[4] Replace clutch motors with
servo motors

EA
√ √ √

–

[5] LED lights EA/IEQ
√ √ √ √

[6] Insulate steam lines EA
√ √ √ √

[7] Fluorescent lamps with
skylights

EA/IEQ
√ √ √ √

[8] Compressed air line
modification

EA
√ √ √ √

[9] Biogas project EA
√

–
√ √

[10] Install variable speed driver
(VSD) for chiller

EA/IEQ
√ √

– –

[11] Install variable speed driver
(VSD) for compressor

EA/IEQ
√

–
√ √

[12] Recovery of flash steam for
water heating

EA
√

– –
√

[13] Install low water flow push
taps

WE
√

– – –

[14] Install subsystem-level water
meters

WE
√

– – –

grading, i.e., ‘Gold’ or ‘Platinum’, almost all buildings have incorporated a similar
set of technologies except few technologies. Altogether 14 technologies were found
and of which 11 technologies were implemented in all four buildings except GB4
where the building continues to operate with existing chillers and clutch motors.

From the sustainability perspective,most of these retrofits implemented in selected
buildings belong to EA and IEQ categories, while some retrofits related to WE
and retrofits related to SS and MR categories are not at all implemented in these
buildings. SS offers several green retrofit technologies that could be incorporated
when converting an existing building to a green. However, the selected buildings have
already been incorporated with features of parking spaces, light-colored roofing and
paving surfaces, and low reflectance surfaces. This facilitated the transformation of
the existing building into a green buildingwith the least cost and higher probability of
achieving green certification. In terms of green retrofits related toWE, in most of the
selected buildings, technologies such aswatermeters, automatic controls, dry fixtures
and fittings, and gray water recycling helped to convert the existing buildings into
green buildingswithout going for any retrofits. However, GB1 has installed lowwater
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flow push taps and subsystem-level water meters as retrofit measures. Considering
MR, the green rating system, LEED O + M: Existing Buildings (v2009) promotes
sustainable purchasing of consumables and solid waste management. Therefore,
retrofit technologies in this category were given the least priority in the selected
buildings.

Energy retrofits have been given the topmost priority over other retrofits due to the
economic savings. The focus on energy efficiency was less at the first construction of
those buildings; therefore, a considerable amount of improvements was done when
converting those existing buildings into green buildings. The respective buildings
include the green retrofits such as skylights, LED lights, steam line insulation, a
biomass boiler, and a compressed air line modification to improve energy-efficient
performance. Further, few of the energy retrofits show both energy efficiency and
IEQ, and those retrofits ensure the ventilation and lighting aspects of the buildings.
For example, the installation of skylights enables the daylight into the building, LED
is used as task lighting for the sewing machines, and use of the evaporative cooler,
energy-efficient chiller, and VSDs ensure the demand control and air infiltration of
the ventilation system. The main reasons for the limited adoption of green retrofits
are those features were already in the selected buildings and the building owners
focused on achieving sustainability via sustainable strategies (without involving any
additions, rearrangements, deletions, and replacements of one or more parts of the
facility).

4.3 Cost Implications of Green Retrofits Implemented
in Garment Buildings

As discussed above, the selected buildings have incorporated most of the retrofit
technologies in common. Besides, the retrofittingwas carried out in all four buildings
during the year 2013–2015, where there were no significant changes in costs and
prices of retrofit technologies. Therefore, a comparison was made in terms of first
(initial) cost, annual savings, life-cycle savings, NPVs, and SPBs of each retrofit
technology among the selected buildings, and finally, an average of NPVs and SPBs
of all buildings was calculated for each retrofit technology. Table 5 and Table 6 in
annexure present the initial cost, annual and life-cycle cost savings, NPVs, and SPBs
of all four buildings.

As shown in Table 7, in considering the first cost of retrofit technologies, the use
of energy-efficient chillers and biomass boilers is expensive to retrofit technologies,
involved the very high cost of over 10 million Sri Lankan rupees for the initial instal-
lations. This could be one of the reasons, and the building, GB4, has not incorporated
this technology and also received the certification of ‘Silver’ rating level. There are
other technologies such as florescent lamps with skylights, use of the evaporative
cooler, LED lights, servo motors, and installation of subsystem-level water meters
which are in the range model level cost, varying from 1 to 5 million Sri Lankan
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Table 7 Comparison of the first cost of green retrofits (LKR Million)

Retrofits GB1 GB2 GB3 GB4

[3] 20,475,000 25,700,000 15,600,500 –

[2] 10,745,700 10,745,700 9,362,000 12,500,000

[7] 4,680,000 3,452,500 4,450,000 3,653,000

[1] 4,098,510 5,250,000 – 7,856,000

[5] 2,241,366 3,250,000 2,855,000 1,853,000

[4] 1,797,600 1,580,000 1,350,000 –

[9] 1,265,540 – 1,050,000 856,500

[14] 1,003,507

[8] 795,450 765,600 526,500 850,000

[10] 475,000 556,000 – –

[6] 183,000 245,000 195,000 225,000

[11] 150,600 – 150,600 275,000

[12] 80,000 – – 105,000

[13] 50,450

rupees. On the other hand, the technologies such as compressed air line modifica-
tion, installations ofVSDs for chiller and compressor, streamline insulation, recovery
of flash steam for water heating, and installing low water flow push taps are most
economical and involved less than one (01) million Sri Lankan rupees. It is worth
noting that some of the buildings have not even integrated these technologies.

Table 8 presents the comparison of annual savings of green retrofits implemented
in the selected buildings. As seen fromTable 8, the use of evaporative cooler is placed
at the first rank in contributing to the operational saving of all buildings considered in
the study. The water efficiency technologies implemented only in one building, GB1,
receive the next places in terms of annual saving. The technologies, biogas project,
installations of VSDs for chiller and compressor, and recovery of flash steam for
water heating are the least contributory technologies for energy savings and indoor
air quality improvements.

Compiling the initial costs and annual savings presented in Tables 7 and 8, respec-
tively, the net effect, NPV of each technology implemented in each building was
calculated based on the assumed lifetime of each technology as stated in Table 6.
Then, the average value of the calculated NPVs of each technology of each building
was calculated. Besides, the equivalent annuity cash flow and the average SPBs of
all four buildings were calculated using the data presented in Tables 5 and 6. Table 9
presents the average NPVs, equivalent annuity cash flow, and SPBs.

As seen from Table 9, all the technologies have positive NPVs, which indicate
the potential of having substantial savings compared to the first cost incurred in
implementing the retrofits. Among, the top four technologies such as the use of
evaporative coolers, biomass boilers, energy-efficient chillers, and servo motors give
substantial annual savings of over rupees 2.0 million with the payback periods of
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Table 8 Comparison of annual savings of green retrofits (LKR Million)

Retrofits GB1 GB2 GB3 GB4

[1] 13,100,735 13,520,000 – 15,200,500

[13] 12,100,608 – – –

[14] 7,987,200 – – –

[2] 7,086,423 8,105,000 7,356,800 8,555,000

[3] 4,782,960 4,856,000 3,657,000 –

[4] 3,160,690 2,856,000 2,565,000 –

[6] 2,499,420 2,350,000 2,150,500 1,850,000

[5] 1,902,169 2,033,066 1,565,000 1,235,500

[8] 1,613,178 1,695,200 1,125,080 1,320,050

[7] 1,124,312 1,062,307 927,000 820,890

[9] 505,008 468,000 435,400

[10] 169,638 213,600 – –

[12] 54,992 – – 82,000

[11] 53,396 – 53,400 122,500

Table 9 Comparison of NPVs and SPBs of green retrofits

Retrofits Average of NPVs—all
buildings (Rs. Million)

Equivalent annuity cash
flow (Rs. Million)

Average of SPBs—all
buildings (Years)

[1] 146,479,832 13,415,193 0.41

[2] 92,445,564 6,959,833 1.23

[3] 34,346,726 2,770,809 4.61

[4] 24,870,235 2,690,108 0.55

[5] 8,666,919 1,301,135 1.18

[6] 7,770,103 2,153,718 0.07

[7] 2,717,321 293,921 3.11

[8] 1,613,922 858,884 0.37

[9] 1,116,855 167,670 1.60

[10] 280,721 42,144 2.70

[11] 216,293 32,471 1.89

[12] 82,918 22,983 0.73

[13] 53,428,094 12,090,540 0.00

[14] 34,295,862 7,761,001 0.13

mostly less than one year and six months. It is worth noting that all the technologies
require less than five years on average to repay the initial investments.
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5 Discussion and Conclusions

The application of green retrofits in the garment buildings in Sri Lankawas examined
through an in-depth analysis of costs and savings of implemented retrofits. Overall,
the findings confirmed that the respective buildings have implemented energy, IEQ,
and water-related retrofits, while in terms of sustainable sites and materials, green
features have been incorporated at the initial stage of the building and there were
no features added during retrofitting, sustainability transition stage. The current
study highlighted that the selected industrial buildings in Sri Lanka have incorpo-
rated green retrofit technologies which include evaporative coolers, biomass boilers,
energy-efficient chillers, servo motors, skylights, LED lights, steam line insulation,
compressed air line modification, and VSDs as EA and IEQ strategies, in common.
However, in terms of WE strategies, only one building has been upgraded with the
use of subsystem-level water meters and low water flow push taps. Further, some
of the selected buildings have not incorporated some of the above retrofits but still
have achieved the green certification. For example, the use of evaporative cooler is
the topmost significant technology, which contributes to substantial energy saving
with less than one year of payback period, but the building GB3 has not incorporated
it. This could be due to its initial cost which was not affordable for the investor.
However, this particular building investor was able to integrate some other technolo-
gies (i.e., biomass boiler and energy-efficient chillers) which are expensive and less
contributor to energy saving than the use of the evaporative cooler, as evidenced from
the analysis. Therefore, the possible reason in this context may be due to the client’s
unawareness about the potential savings and the initial investment payback period.

Similarly, the building GB4 has not integrated the two (02) of the top four (04)
technologies (use of efficient chillers and servo motors) in terms of contributing
to savings. As evidenced by the study, this decision of the client could have been
highly influenced by the initial cost and absence of awareness about operational
savings and time taken to recover the first cost. Therefore, the current study confirms
the general perceptions that the retrofit decisions of investors are influenced by the
initial costs, which has been the barrier of implementing retrofits. In this context,
the current study concludes that although some of the technologies are expensive
to implement, all of them result in life-cycle savings, with positive NPVs, whereas
contradictory views were presented by earlier studies on the initial cost of green
retrofits [32, 61]. Further, all technologies except the use of efficient chillers and
florescent lamps with skylights require less than 3 years to recover the initial cost
of implementing the technologies while the literature findings showed that the green
retrofits involved long payback periods [22]. Therefore, the findings of the current
study give confidence to the investor in decision making concerning the economic
selection of retrofit technologies. Moreover, earlier studies have considered building
envelope retrofitting as a key to improve the energy performance of buildings [18,
49]. However, the selected green buildings have not implemented any upgrades to
the building envelope and the existing building conditions remain. The current study
further revealed that energy retrofits such as the use of the evaporative cooler, biomass
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boiler, energy-efficient chillers, and servo motors give higher economical savings
over the life cycle. Similar findings were indicated in the study of Bond [7] for the
renewable energy projects that provide a high return on major investments within a
short payback period.

The study concludes that the most economical/appropriate green retrofit tech-
nologies such as evaporative cooler, biomass boiler, energy-efficient chillers, low
water flow push taps, water meters, servo motors, LED lights, steam lines insulation,
skylights, compressed air line modification, and biogas project can be implemented
to an industrial manufacturing building as they provide a higher return within a short
payback time.

The lack of knowledge on life-cycle cost and long-term return of green retrofits
leads to decisions of not implementing green retrofits. Further, the investors who
do not have access to enough information will not realize the contribution of green
retrofits toward energy, environmental and water performance, comfort, and quality
of space, etc. Lack of knowledge of financial institutions and unawareness of the
benefits of green retrofits has primarily affected building owners from implementing
green retrofit projects. To this end, the findings of the current study highlight the
financial viability of the implemented retrofit projects of underwater efficiency,
energy, and IEQwith positive NPV values and fewer SPB periods.Moreover, consid-
ering the lifetime financial returns of those retrofits, each shows significant benefits
compared to the initial cost. Therefore, the study recommends building investors and
owners to apply those retrofit technologies in existing buildings that can maximize
the sustainability of their buildings while minimizing the required cost.

The current study was limited to four (4) selected garment buildings that are certi-
fied under the LEED O + M Existing Building category and retrofit technologies
implemented in those buildings. The analysis of changes in initial costs and savings
failed to consider the effects of capacity, type, model, scale, etc. of the retrofit tech-
nologies used. Further, in the calculation ofNPV and SPB, the study assumed a single
discount rate of 4.26% and the set of life span for individual retrofits. However,
the changes in these values could influence the economic status of technologies.
Therefore, it is believed that further study would address these limitations of the
current study. Although the calculation was performed based on 2015 cost data, the
conclusion is free from this effect as the aim of the study is to recommend the most
economical retrofit technologies based on the detailed analysis of cost and savings
of implemented retrofits.
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Chapter 7
Sustainable Cultural Wagon

Pablo González, Romina Sangoy, Lucia Rodríguez, Soledad Cormick,
Lucas Daher, Edgardo Suarez, Hercilia Brusasca, Antonella Caballero,
and Danae Conti

Abstract Within the actions developed by the Municipal Institute of Housing
and Municipal Housing Infrastructure—I.M.V. and I.H., we present the cultural
wagon as an example of urban transformation based on sustainability; not only as
conscious awareness but also as induced, given that traditional energy services are
impossible to come by. The cultural wagon is part of a technical and transferable
reality showing concrete, hands-on labour built on the basis of understanding that
there is a growing room. The knowledge and experience acquired through the cultural
wagon is part of a constant learning process, which may be used in further projects.

Keywords Urban sustainability · Social transformation · Solar energy ·
Technology · Learning

1 Introduction

In the last few decades, the world has gone through an accelerated outburst process
towards unsustainability. For cities to be sustainable, it is necessary to change from
linear city models—where consumption of energy and levels of contamination are
high—to circular models where cities are able to find a balance between intake and
outputwithin themselves, consuming less resources, prioritizing recycling processes,
thus taking contamination levels to a bare minimum. Citizens must be empow-
ered to anticipate and face constant social changes and environmental economic
challenges. Life experiences are a way of doing this. In this particular case, The
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Municipal Institute ofHousingandMunicipalHousing Infrastructure offers citi-
zens opportunities to develop abilities, skills and attitudes which lead to sustainable
development.

The City of Villa María is located 146 km away. southeast of the province of
Córdoba and in the geographical center of the Argentine Republic. It is the head of
the Department General San Martín. Third city in importance of the province. It is
located in the humid pampas on the banks of the Ctalamochita River. The population
of VillaMaría is 80,006 inhabitants, becoming themost developed city in theGeneral
San Martín department, consisting of 36 neighbourhoods.

Las Playas neighbourhood, name with which this sector is identified, is closely
linked to the history and operation of the railway. In the sector were located the
manoeuvring beaches of locomotives and freight trains, not only for its proximity
to National routes but also for being Villa María a strategic point of confluence of
numerous train branches.

Given the importance that agricultural production has had and still has in Villa
María, the railroad is extremely important in terms of means of transport. These
manoeuvring beaches were considered one of the most modern in South America
and the only one in the country destined to carry out gravitation manoeuvres.

The confluence of the branches in Villa María, and the magnitude of the activity,
made these spaces necessary in order to better manage the constant movements of
wagons, which caused traffic jams in the urban radius with its consequent problem
in transit in the passages at city levels.

This construction had a great impact on the economic activity of Villa María. It
began in 1925 when the first families settled in these places called by the possibility
of work.

Within the framework of this project, it led to the emergence of the most remote
neighbourhood in the urban area of Villa María where 14 homes were built. The
railway company acquired several hectares around Las Playas and, by then, its subdi-
vision was projected into small lots for the construction of houses. In this way, the
seat of workers linked to the railway activity was produced, starting the sector called
“LosChaleses” in reference to the buildings built with the chalet typology. These resi-
dences are located near the culturalWagon and this iswhere the building interventions
were carried out, which we will mention next.

This educational space takes place in the old train yard in a neighbourhood
called Las Playas, in Villa María, province of Córdoba. This area is characterized
by representing marginalization, abandonment, and conflicts. The presence of the
State is crucial. The intervention with habitat improvement projects, revaluation of
the community area, which today is a square/park and the recovery of a wagon
transformed into a cultural hub show the accessibility problems suffered by parts of
the society to reach the formal city and places the issue on the public agenda. The
work shared herein is part of this commitment, guaranteeing rights to that area of
the city and introducing sustainability to the public sphere. This intervention was
recognized and distinguished by UNESCO—United Nations Educational, Scientific
and Cultural Organization, which granted the Cordobese City of VillaMaría the prize
City of Learning 2017.
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1.1 Objectives

• To design and execute infrastructure and equipment which promote sustainable
transformations in an integralway, providing quality to the urban and social habitat
through continuous improvement.

• To promote sustainable and efficient solutions to the use of resources.
• To foster a lifelong Culture of Learning.
• To diagnose the final performance in the use of resources, mainly the demand for

required energy and to promote the improvement in its use, using design tools
first and technological ones later.

2 Background Information and Related Works

The area interventions took place after systematic and periodic diagramming meet-
ings with neighbours, which provided results of the citizens’ quality of life based
on quantitative and qualitative studies. People are considered subjects of rights and
social, cultural, and symbolic bearers that will allow themselves to change their
current situation.

The actions consisted of the recovery of the property and successively improving
the sustainable performances of the spaces already recovered.

Some tasks performed were levelling and compacting the land in flood sectors
and access roads to the neighbourhood, the execution of gutter cord, general cleaning
and weeding, fencing parallel to the FFCC tracks and placement of LED lighting
throughout the area.

The main square was recovered by installing playground equipment, planting
tree species, income zoning and perimeters ensuring the correct division with the
restricted access street to vehicles.

The environmental quality of the area analysed in its first diagnostic stage was
studied under an integral vision of the environment, which implies conferring both
public space and private spaces of the RAIL ROAD cars and later to the neigh-
bourhood, some features of cultural, social and recreational expression; that allow
motorizing new perspectives in a space developed for collective activities.

Once the culturalwagon projectwas finished a building auditwas performed. Such
an audit contemplates the evaluation of the 33 variables (18 calculation engines)
which are part of the eSe protocol/Etiquetación de Sustentabilidad Edilicia
(Labelling of Building Sustainability), developed by the iSe from the Architects
‘association in Córdoba Province. The eSe protocol from the iSe is an orderly
ensemble of objectives, requirements, and strategies that, as an operational instru-
ment, allows the improvement and integral efficiency of the design, construction
and effective use of the buildings. The environmental factor and the economic and
social aspects are especially considered in this system to find a balance within the
sustainable development framework.
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3 Cultural Wagon

All interventions in the sectorwere carried out from systematic and periodicmeetings
that were held with the neighbours, obtaining results that allowed the quantitative
and qualitative growth of the quality of life of the inhabitants; from a perspective that
raises man as a subject of rights and bearer of social, cultural and symbolic capital
that will allow him to reverse his current situation.

The cultural wagonwas built as an answer to neighbours’ requests for cultural and
creative spaces in nearby areas, thus the proposal for restoring one of the wagons in
disuse was widely accepted. The wagon was built with the following features: ramps
for easy access, thermal-acoustic insulation, a photovoltaic panel system, indoor
LED lighting, cross ventilation, DVH openings, and a community accessible hot-
water pump station powered by solar panels. We believe it is important to make
every public project sustainable, encouraging energy production through renewable
sources, contributing to the reduction of energy consumption and the generation of
clean energy with endless economic and environmental benefits (Figs. 1 and 2).

3.1 Learning Process

Learning transforms lives, and culture as a space of expression is a tool to activate
inclusion and paths for social transformation. Artistic expressions are closely related
to social life and favour the creation of emotional bonds and trust, allowing people
to transcend barriers and difficulties. Learning transforms lives; It is the foundation
of sustainability.

Fig. 1 Before the intervention
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Fig. 2 Art workshop for children

These spaces seek to generate sustainable awareness by learning new ways of
inhabiting, and then take actions that provide added value, achieving a better quality
of life.

4 Sustainable Economy of the Project

There is no sustainable prosperity without the transformation of the economic
system. The crisis has affected many people living in peripheral sectors of cities
and this is related to inequality in access to education and culture, health care,
income-generating opportunities and the right to property.

In this sense, the restoration of the Wagon and the public space of “Los Chalets”
used recycled elements and labour of the families within the community, thus
reducing unnecessary cost and at the same time investing in wasted natural capital.

The aim is to accelerate the processes of transition towards a sustainable economy,
demanding less resources and generating the use of renewable energies, while
possible.

Power is provided through solar panels conveniently located on the upper deck of
the car. A sanitary water heating device was installed for public use, located meters
from the main structure.

The IMV’s objective is to implement a strategy called “green for everyone”, with
new approaches in energy supply, transport, housing and waste management, which
combine technical, economic and structural change with social empowerment. Since
2018, IMV has worked together with ISE in developing Management Manuals and
Strategies for sustainable intervention at different scales, among other things.
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One of the main characteristics of the IMV and IH economy is to offer different
opportunities for economic development, eradicate poverty, and include families
in these public areas without wasting the city’s natural resources. The wagon was
restored and the area public space was recovered, costing a total of e 66.813,57.
Money was invested to accelerate the transition to a sustainable economy and renew-
able energy was used as a rentable strategy to protect the energy sources of our
planet.

5 Results

The purpose of this analysis is to diagnose the final performance of the use of
resources, particularly of the primary energy demanded and to promote the improve-
ment of their use, first by the use of handheld tools and then the implementation of
technologically designed tools.

Figure 3 shows the Designated order of strategies according to their impact.
The audit of building performances is carried out, which consists of a complete

diagnostic scan, of the 33 variables (18 calculation engines), which make up the
eSe/Edilicia Sustainability Labelling protocol, developed by the iSe of the College
of Architects of the Province of Córdoba, of the building (cultural wagon).

The eSe protocol of iSe, is an ordered set of objectives, requirements and strategies
that, as an operational instrument, allows the improvement and sustainable integral
efficiency of the design, manufacture and effective use of buildings. The environ-
mental factor and economic and social aspects are especially taken into account in this
system, in order to find a better balance in the framework of sustainable development.

Within this context, occupying thewagon for a total of 2100 h annually, over a base
of 48 m2 and the reference of 15 m2/person (classrooms-academies), the modified
building offers resources for 35 people in simultaneous use, in which demands are
as follows.

Fig. 3 Annual energetic demand
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5.1 Safe Drinking Water

Audit: 445 lt/day or 14 lt/person/day. A demand reduction of 205% is obtained
with improvement strategies of the replacement of devices (hydro-mechanical down-
load/flush, with manual pressure and self-closing, for a temporalized low-pressure
discharge of 6 s): 355 lt/day or 11 lt/person/day, below the sustainable reference base
(12 lt/person/day).

5.2 Effluent Septic Systems

Audit: 355 lt/day impulsion of sewage effluents.Considering the potential of reducing
the use of safe drinking water, the amount of sewage liquid poured into the septic
system can be reduced, on average, to 75 lt/day.

14 lt/person/day Audited safe drinking water demand 445/lt/day 355, 75 lt/day 12
lt/person/day Sustainable reference 381/lt/day 283, 23 lt/day 11 lt/person/day safe
drinking water strategy 354/lt/day Strategies of daily effluents.

5.3 Rainwater Management System/Sigall

The wagon has a usable recollection capacity of 3000 L per month. It is suggested to
install a 3000-liter tank system under the wagon walkway. This tank will allow the
resource provision for efficient irrigation (trickle irrigation system) proposed by the
System of Equivalent Vegetal Cover.

5.4 Equivalent Vegetal Cover (Cobertura Vegetal
Equivalente/CVE)

The audit detected that the equivalent environmental correction generated by the
project is 454 m2, which in turn is equal to 22 trees with an average treetop size of 6
meters in diameter. This optimal tree size is reached, on average, after two years of
the plants being planted.

5.5 Superficial Reflectance Index/IRS

The final objective of this index is to quantify, to then reduce the overheating impact
on the constructed environment associated with the heat island effect (ICU). The IRS
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index of the existing cover is REGULAR 4577. With IRS improvement strategies,
like designing “cold” covers which involve the use of “cold” materials or of high
Index of Reflectance, an improvement of 32%: 66 GOOD is obtained.

5.6 Enclosure Bio-climatic Design

The evaluation accurately determined the need to improve the solar protection
redesign for the southeast side, which could reduce 40% of overheating in summer.
On the northeast side, it was suggested that eaves should be installed, completing
100% of the necessary summer protection, and thus not generate a higher energetic
demand for air-conditioning.

5.7 Enclosures Heat Insulation

Audit: Enclosure: 073 W/m2K, Floor: 208 W/m2 K With systems improved.
Enclosure: 028 W/m2 K, Floor: 027 W/m2 K

5.8 Energetic Demand of Primary Energy/IPE

The total IPE is 108, 48 kWh/m2/year, which corresponds to the necessary energy for
climate control 9497 kWh/m2/year (88%). Implementing a series of proposed passive
climate control strategies, (earth warming tubes—pozo canadiense—and Provençal
well-pozo provenzal) the thermic demand is reduced to 4101 kWh/m2/year (57%
saving).

5.9 Diagnosis of the Annual Hydrothermal Comfort

For comfort ranges in both thermal cycling (cold: 16–24 °C-heat: 18–26 °C), the
audit shows 1440 °C annual hours of discomfort. By implementing the improved
systems this is reduced to 1013 oc hours (2970% improvement).

5.10 Efficiency Diagnosis of the Photovoltaic System

W∗6 panels = 969Wh/day.IPE : 5.237 kWh/m2/year.
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Fig. 4 Intervention strategies

5.11 Greenhouse Gas Emissions/GEI

Audit: 3977 kg co2/m2 year, the integration with renewables represents a saving of
235 kg co2/m2 (5%) (Fig. 4).

6 Conclusions

By performing the audit, the execution of the improvement strategies of energy
performance can be started. These strategies will allow us to stabilize the indoor
temperatures and save 37% of the final demand of primary energy.

The urban intervention called “CulturalWagon”was recognized and distinguished
byUNESCO,which awarded theCity ofVillaMaríawith ¨theCity of Learning 2017¨
award. This prize recognizes the effort and decision of the local governments in terms
of participatory and sustainable teaching policies.

This area was characterized by being a space of separation, abandonment, and
conflict. By intervening it, space which generates positive exchanges is transformed
and, at the same time, it tends to reduce many social conflicts offering its citizens a
public space, enhancing and valorizing the natural environment and eco-form of the
territory as well as reinforcing the sense of belonging to the community.

Urban sustainability is fundamental in the development of present and future
generations, creating inclusive and environment-friendly spaces that preserve and
respect the natural environment. We pursue social and environmental goals creating
mixed territories, which contain culture, housing, and work. More than urbanizing,
we construct a city. The crisis suffered are not two separate ones, one relating to
the environment and the other to social instability, rather it is a complex socio-
environmental crisis [1].
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Chapter 8
Unearthing the Factors Impeding
Sustainable Construction in Developing
Countries—A PLS-SEM Approach

Douglas Aghimien , Clinton Aigbavboa , Lerato Aghimien ,
Ayodeji Oke , and Wellington Thwala

Abstract This study presents the result of the findings on the factors impeding the
sustainability of construction projects in developing countries using Nigeria as a case
study. The study sought responses from construction managers, project managers,
and quantity surveyors from the six different regions of the country. Data gathered
were analysed using factor analysis and structural equation modelling. The findings
revealed that issues surrounding regulation and policy, information andmanagement,
sustainability knowledge and sustainable materials and technology availability have
a significant relationship with the poor sustainable construction in the country. It is
believed that thefindings of the studywill help constructionparticipants in the country
and other developing countries particularly in Africa where the construction practice
is similar, in understanding the core issues to tackle in the quest for sustainable
construction in the country.

Keywords Sustainable construction · Sustainability · Structural equation
modelling

1 Introduction

There is nogainsaying that construction industries all over theworld contribute signif-
icantly to a nation’s development, especially in the area of infrastructure delivery and
socio-economic growth [1, 2]. However, in doing this, the industry relies mostly on
the use of human and natural resources from within the environment. As a result, a
significant strain is placed on these resources. Rapid depletion of natural resources
cum pollution of the natural habitat has become a common aftermath of the activities
of the industry [3–5]. If there is any hope for the future generations to meet their
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own needs that require the use of natural resources, then there must be significant
consciousness in terms of inter-generational equity in the use of natural resources
now [6, 7]. This begs the need to preserve and sustain these resources. According to
Oke and Aigbavboa [8], across the globe, sustainability has been a subject of concern
for people from different countries, professions and disciplines. Even agencies such
as the United Nations (UN) have set their goals and objectives towards attaining a
more sustainable environment. Similarly, in construction, the negative impact of the
industry has led to the demand for sustainable construction (SC)which involves deliv-
ering more economical, social and environmentally responsive construction projects
[9, 10].

Albeit this call for a more sustainable form of construction, one that strives to
preserve the natural environment, while promoting the socio-cultural lifestyle of the
people and in the process providing economic gain for the investors [11], the issue
of attaining SC in developing countries like Nigeria is still a mirage than a reality
[12–14]. This scenario is not peculiar to Nigeria alone as similar observations have
been made in other African countries such as Ethiopia [15], Ghana [16], Zambia
[17] and South Africa [18, 19]. Over time, studies geared towards ascertaining the
reason for this failure to attain SC has emanated. Alabi [12] noted that the major
culprit of this problem is the poor education and lack of experience of construction
professionals in sustainability-related issues. Similarly, Davies andDavies [14] noted
issues surrounding lack of expertise and awareness of SC related issues. Dalibi et al.
[20] mentioned the issue of perception of the high cost of introducing the concept
of SC into projects as a significant hindrance. Aigbavboa et al. [21] and Lowe and
Zhou [22] have earlier made the same observation and stated that this assumption is
made without a thorough evaluation of the actual cost and whole-life cycle cost of
adopting this concept. Aigbavboa et al. [21] further described this assumption as a
“lazy view” of construction participants, and this according to Lowe and Zhou [22]
is a serious problem to the proper adoption of SC in most countries around the world.

It is imperative at this stage to note that despite the existence of these studies
emanating from Nigeria, most of them have attempted to rank the different factors
affecting SC in the country. While this approach is commendable, the findings do
not reveal in a real sense the relationship between these factors and poor SC delivery
in the country. Hence understanding the major issues to tackle becomes unclear. It is
based on this knowledge that this study revisits the issues surrounding the attainment
of SC with a view towards revealing clearly the areas wherein the improvement is
needed for better SC delivery in the country.

2 Factors Impeding Sustainable Construction

Evidence of the poor sustainability of construction projects in most developing coun-
tries exists in the body of literature. Most projects in these countries have failed to
conform with social, environmental, economic and overall project performance [12,
13, 16, 17]. Furthermore, several factors have been held accountable for this poor
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SC, and it is only by understanding these factors, that effective measures can be put
in place to overcome them. Kibert [23] identified the perceived higher first costs as
one of the issues affecting the adoption of SC. In agreement [24] and [25] pointed
out that there is a fear of higher investment costs for SC when compared to tradi-
tional buildings. Dalibi et al. [20] also noted the same issue that the perception of
the high cost of introducing the concept of SC into projects as a major hindrance in
Nigeria. To aid the promotion of SC, [26] suggested that life cycle costs should be
incorporated during the assessment of the various costs and their implications.

Aside from fear of high cost, [25] noted that the absence of building codes and
regulations would hinder the adoption of SC. Powmya and Abidin [27] further stated
that government plays a crucial role in the enforcement of regulation, revision of
existing legislation and policies, the introduction of building codes, incentives and
other financial instruments to spear-head SC adoption. Similarly, Oke et al. [28]
noted the need for government involvement in enforcing regulations and revising
existing building legislations to accommodate the concept of SC. William and Dair
[29] identified the lack of knowledge, information, and understanding as to the
significant barriers to the delivery of sustainable structures. Besides, Opoku and
Ahmed [30] recognised the importance of public awareness and proper knowledge
and understanding of sustainability as being essential to the successful promotion
of SC practices. Alabi [12] observed that there is a low level of awareness of the
concept of sustainability among construction participants in Nigeria. In a similar
vein, Aghimien et al. [31] noted that sustainability awareness and knowledge related
factors are the second most crucial barrier to SC in the country. In Kuwait, Al-Sanad
[32] also discovered that SC implementation is low, and this can be as a result of a
lack of awareness of the concept within the country. Baron and Donath [15] on the
other hand, observed although there is considerable awareness of the concept of SC
in Ethiopia, the major barrier SC face is incorrect implementation. It was observed
that SC in the country in most cases is either neglected due to; budget constraints,
lack of alternative building materials, or knowledge, or it is reduced to the issue of
sustainable resource management. Aghimien et al. [31] therefore conclude that the
poor understanding of the concept of SC in its holistic form can be a major barrier
towards achieving SC.

Davies and Davies [14] submitted that the implementation of SC in Nigeria is
also deterred by the construction industry’s inability to move away from the tradi-
tional methods of construction. This is aside from the issue of lack of expertise
and awareness that is already hampering SC in the country. Aghimien et al. [31]
also observed construction-related issues affecting the country’s SC practices. The
study noted that if sustainability in construction is to be achieved within the country,
then the construction industry must be ready to abandon the traditional method of
construction for more innovative sustainability-oriented methods. Pitt et al. [33] and
Powmya and Abidin [27] found that increased involvement and constructive inter-
action from the demand side which includes the clients, buyers and users would see
an improvement in the number of structures completed using SC practices. Aside
from demand issues, [5] and [30] found that there is a shortage of skilled employees
involved in the implementation of sustainable practices. Shi et al. [26], on the other
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Table 1 Factors impeding SC

Factors Authors

Clients fear of high investment cost [21, 22, 25, 35–37]

Inadequate technology and technological process [23]

Limited access to relevant historical data [38]

Lack of adequate exemplar ‘demonstration project [24]

Industry’s resistance to change [31, 39, 40]

Low demand for sustainable products [16, 29, 30, 33]

Client worries about profitability [24]

Clients preference [34, 41]

Lack of commitment of top management [24, 42]

Inadequate government policies and support [24, 27, 30–32, 40]

Inadequate building codes and regulations [25, 41, 43]

Inadequate sustainable measurement tools [40, 44]

Method of selecting SC material [40]

Unstable prices of SC materials [45]

Inadequate knowledge and understanding of the concept of sustainability [10, 16; 21, 31, 39]

Lack of expert opinions on sustainable construction [21, 46, 47]

Limited availability of sustainable materials [15, 46, 41]

Unreliability of Suppliers [46]

The perception that SC materials are of low status [39]

Level of integration of life cycle cost [24, 26]

hand, observed the issue surrounding green materials availability. One other factor
observed by Mousa [34] was that the client-driven nature of the industry leaves little
room for sustainable products. This is because clients with insufficient knowledge
prematurely eliminate any sustainable alternative that is not commonly used. This
tends to result in fewer sustainable solutions offered at high prices due to a lack of
interest from consumers and lack of healthy competition. It is based on this wealth
of knowledge on the different issues serving as drawbacks to SC, that this assessed
the restrains of SC in Nigeria.

3 Research Methodology

To critically identify the restrains of SC in the Nigerian construction industry,
the conventional research approach of understanding the key area of the study,
conducting a review of existing literature, quantitative data gathering, data analysis
and drawing of inference from the result of the data analysed, was adopted. Since the
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study was conducted across the country, a questionnaire survey was deemed neces-
sary due to its ability to cover a broader range of respondents within a short period
and at the same time allow for quantifiability and objectiveness in the research [48,
49]. The questionnaire adopted was designed in sections with the first section geared
towards gathering background information of the respondents to ascertain whether
the respondents were fit to participate in the survey or not. The second section sought
answers to the factors that are affecting the adoption of SC practices in the country.
Respondents were provided with a total of 20 variables, as earlier indicated in Table
1. These respondents were asked to rate them based on their level of severity using
a 5-point Likert scale, with 5 being very severe, 4 severe, 3 moderate, 2 less severe,
and 1 not severe. The last section sought answers to the level of conformance of
construction projects to economic, social, environmental sustainability as well as
the overall performance of construction projects in the country. The data used were
gathered from construction managers, project managers, and quantity surveyors in
the six regions of the country. These set of construction professionals were selected
due to their role in the use of construction materials, management of construction
projects and estimation of these projects. Since the study cut across the entire country,
an electronic questionnaire was adopted for easy sending and collection of feedback
from respondents. As a result of the difficulty encountered in getting the details of
these professionals from their professional bodies, a snowball approach was adopted.
Heckathorn [50] described snowball sampling as a technique that assumes that a link
exists between the initial sample and others in the same targeted population, thus,
allowing a series of referrals to be made within a circle of acquaintance. Atkinson
and Flint [51] also noted that this approach could be beneficial when there is a need
to increase the sample size, as in the case of this current study. A similar approach
was adopted in the study of Rahman [52]. Based on the snowball approach adopted,
the exact number of distributions cannot be determined, hence calculating the total
response rate is almost impossible [53]. At the end of the survey, 70 responses were
collected.

In terms of data analysis, the background information of the respondents was
analysed using percentages. Since a total of 20 factors are considered within the
study, there is the likelihood of some factors leading to similar underlying effects.
Based on this understanding, Exploratory Factor Analysis (EFA) was conducted
to reduce the large group of factors into a smaller number of underlying grouped
factors. Confirmatory Factor Analysis (CFA) was then conducted using SmartPLS
3.2 to confirm the reliability and validity of the grouped variables from EFA. Partial
Least Square Structural Equation Modelling (PLS-SEM) was further used to ascer-
tain the significance of each factor to the attainment of SC within the country. This
became necessary as EFA only categorizes these factors without showing clearly
the relationships between variables and their latent constructs. Moreover, Hedaya
et al. [54] have earlier noted that the “PLS-SEM function better than other multi-
variate techniques including multiple regression, path analysis and factor analysis
when analysing the cause-effect relationships that exist among latent constructs”. The
constructs identified from the EFA conductedweremeasured against four specific SC
outcomes which are conformance to economic sustainability (SC1), conformance to
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environmental sustainability (SC2), conformance to social sustainability (SC3), and
conformance to overall project performance (SC4).

3.1 Partial Least Square Structural Equation Modelling
(PLS-SEM)

PLS-SEM is an extension of standardized regression modelling, which is useful in
determining the causal relationships that exist between different factors [54]. This
analytical tool does not place emphasis on thedistributionof the data under reviewand
has gained significant recognition among researchers in recent times due to its ability
to accommodate small samples in a study [55–57]. PLS-SEM can also be adopted
when the data gathered is skewed, the correctness of themodel cannot be ensured due
to one or more shortcomings in the variables selected or their linkage, but predictive
accuracy still needs to be ensured [56, 57]. Since the sample size of this study (70) is
relatively small, PLS-SEM became the most preferred compared to the co-variance
base SEM approach which requires a large sample size, a normally distributed data
and accurately specified model [56, 58]. In determining the sample size suitable for
PLS-SEM to be conducted, Marcoulides and Saunders [59] gave certain guidelines
in terms of the maximum number of arrows pointing to a latent variable in a model
in relation to the minimum sample size needed. For example, for a latent variable
with 7 arrows pointing to it, a minimum of 80 samples is required. Looking at the
initial model designed for this study, it is evident that the construct with the highest
arrows is the knowledge and awareness factors with 7 variables. This implies that
going by Marcoulides and Saunders [59] a minimum of 80 respondents was needed
for the study. However, in their’10-times rule,’ Hair et al. [58] suggested that the
sample size should be 10 times greater than the highest number of arrows pointing
to a latent variable. This implies that for 7 arrows, at least 70 samples are required,
thus, justifying the sample size adopted for this current study. Moreover, PLS-SEM
studies with a small sample size have emanated over the years [60–63]. PLS-SEM
has become popular within the construction industry. Hedaya et al. [54] assessed
the issues surrounding cost overrun in Bahrain using this method, while Adeleke
et al. [60] adopted it in a preliminary study to assess some factors for effective risk
management in Nigeria. Similarly, in India, Shanmugapriya and Subramanian [64]
investigated that factors that could influence construction productivity using PLS-
SEM, while Memon and Rahman [65] assessed inhibiting factors of cost in large
projects in Malaysia using this same method. The use of PLS-SEM is also evident in
sustainability studies [61, 66, 67]. Smart PLS 3.0 software was used in conducting
the PLS-SEM analysis for this current study.
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4 Results

4.1 Background Information of Respondents

Based on the analysis of the data gathered on the background information of the
respondents, more response was gotten from respondents in the south-west (48.6%)
and the north-central (24.3%) regions, respectively. The high response rate in both
regions can be attributed to the presence of Lagos state which is described as the
country’s commercial city with lots of construction companies, and construction
activities taking place daily in the south-west, and the Federal Capital Territory,
Abuja, in the north-central which is the country’s administrative city and houses
the head offices of most construction organisations and professional bodies. The
south-south, north-west, south-east, and north-east had a response rate of 11.4%,
10%, 4.3% and 1.4% respectively. A total of 64.3% of the respondent work with
private organisations, with only 35.7% working within government establishments.
The average years of working experience of the respondents are 8.6 years, while
the highest academic qualification of the respondents is a master’s degree (47.1%).
This is followed by a bachelor’s degree and postgraduate diploma with 31.4% and
11.4% respectively. The least academic qualifications are higher national diploma,
ordinary national diploma and PhD with 5.7%, 2.9% and 1.4%, respectively. This
result shows that the target professionals were adequately represented, and they have
reasonable years of experience and considerable academic background to understand
the questions of the study and give insightful answers to the questions asked.

4.2 Exploratory Factor Analysis

The factorability of the 20 identified factors was first ascertained by assessing the
sample size of the study. Unfortunately, there has been no agreement regarding the
idle sample for EFA to be conducted. Overtime most studies have advocated the
use of large sample size (between 150 and 200) while others believe that as long
as the communalities derived is reasonably high (from 0.5 above), and the expected
number of extraction is low, then significant emphasis should not be placed on the
sample size of the study [68–71]. Communalities of between 0.529 and 0.859 were
generated for this study, as seen in Table 2. This result confirmed that the use of FA
was appropriate for the study. Furthermore, Kaiser–Meyer–Olkin (KMO) value of
0.880, which is higher than the 0.6 thresholds required for EFA was derived [71].
Bartlett test also gave a chi-square value of 982.37 and a significant p-value of 0.000,
which follows Tabachnick and Fidell [70] submission that the p-value of a Bartlett
test must be significant for factorable data. EFA was conducted using PCA with
varimax rotation.
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Table 2 Exploratory factor analysis result

Component Comm

Factors 1 2 3 4 Extract

Sustainability knowledge related factors

Clients fear of high investment cost (SK1) 0.778 0.697

Inadequate awareness and knowledge (SK2) 0.714 0.713

Low demand for sustainable products (SK3) 0.703 0.694

Industry’s resistance to change (SK4) 0.701 0.708

Method of selecting SC material (SK5) 0.693 0.529

Lack of expert opinions on SC (SK6) 0.636 0.610

Clients preference (SK7) 0.595 0.621

Regulation and policy-related factors

Inadequate sustainable measurement tools
(RP1)

0.793 0.752

Inadequate building codes and regulations
(RP2)

0.781 0.728

Inadequate government policies/support
(RP3)

0.768 0.859

Client worries about profitability (RP4) 0.666 0.613

Unstable prices of SC materials (RP5) 0.498 0.604

Sustainable materials and
technology-related factors

The perception that SC materials are of low
status (SMT1)

0.729 0.743

Unreliability of suppliers (SMT2) 0.712 0.788

Inadequate technology and technological
process (SMT3)

0.677 0.766

Limited availability of sustainable materials
(SMT4)

0.588 0.666

Information and management related factor

Limited access to relevant historical data
(IM1)

0.792 0.614

Lack of commitment of top management
(IM2)

0.688 0.747

Inadequate exemplar ‘demonstration project
(IM3)

0.631 0.651

Level of integration of life cycle cost (IM4) 0.548 0.778

Kaiser–Meyer–Olkin Measure 0.880

Bartlett’s Test of Sphericity X2 982.37

Df 190

(continued)
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Table 2 (continued)

Component Comm

Factors 1 2 3 4 Extract

Sig 0.000

Note: X2 = Chi-square, Df = Degree of freedom, Comm. = Communalities

A total of 4 extractions with eigenvalue of 1 and above were generated, and their
combination accounts for approximately 69.4% of the total cumulative variance. The
first principal component extracted accounts for 50.5%of the total variance explained
andhas the highest number of variables loadingon it. This component accounts for the
most issue facing theSCpractices in the country.Thevariables loadingon this compo-
nent are, clients fear high investment cost, inadequate knowledge and understanding
of SC, low demand for sustainable products, construction industry’s resistance to
change, method of selecting SC materials, lack of expert opinions on SC, and clients
preference. This component is subsequently named ‘sustainability knowledge related
factor’ (SK). The second principal component extracted accounts for 8.1%of the total
variance explained and has variables such as inadequate sustainable measurement
tools, inadequate building codes and regulations on sustainability, inadequate govern-
ment policies/support, and client worries in profitability loading on it. Subsequently,
this component was named ‘regulation and policy-related factor’ (RP). Component
three accounts for only 5.5% of the total variance explained with the perception that
sustainable construction materials being of low status, the unreliability of suppliers,
inadequate technology and technological process, and limited availability of sustain-
able materials loading on it. This component was subsequently named ‘sustainable
materials and technology-related factor’ (SMT). The last extracted component has
limited access to relevant information and historical data, interest and commitment
of top management, inadequate exemplary demonstration project, and level of inte-
gration of life cycle cost loading n it and accounts for 5.2% of the total variance
explained. This component is seen as ‘information and management related factor’
(IM).

4.3 Structural Equation Modelling

4.3.1 Confirmatory Factor Analysis

In the model development, two main features exist; the inner model and the outer
model. The inner model is the main constructs represented in blue circles linked
by arrows to the expected outcomes of SC (as seen in Fig. 1). The outer model
includes the measurement variables of the different constructs linked to their respec-
tive constructs with an arrow. Confirmatory factor analysis (CFA) was conducted
on the outer model for factor reliability and validity. This ensures that the variables



122 D. Aghimien et al.

Fig. 1 First iteration of the hypothesised model

selected to measure each construct measures them. To achieve this, internal consis-
tency using Cronbach alpha (α), roh (ρA) coefficient, and composite reliability (CR),
as well as the convergent validity using Average variance extracted (AVE), were
assessed. Based on existing works, the cut-off for Cronbach α, ρA, CR, and AVE
were 0.7, 0.7, 0.7, and 0.5 [57, 72–74]. Discriminant validity was also assessed using
heterotrait–monotrait (HTMT) with a cut-off of below 0.85.

The first step was to assess the factor loadings for each variable in the outer
model. The threshold for an acceptable factor loading is 0.7 [55, 57]. Looking at
the loading of the first iteration in Table 3 and Fig. 1, it is evident that only SK5
and SC3 had a factor loading of less than 0.7, thus, creating the need for a second
analysis with this variable eliminated as suggested by Hedaya et al. [54]. However,
in deleting these variables, Hulland [74] suggested caution. Careful assessment of
the importance of the variable being deleted and the influence of the deletion on the
reliability and validity of the model was assessed. Since SC3 is a construction project
meeting social sustainability which is considered a crucial element of sustainability
in construction, this variable was retained. However, SK5, which is the method of
selecting SC materials for construction delivery, was eliminated, and the whole CFA
process was repeated.

Looking at the result from the second iteration, the internal consistency of the
outer model revealed that Cronbach’s α gave a value range of 0.830–0.893, and this
is above the cut-off of 0.7 sets. CR gave a value of 0.887–0.918, which is also higher
than the set cut-off. Since it has been observed that the true reflection of the reliability
of a measurement variable can be sought in the ρA [75, 76] an assessment of the same
was conducted. This test gave a value range of 0.832–0.899, which is equally above
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Table 3 Summary of internal consistency and convergent validity

Analysis 1

Construct Variables Loading α ρA CR AVE VIF

Sustainability knowledge SK1 0.816 0.895 0.905 0.918 0.616 2.453

SK2 0.849 3.380

SK3 0.845 3.193

SK4 0.800 2.462

SK5 0.666 1.592

SK6 0.788 2.435

SK7 0.710 2.140

Regulation and policy RP1 0.849 0.887 0.893 0.918 0.691 2.709

RP2 0.818 2.861

RP3 0.925 4.251

RP4 0.797 2.209

RP5 0.756 1.932

Sustainable materials and technology SMT1 0.806 0.864 0.865 0.907 0.711 1.902

SMT2 0.855 2.130

SMT3 0.892 2.691

SMT4 0.817 1.963

Information and management IM1 0.796 0.830 0.832 0.887 0.662 1.583

IM2 0.824 1.916

IM3 0.823 1.829

IM4 0.810 1.874

Analysis 2

Construct Variables Loading α ρA CR AVE VIF

Sustainability knowledge SK1 0.826 0.893 0.899 0.918 0.653 2.453

SK2 0.857 3.369

SK3 0.848 3.132

SK4 0.792 2.256

SK5 - -

SK6 0.800 2.433

SK7 0.716 2.123

Regulation and policy RP1 0.849 0.887 0.893 0.918 0.691 2.709

RP2 0.818 2.861

RP3 0.925 4.251

RP4 0.797 2.209

RP5 0.756 1.932

Sustainable materials and technology SMT1 0.806 0.864 0.865 0.907 0.711 1.902

(continued)
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Table 3 (continued)

Analysis 1

Construct Variables Loading α ρA CR AVE VIF

SMT2 0.855 2.130

SMT3 0.892 2.691

SMT4 0.817 1.963

Information and management IM1 0.796 0.830 0.832 0.887 0.662 1.583

IM2 0.825 1.916

IM3 0.823 1.829

IM4 0.810 1.874

Table 4 Heterotrait-monotrait ratio

Information and
management

Regulation and policy Sustainability
knowledge

Information and
management

Regulation and policy 0.790

Sustainability knowledge 0.751 0.748

Sustainable materials and
technology

0.801 0.833 0.774

the set threshold of 0.7. These results confirmed that the measurement variables have
a reliable internal consistency to measure their respective constructs. Convergent
validity ascertained using AVE revealed that the measurement variables are valid as
a value range of between 0.653 and 0.711 was derived for the four constructs. This
is above the 0.5 thresholds set for a valid convergence. This result, coupled with the
results from the internal consistency analyses done using CR, Cronbach α and ρA
implies that the constructs possess acceptable reliability and convergent validity.

Next was to assess the discriminant validity of the factors under assessment.
Hulland [74] noted that the function of this test is to substantiate the extent of the
difference of a given construct from others. While most studies have employed the
square root of the AVE in each construct to determine discriminant validity, the
HTMT has, however, been the preferred choice in most recent PLS-SEM studies
[75, 76]. The assumption here is that for clear discrimination between two factors
to exist, an HTMT value of 0.85 and below must be derived [76, 77]. The result in
Table 4 revealed that all the assessed constructs meet this criterion as they all have a
ratio of below 0.85.
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4.3.2 Structural Model Assessment

In order to ensure the structural model is accurate and robust in nature, it is impor-
tant to assess its collinearity, its path coefficient (β), determination coefficient (R2),
predictive relevance (Q2) and its Goodness-of-Fit (GoF). For this aspect, the result
from the second iteration is presented. The collinearity of the model was assessed
using the variance inflation factor (VIF) values of all constructs. According to Hair
et al. [78], a VIF below 3.0 is good for collinearity issues not to exist, however, VIF of
< 5.0 is also acceptable. A look at the last column in Table 3 reveals that the VIF for
all variables are all below 5.0 Thus implying that there is no multicollinearity issue
with these variables. A look at Fig. 2 revealed an R2of 0.886. The ideal value of R2

varies among different fields of studies [75]. However, the threshold for R2according
to Hair et al. [78] is 0.75, 0.50, and 0.25 for substantial, moderate and weak. Find-
ings from this current study reveal that the four constructs and their variables account
for about 89% (0.886) of the issue of poor SC in the country. Furthermore, using
SmartPLS blindfold procedure, the predictive relevance of this inner model Q2 is
derived as 0.396. This figure reveals high predictive relevance when assessed in line
with Chin’s (1998) threshold forQ2,which stated that 0.02 is weak, 0.15 is medium,
while 0.35 is regarded as high predictive relevance. To ascertain the approximate fit
of the hypothesised model, the standardized root means square residual (SRMR), as
well as the Bentler and Bonett normed fit index (NFI), were assessed as suggested
by Hair et al.. [75] and Henseler et al. [76]. The threshold for these model fits criteria
are 1.0 or below for SRMR [79, 80] and between 0.6 and 1.0 for NIF [81]. For
this current study, and SRMR of 0.10 was derived with a NIF of 0.722, which are

Fig. 2 Final iteration of the hypothesised model
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both with the given thresholds, thus, confirming a reasonable level of approximate
model fit for the hypothesised model. The absolute fit of the model was also evalu-
ated using the Goodness-of-fit (GoF) approach, which is the geometric mean of the
average communality and the average of R2. The calculated GoF gave a value of
0.775. According to Akter et al. [82], a GoF of 0.1 and below is considered as small,
0.25 is considered as moderate while 0.36 and above is good. Thus, it can be said
that the hypothesised model has a significant GoF.

GoF =
√
AVE × R

2

AV E = 0.678

R2 = 0.886

GoF = √
0.678 × 0.835 = 0.775

The relationship between the constructs and the SC outcome was assessed. In
doing this, the non-parametric bootstrapping approach was adopted since PLS-SEM
does not require the data under assessment to be parametric in nature. The boot-
strapping was conducted using 5000 subsamples as encouraged by Wong [57]. This
analysis gives the path coefficient, the sample mean, standard deviation, t-statistics
and a significant p-value which shows the significance of the path coefficient. From
Table 5, it is evident that the path coefficient for all the constructs is significant. This
is major because at two-tailed t-test, with a significance level of 1% (99% confidence
interval) the t-statistics of these constructs are greater than 2.58 table value [57, 64].
For example, the relationship between regulation and policy-related factor and SC in
the country is significant as aβ value of 0.302, and a t-statistics of 3.762were derived.

Table 5 Summary of path coefficient and significance levels

β M STDEV t-statistics p-values Remark

Regulation and policy ->
SC

0.302 0.290 0.080 3.762 *** Supported

Information and
management -> SC

0.281 0.272 0.078 3.598 *** Supported

Sustainability knowledge
-> SC

0.278 0.290 0.092 3.009 *** Supported

Sustainable materials and
technology -> SC

0.219 0.225 0.083 2.619 *** Supported

R2 0.886 Substantial

Q2 0.396 Acceptable

SRMR 0.10 Acceptable

NFI 0.722 Acceptable

GoF 0.775 Good

Note = *** significant at 99% confidence interval, M = Sample mean, STDEV = Standard
Deviation
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The implication of this result is that while all four factors are significant in the poor
SC delivery in the country, regulation and policy has the strongest influence with
30%. This is followed by information and management issues (28%) and sustain-
ability knowledge (28%) with least being sustainable materials and technology with
22% influence.

5 Discussion

Based on the findings from the study, it is evident that the factors impeding the
attainment of SC in Nigeria are majorly related to sustainability regulations and
policies, information and management related issues, sustainability knowledge, and
sustainable materials and technology-related issues. It is imperative to note that
although EFA revealed issues surrounding sustainability knowledge to have the
highest percentage of total variance explained, PLS-SEM revealed that its path coef-
ficient is lower than that of issues on regulations and policies, and information and
management. This, therefore, insinuate the importance of having regulations and
policies in place as well as adequate information from past projects and support
from management within construction organisations in the quests for projects that
are economically, socially, and environmentally sustainable as well as projects that
can attain overall project performance. Thus, contrary to the findings of Alabi [12]
and Davies and Davies [14] submissions that lack of awareness, poor education,
lack of experience of construction professionals in sustainability-related issues as
the major culprit of poor SC in the country, the finding of this current study is geared
towards regulations and policy issue as the bane of this problem.

The role of government in the creation of legislation that will support the adoption
of SC practices and the amendments of existing building regulations to accommo-
date SC concepts have been noted in past studies [28, 30, 32]. There is no doubt that
without the right building codes and regulations to promotes SC, as well as govern-
ment supporting SC through creating and enforcing SC policies, the actualisation
of SC in the country will not come to reality. In the same vein, without adequate
sustainability measuring tools, attaining SC will be impossible as there will be no
benchmark to use in determining the sustainable nature of projects. The finding
of this study further corroborates the submission of Häkkinenand Belloni [25] that
building codes and regulations are hindering the adoption of SC. It is also in tandem
with Al-Sanad [32], Ametepey et al. [24] and Osaily [40] submission that govern-
ment support is an important factor affecting SC in similar developing countries like
Kuwait, Ghana, and Palestine.

Furthermore, the fact that information is a key component of the adoption of
any new concept cannot be ignored. Thus, adequate information on the success and
failure of past projects wherein SC concepts have been adopted would go a long
way in promoting the use of the concept in project delivery. This is because, through
modelling SC projects that have been achieved successfully in the past, a roadmap for
the attainment of more sustainable projects can be created. Similarly, construction
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participants can learn from the failure of past projects wherein in the adoption of
SC concepts was not successful. This finding further corroborates the submission of
Ametepey et al. [24] that lack of information and exemplary demonstration projects
can serve as hindrances to SC. In the same vein, there it is almost unlikely for a new
concept to be adopted within an organisation without the support of top management
[83]. This is a crucial factor affecting SC in the country, as observed from the findings.
This further affirms Abisuga and Oyekanmi [42] submission that the support of
management within an organisation places a significant role in the adoption or non-
adoption of SC practices within organisations in Nigeria.

Past studies have placed emphasis on the need for improved sustainability knowl-
edge among construction experts as this significantly affects the understanding as
well as the adoption of the concept. William and Dair [29] have earlier noted that the
concept of sustainability is still vague to most construction experts and stakeholders
in developing countries. The symptoms persist in this modern-day as observed from
the findings of this current study. This has led to the resistance from construction
participants and the fear of an increase in cost on the part of the clients, which invari-
ably affect their demand for the use of SC materials on their projects. This finding
is in tandem with the submissions of Al-Sanad [32], Baron and Donath [15], and
Nguyen et al. [84] who noted that sustainability awareness and knowledge related
factors are key hindrances to the attainment of sustainable construction in developing
countries around the world. If this is to change, there is the need for more public
awareness and proper enlightening of construction stakeholders as to the concept
and inherent benefits of SC as observed by Opoku and Ahmed [30] and Pitt et al.
[33].

The importance of SC materials in the delivery of SC projects has been reiterated
in previous studies [26, 39]. The perception of SC materials being of low status
has also been identified by Hwang and Tan [85]. Findings of this study in tandem
with these submissions as the fact that SC materials such as the use of earth blocks
for construction which is believed to be highly sustainable [11] are perceived to
have low status. This is adversely affecting the attainment of economic, social and
environmental SC as well as overall project performance in Nigeria. The finding of
this study also supports Abidin et al. [41] submission that the use of technology to
improve project process and construction methods can go a long way in attaining
SC.

Thus, the implication of the findings of the study is that the UN sustainable devel-
opment goal number nine (industry, innovation and infrastructure) which is aimed
at delivering basic infrastructure [86] is most likely unattainable in Nigeria. This is
because the construction industry that is saddled with the responsibility of delivering
these sustainable infrastructures is being deterred from doing the same by the iden-
tified impediments. This is rather disheartening because these infrastructures are not
only supposed to meet the need of the present generation but also fulfil the needs of
generations to come. Therefore, if Nigeria is to contribute its own quota to the UN
dream of attaining a poverty-free and protected planet by 2030, construction industry
practitioners and stakeholders need to ensure sustainability regulations and policies
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are in place, information and management of SC and sustainability knowledge are
optimised, and that sustainable materials and technologies are available.

6 Conclusion and Recommendations

This study assessed the factors that could affect the attainment of SC inNigeria.Using
a questionnaire survey administered to constructionmanagers, project managers, and
quantity surveyors from within the six different regions of the country, the study has
been able to reveal the principal culprits of poor economic, social and environmental
SC as well as overall poor project performance in the country. Based on the findings,
the study concludes that the poor SC being experienced in the country is as a result
of issues relating to regulation and policies, information and management support,
sustainability knowledge among construction participants, and sustainable materials
and technology availability. Therefore, if SC construction is to be attained in the
country, the government must be ready to champion the course of SC attainment
through the creation and enforcing of SC policies in the country. Also, there is
the need for the development of appropriate sustainability measurement tools and
building codes and regulations that will help check the construction processes and
ensure they are sustainable. There is a need for support from top management and
proper documentation of information on SC projects being conducted in order to
have a means of reference when handling new SC projects. Similarly, enlightening
construction clients andother participants through seminars andworkshops organised
by construction professional bodies, on the concept of SC and the overall benefit of
implementing SC concepts are important. This will help eliminate the fear of the
possible high cost of constructionwhenSCconcept is adopted. Similarly, through this
enlightenment, the understanding of the SC conceptwill increase among construction
experts, particularly in the aspect of available SCmaterials and technologies needed.

Base on the findings of the study, it is clear that there is a void in the aspect of regu-
lation and policy implementation in the country, particularly with respect to SC. In
the same vein, information storage and retrieval are crucial issues for the construction
industry in the country. If the industry is to move past its issue of poor SC project
delivery, then the government and other professional bodies such as the Council
for Registered Builders of Nigeria responsible for establishing and overseeing the
country’s construction industry development, have a duty to create legislation and
enforce regulations that will promote SC in the country. Top management must also
play their part in supporting SC within their organisation and ensuring proper infor-
mation storage and transfer from one project to another. Thus, this study contributes
to the body of knowledge as it reveals the different factors affecting SC and their
relationship to SC delivery in the country. Its findings can also prove useful to other
developing countries, particularly in Africa, where construction practices are similar.
However, while this study contributes significantly to the body of existing knowl-
edge, care must be taken in generalising its result as the study was conducted among
only three sets of construction professionals in the country. Further study can be done
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with a wider range of construction stakeholders to get a much broader view of the
topic and compare results.
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Chapter 9
Barriers to the Adoption of Zero-Carbon
Emissions in Buildings: The South
African Narrative

Matthew Ikuabe, Douglas Aghimien, Clinton Aigbavboa, Ayodeji Oke,
and Yambenu Ngaj

Abstract The earth is constantly faced by issues affecting the living conditions
of its inhabitants and one of such challenges is the exacerbated effect of global
warming which is largely attributed to the emissions of carbon (a major contributor
to greenhouse gas) in the ecosystem. This has led to the call for a drastic abatement of
operations that aid in the discharge of carbon emissions considering the harmful effect
it has on the environment. Occupants of buildings engage in operations and activities
that bring about the discharge of carbon, thus serving as an agent or contributor to
the facing crisis of global warming. This study sets out to evaluate the barriers to the
adoption of zero-carbon emissions in occupied buildings with a view to proffering
ways to mitigate such practices. A comprehensive review of relevant literature was
done which aided the identification of the barriers. Data for the study was elicited
through a questionnaire survey from the built environment professionals. Methods
of data analysis used were Percentage, Mean Item Score and Principal Component
AnalysiswhileCronbach alphawas used in testing the reliability of the questionnaire.
Findings from the study revealed that the hindering factors to the adoption of zero-
carbon emissions in buildings and recommendations were made to help foster the
adoption of zero-carbon emission processes in building operations and activities by
its occupants.

1 Introduction

The twenty-first century is significantly and negatively impacted by climate change,
which currently represents a global issue that needs to be urgently addressed. Tiwari
[1] asserted that the level of emission of greenhouse gases is a huge influence on
global warming and developing countries are the worst hit by the effect of these
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gases. The activities andprocesses engagedbyhumansover the years have immensely
contributed to the generation of these greenhouse gases. Carbon dioxide (CO2)which
is usually discharged as a result of the combustion of fossil fuels, wastes, wood and
carbon is one of the major greenhouse gases [2]. Unfortunately, both developing and
developed countries are contributors to the emission of carbon through the engage-
ments of humans. Activities such as industrial discharge, combustion from vehicles,
bush burning and domestic household processes are mostly the major culprit of the
discharge of carbon to the ecosystem. There has been an increase in the global emis-
sion of CO2 by almost 50% since 1990 [3]. Hence, Goal No 13 of the Sustainable
Development Goals (SDGs) set by the United Nations aims at taking a holistic action
against global warming.

Salagnac [4] stated that the building sector is one of the primary participants to
greenhouse gas emission having unsustainable developments that have a negative
impact on the social, environmental and economic life. Construction processes are
usually very complex which involves the use of mechanical operations aided by the
deployment of combustible fossil fuels. Equally, a huge chunk of wastes are always
generated from construction processes, Son et al. [5] noted that 45–65% of waste
deposited in landfills is generated by the construction industry. Furthermore, the
activities of the occupants of completed buildings through their engagements also
contribute to the emission of carbon to the immediate environment. Gill et al. [6]
highlighted that cities are where the majority of the world’s population resides, and
it has been shown through statistics that an increase of population is expected to
be 60% by 2030 and 70% by 2050, and regrettably, 80% of global greenhouse gas
emissions are derived from cities. Consequently, the exponential increase of city
dwellers over the years would have a huge implication on the discharge of carbon
emission as a result of their activities. In South Africa, efforts have been made to
push for the actualization of zero-carbon buildings. In 2018, the Mayors of Durban,
Johannesburg, Tshwane and Cape Town formulated the requirements to ensure that
new buildings are energy efficient including the reduction of electricity tariff and
emission of greenhouse gas [7]. However, the attainment of these lofty policies and
ideas seems to be posed by grave challenges.

In the face of the growing challenges facing the inhabitants of the earth, some of
the issues that are clearly caused by the activities and engagements (carbon emission
is part of it) should be given utmost consideration. The ways of mitigating or finding
alternatives should be highly propagated. With the damaging effect caused in the
ecosystem with regards to climate change and health challenges posed to humans,
there is an urgent need to abate the discharge of carbon gases into the environment
through the activities of the occupants of buildings. It is based on this premise this
study is geared towards evaluating the barriers towards the adoption of zero-carbon
emissions in buildings.
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2 Review of Literature

2.1 Sustainability

Sustainability can be defined as the implementation of sustainable development
methods and practices [8]. Also, Gladwin et al. [9] stated that sustainability is the
process that provides a vision of community that respects the appropriate utilization
of natural resources to make sure that the current generations attain a high level of
economic security, achieve democracy and contribute in the control of their commu-
nities while preserving the integrity of the ecological systems and of life defined.
Furthermore, Shurrab et al. [10] suggested that sustainability or the triple-bottom-
line refers to the incorporation of environmental, economic, and social concepts. The
terms “green construction” and “sustainable construction” are frequently used inter-
changeably [10]. In addition to other definitions, “Caring for the Earth” has defined
sustainable construction as “development which improves the quality of human life
while living within the carrying capacity of support ecosystems” [11].

According to [12], it is the responsibility of the building industry to take active
measures towards sustainability. Equally, Kibert [8] argued that sustainable construc-
tion ought to be considered to be a subdivision of sustainable development. In the
same light, CIB [13] asserted that sustainable development could be attained only
if sustainable construction methods are deployed. In the housing, environmental,
economics and spatial planning government policies, which are concerned about
the improvement of the quality of the environment, building capacities, and sustain-
ability, are considered to be the factors that affect sustainable construction and devel-
opment in most cases. This is deemed very important considering the fact that it can
directly improve the correlated developmental and construction industry problems.
However, it is still debatable that the adoption of these policies could enhance the
objective of sustainable construction [11]. Furthermore, it is suggested that in the
drive for achieving sustainability in the African construction industry close atten-
tion should be given to the relationship between construction and development. It is
much needed that the building sector brings more improved and specific solutions
to alleviate the natural and environmental quality issues, spreading the word about
development. This is not just saddled on the use of sustainable construction materials
but also appropriate technologies that are more aware of the importance of energy-
saving and its cost-effectiveness through the adoption of low carbon houses and
environmentally friendly waste management methods. As stated by Al-Sanad [14],
sustainability in construction aims to protect the environmental, social and economic
well-being of the habitants.
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2.2 Carbon Emissions

The most significant greenhouse gas in the atmosphere is carbon dioxide (CO2), a
trace gas. The concentration of CO2 ismeasured in components permillion, related to
other gases. Carbon dioxide concentration has risen since the mid-nineteenth century
and reached 410 ppm in June 2018. The annual rate of increase in CO2 concentration
was approximately 0.73 ppm per year in the late 1950s and around 2.11 ppm per
year from 2005–2014. Its concentration increases because the rate of CO2 emissions
in the atmosphere is higher than the rate of its absorption, creating a carbon cycle
imbalance [15]. In the current century, climate change is now recognized to be part of
the environmental biodegradation, forming amajor issue and raising aglobal concern.
Trees and oceans absorb nearly the same quantity of complete CO2 emissions and
the remainder left in the atmosphere. The emission of CO2 to the environment leads
to an increase in atmospheric CO2 concentration and also an increase in ocean and
plant CO2 absorption. The increased atmospheric CO2 concentration results in a rise
in temperature. Increasing ocean CO2 absorption triggers ocean acidification and
increased plant CO2 absorption leads to carbon fertilization [15].

2.2.1 Effects of Carbon Emissions

The health and well-being of building occupants are the rudiments of productivity
and are vigorous aspects of people’s centric building design. SickBuilding Syndrome
(SBS) is a collection of factors that in numerous ways can have a harmful impact
on physical health. In addition to physical health, psychological well-being is also
associated because the human body is an interactive biological system. Meanwhile,
the ideas of smart and viable structures have received significant attention in the latest
decades [16]. Evidence of the hypothesis that building features and resulting indoor
environmental quality continues to affect health outcomes has been proven and quite
evident. CO2-related SBS symptoms included headache, exhaustion, optical symp-
toms, nasal symptoms, allergy, asthma and diseases of the respiratory system. Addi-
tionally, Indoor air quality also seems to affect job efficiency and healthcare. CO2

concentrations typically range from 350 to 2.500 ppm in office buildings. At levels
in most indoor settings, CO2 emissions can be regarded as a surrogate for other
pollutants generated by the occupant, especially bio effluents. An assessment of the
94–96 BASE dataset discovered statistically significant dose–response relationships
between CO2 and the following symptoms: sore throat, irritated nose/sinus, a combi-
nation of mucous membrane diseases, narrow neck and wheeze; adjusted odds ratios
for these symptoms ranged from 1.2 to 1.5 per 100 ppm rise in CO2 [17].

One of the approaches in reducing carbon emission through buildings is through
the implementation of zero-carbon buildings, which has been an attraction for poli-
cies in many countries [18]. Renukappa et al. [19] suggested that reducing carbon
emission has the potential to reveal opportunities that would optimize the reduction
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of the rate at which materials are utilized, lower energy cost and lower cost of trans-
portation. However, with the implementation of climate change policy such as the
Kyoto Protocol, there is awave of hesitation on the decision-makers’ stance regarding
the benefits that carry the reduction of carbon emissions due to the uncertain elements
affecting the impact of carbon emissions reduction [19].

2.2.2 Barriers to the Attainment of Zero-Carbon Emission

According to [20], it is imperative to establish the barriers and challenges faced
by developers and clients in the adoption of green buildings so as to enhance the
discussion of its prominence and subsequent adoption. There are a number of poten-
tial obstacles to the attainment of Zero-Carbon Homes (ZCB) amongst which initial
costs are perceived to be the key barrier, as many green buildings (GBs) are perceived
to be more expensive than ordinary buildings [10]. Castillo and Chung [21]stated
that ecological buildings escalate initial costs by an average of 2–7% over ordinary
building costs. Furthermore, one of the challenges facing the implementation of
sustainable developments is found in the negative perceptions regarding initial costs.

The design and construction of green buildings have been hindered by awide range
of factors which include cultural, financial, technical, design-related issues and legal
[22]. Furthermore, Williams and Adair [23] argues that integrating renewable tech-
nologies in buildings is one of the major impediments in the adoption of zero-carbon
homes, as it is seen that such technologies are currently untrustworthy by many. The
technical and design barriers are quite similar to the cultural barriers standing against
the achievement of zero-carbon homes construction. In addition, there are unwill-
ingness from developers to adopt new techniques, methods and usage of products
that are more sustainable stated [23]. This is a resultant of traditional attitudes from
the building industry which has an unyielding stance towards innovations [22].

Amongst other barriers, there is the lack of adequate researches providing struc-
tured and complete work to serve as a bridge between the adoption of Zero-Carbon
Homes in the construction industry to an actual adoption of the organizational busi-
ness level[10]; Government incentives, builders unwillingness to adopt change [14].
There is a poor level of implementation of carbon reduction emissions initiatives in
the building industry due to the absence of cognizance of its benefits. The reduction
index statistics results show that there has been a reduction of 71% from the energy
and utilities sector, 69% from the transport sector and only 30% from the construction
industry [19].

CIB [13] reported that the most critical obstacle to low carbon houses in the
building sector’s absence of the ability to effectively enforce zero-carbon practices.
This is further affirmed by [24] that ignorance or absence of common knowledge of
sustainability can hinder the achievement of zero-carbon in buildings. While devel-
opers show trust in their capacity to access and use understanding in particular,
this trust falls when problems of sustainable construction are discussed [25]. This
presumes that in order to enforce its practice, experts in the construction sector need
to be entirely accustomed to the principles of low carbon housing.Williams andAdair
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[23] acknowledged that this was not the case, as professionals in construction need
the best accessible data on goods and instruments to accomplish viable development.
Due to a lack of data, proof of hindrance in their studies was a prevalent experience
for most stakeholder organizations; Stakeholders have confessed in several instances
that they are not conscious of sustainable policies or options that fall within their
expertise [26]. Similarly, the installation of sustainable technologies and equipment
needs fresh types of skills and knowledge [23]. Each industry’s workforce is the
backbone of the need to involve experts who are not only knowledgeable but who
can encourage sustainable building as a team. If unattended, this obstacle will show
a significant gap in expertise and abilities in the building industry [26].

3 Methodology

The study attempts to evaluate the barriers to the adoption of zero-carbon emissions
in buildings with the use of a quantitative survey. The survey was carried out in
Gauteng Province in South Africa. Responses were elicited from built environment
professionals (Architects, Quantity Surveyors, Builders and Engineers) with the aid
of a questionnaire, adopting convenience sampling while the study area is Gauteng
Province, South Africa. The use of questionnaires as the instrument for collection
of data is a result of its ease of usage and its propensity for wide coverage [27].
The number of questionnaire distributed totaled sixty-three (63) while fifty-nine
(59) were retrieved and all deemed good for analysis. The period for data collection
covered a period of onemonth. A portion of the questionnaires was self-administered
while the remaining was carried out with help of field agents. The questionnaire was
made up of two sections; the first section pertained to the demographic information
of the respondents while the other section elicited responses from the respondents
on the barriers to the adoption of zero-carbon emission in buildings. A provision
of the list of barriers sourced from relevant literature was made and respondents
were asked to rate their level of agreement. A Likert scale of 1–5 was adopted using
1as strongly disagree, 2 agree, 3 neutral, 4 agree and 5 as strongly agree. Cronbach
alpha was used in ascertaining the reliability of the questions in the second section
which gave a value of 0.899, thus indicating high reliability of the questions [28].
Mean Item Score was used in ranking the barriers based on their significance; and
principal component analysis was used in converting similar related variables with
linear correlated features into sets of components that retain the variation exhibited
in the original variable [29].
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4 Results

4.1 Barriers to the Adoption of Zero-Carbon in Buildings

Following the review of relevant literature and the subsequent identification of the
barriers to the adoption of zero-carbon emission in buildings, thirty-six (36) barriers
were presented to the respondents to rate them based on their level of agreement.
Mean Item Score was deployed in ranking the barriers based on their level of
significance.

In establishing the variables with similar underlying features, factor analysis (FA)
was deployed in indicating constructs of subscales made up of correlated variables.
Table 1 shows the communalities of the barriers and they all have a value above 0.6,
thus suitable for the purpose.

In trying to establish the suitability of the data for factor analysis, Kaiser–Meyer–
Olkin (KMO) measure of sampling adequacy and Bartlett’s test of sphericity was
used. Result from Table 2 shows a KMO value of 0.775 and Bartlett’s significant
value of 0.000, thus indicating a good value for factor analysis [30].

With the requirements for FA being met, principal component analysis with
varimax rotation was deployed. Having set a cut off at 0.50, four components were
extracted having eigenvalues greater than 1. Table 3 shows the extracted components
with their factor loadings (Table 4).

5 Discussion of Findings

5.1 Lack of Knowledge and Expertise

Thefirst principal component has twelve (12) factor loadings. This component has the
highest number of factor loadings among the four principal components generated
from the FA. This translates to the fact that this component serves as the major
hindrance to the adoption of zero-carbon emission in buildings. The barriers in this
component are lack of skills and knowledge, unfamiliarity of principles of low carbon
housing, lack of customer prior knowledge, lack of willingness, ignorance or absence
of common knowledge of sustainability, lack of demand, lack of experience and
expertise, resistance to change and lack of manufacturer and vendor support. This
component is labeled ‘Lack of Knowledge and Expertise’ as a result of the correlated
features of the variables.

As a result of lot of people not being aware of the numerous benefits of adopting
zero-carbon emissions in buildings, this has impeded the implementation of such
practice in housing schemes. Likewise, not much emphasis is placed on the devas-
tating effect carbon emission has on the ecosystem. This corroborated by Rydin et al.
[25], observing that ignorance or absence of common knowledge of sustainability can



142 M. Ikuabe et al.

Table 1 Ranking of barriers to the adoption of zero-carbon emission

Barriers MIS STD Rank

Lack of customer prior knowledge 4.38 0.607 1

Absence of data on the performance 4.37 0.655 2

Ignorance or absence of common knowledge of sustainability 4.32 0.668 3

Overestimation of the cost of capital 4.3 0.586 4

Lack of experience and expertise 4.29 0.728 5

Lack of demand 4.29 0.869 5

Underestimation of the potential cost savings 4.24 0.665 7

Lack of government initiatives 4.24 0.777 7

Fear of unforeseen expenses 4.22 0.75 9

Lack of skills and knowledge 4.21 0.986 10

Lack of tax incentives 4.19 0.47 11

Lack of zero-carbon methods adoption 4.19 0.47 11

Lack of willingness 4.14 0.8 13

Absence of techniques 4.13 0.729 14

Fear of greater zero-carbon building investment expenses 4.13 0.813 14

Resistance to change 4.1 0.756 16

Absence of ability to effectively enforce zero-carbon practices 4.08 0.655 17

Unconsciousness of zero-carbon emission policies 4.02 0.833 18

Lack of market-based instruments 3.98 0.635 19

Unfamiliarity principles of low carbon housing 3.98 0.833 19

Lack of zero-carbon regulation 3.95 0.718 21

Lack of zero-carbon technologies 3.95 1.038 21

Absence of measuring techniques 3.92 0.768 23

Absence of steering 3.92 0.867 23

Lack of zero-carbon equipment 3.9 0.928 25

Extra expenses for building testing and inspection 3.89 0.825 26

Greater consultant charges 3.86 0.82 27

Absence of building codes 3.78 0.812 28

Lack of manufacturer and vendor support 3.73 0.865 29

MIS mean item score; STD standard deviation

hinder the achievement of zero-carbon in buildings. Likewise, a major contributor to
this is the lack of expertise. This view is supported by Djokoto et al. [26] stating that
in order to enforce the practice, experts in the construction setting need to be entirely
accustomedwith the principles of low carbon housing. Similarly,Williams andAdair
[23] noted that there is a significant gap in expertise in the building industry to propel
the adoption of sustainable practices in buildings.
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Table 2 Communalities of the barriers to the adoption of zero-carbon emission in buildings

Initial Extraction

Absence of ability to effectively enforce zero-carbon practices 1.000 0.626

Ignorance or absence of common knowledge of sustainability 1.000 0.725

Unfamiliarity principles of low carbon housing 1.000 0.709

Unconsciousness of zero-carbon emission policies 1.000 0.716

Lack of experience and expertise 1.000 0.757

Lack of zero-carbon technologies 1.000 0.798

Lack of zero-carbon equipment 1.000 0.840

Lack of skills and knowledge 1.000 0.718

Absence of data on performance 1.000 0.621

Lack of tax incentives 1.000 0.638

Lack of zero-carbon regulation 1.000 0.729

Lack of market-based instruments 1.000 0.814

Absence of building codes 1.000 0.782

Absence of measuring instruments 1.000 0.797

Absence of techniques 1.000 0.737

Absence of steering 1.000 0.820

Lack of manufacturer and vendor support 1.000 0.766

Lack of zero-carbon methods adoption 1.000 0.736

Fear of greater zero-carbon building investment expenses 1.000 0.732

Fear of unforeseen expenses 1.000 0.797

Extra expenses for building testing and inspection 1.000 0.748

Overestimation of the cost of capital 1.000 0.717

Underestimation of the potential cost savings 1.000 0.773

Greater consultant charges 1.000 0.743

Resistance to change 1.000 0.566

Lack of government initiatives 1.000 0.834

Lack of customer prior knowledge 1.000 0.671

Lack of willingness 1.000 0.788

Lack of demand 1.000 0.689

Extraction method: Principal Component Analysis

Table 3 KMO and Bartlett’s test

Kaiser–Meyer–Olkin measure of sampling adequacy 0.775

Bartlett’s Test of Sphericity Approx. Chi-Square 1546.850

Df 630

Sig. 0.000
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Table 4 Rotated component matrixa

Component

1 2 3 4

Lack of skills and knowledge 0.812

Unfamiliarity of principles of low carbon housing 0.806

Lack of customer prior knowledge 0.746

Lack of willingness 0.738

Ignorance or absence of common knowledge of
sustainability

0.732

Lack of demand 0.622

Lack of experience and expertise 0.617

Resistance to change 0.611

Lack of manufacturer and vendor support 0.605

Lack of zero-carbon technologies 0.766

Lack of zero-carbon equipment 0.757

Absence of measuring technique 0.651

Lack of market-based instrument 0.647

Absence of data on performance 0.599

Lack of zero-carbon methods adoption 0.570

Absence of technique 0.558

Absence of building codes 0.712

Absence of steering 0.652

Absence of ability to effectively enforce zero-carbon
practices

0.632

Lack of zero-carbon regulation 0.555

Lack of tax incentives 0.536

Lack of government initiatives 0.530

Unconsciousness of zero-carbon emission policies 0.527

Overestimation of the cost of capital 0.772

Fear of greater zero-carbon building investment
expenses

0.771

Fear of unforeseen expenses 0.672

Extra expenses for building testing and inspection 0.662

Underestimation of the potential cost of savings 0.596

Greater consultant charges 0.564

Extraction method: Principal Component Analysis
a4 components extracted
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5.2 Technological Hindrance

The second principal component has nine (9) factor loadings. The variables making
up this component are lack of zero-carbon technologies, lack of zero-carbon equip-
ment, lack of market-based instrument, absence of measuring technique, absence of
data onperformance, lackof zero-carbonmethods adoption and absence of technique.
This component is labeled ‘Technological hindrance’. This finding is supported by
Samari [31], stating that integrating renewable technologies in buildings is one of
the major issues in the feasibility of zero-carbon homes. To further buttress this
view, Djokoto et al. [26] stated that there is a gulf between technological needs and
the adoption of zero-carbon homes. Thus, suggesting that a lot needs to be done to
shore up the gap in technological applications in achieving zero-carbon emission in
buildings.

5.3 Inadequacy of Government Policies and Initiatives

The third component is comprised of eight (8) factor loadings. This includes the
absence of building codes, absence of steering, absence of the ability to effectively
enforce zero-carbon practices, lack of zero-carbon regulation, lack of tax incentives,
lack of government initiatives and unconsciousness of zero-carbon emission poli-
cies. The component is subsequently labeled ‘Inadequacy of government policies
and initiatives. The government’s inability to steer the adoption of buildings with
zero-carbon emission through the implementation of policies and legislation is very
evident. Williams and Adair [23] noted that the absence of building codes and public
policies has been a major impediment to sustainable buildings. Efforts should be
geared by government in stimulating actions that encourage practices such as zero-
carbon emission. Similarly, Castillo and Chung [21] made case for governments’
participation in activities that propels sustainable practices. To this end, the govern-
ment should ensure that policies that are in tandem with the goals of the UN’s SDGs
should be implemented. This is in line with the actions taken by the Mayors of
Durban, Johannesburg, Tshwane and Cape Town by formulating the requirements to
ensure that new buildings are energy efficient including the reduction of electricity
tariff and emission of greenhouse gas [7].

5.4 Financial Impediments

The last component has seven (7) factor loadingswhich are overestimation of the cost
of capital, fear of greater zero-carbon building investment expenses, fear of unfore-
seen expenses, extra expenses for building testing and inspection, underestimation of
the potential cost of savings and greater consultant charges. The component is labeled
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‘Financial Impediments’. Castillo and Chung [21]stated that ecological buildings
escalate initial costs by an average of 2–7% over ordinary building costs. With that
in mind, there is setback established considering the comparative rise in the cost of
putting up such buildings. Furthermore, Williams and Adair [23] noted that the high
expense of putting up zero-carbon buildings is a major barrier.

6 Conclusion and Recommendations

The study focused on the barriers to the adoption of zero-carbon emission in buildings
with professionals in the built environment as the respondents to questionnaire survey
used for the study. Revealed from the study are the major barriers namely lack of
knowledge and expertise, technological hindrance, inadequacy of government poli-
cies and initiatives and financial impediments. As a result, the study concludes that if
visible improvement is to be made on the adoption of zero-carbon emission in build-
ings, a lot has to be done on enlightening the general populace of the dangers of the
discharge of carbon in the ecosystem. Similarly, efforts need to be put into sensitizing
the people of the benefits of such adoption. Equally, the provision of the requisite
technologies for zero-carbon emission buildings should be readily available to foster
the embracement of such practices. Government should as a matter of importance
introduce policies and initiatives that would drive the acceptance of sustainable prac-
tices considering the glaring benefits that come with such. One notable aspect to be
equally considered is the financial implication that comes along with the implemen-
tation of practices such as zero-carbon emission in buildings. However, any attempt
to steer the general populace in imbibing such practices must be accompanied with
assurances of regulated and flexible cost implications. As such, the government could
introduce subsidy regimes for the procurement and installation of components that
make up zero-carbon emission buildings.
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Chapter 10
System Dynamics Analysis of Energy
Policies on the building’s Performance

Ibrahim Motawa and Michael Oladokun

Abstract Various policies have been formulated by governments to reduce energy
consumption in buildings. Evaluating the effectiveness of a proposed policy requires
consideration of complex interrelationships that exist among many variables. There-
fore, this research aims to develop a dynamic model to analyse the impact of
energy policies on buildings performance. The principle of socio-technical systems
as an approach to model this complexity has been advocated in this research. A
System Dynamics model has been developed to simulate the intrinsic interrelation-
ship between the dwellings, occupants and environment systems. This chapter will
analyse the impact of various policy scenarios on energy consumption in building
towards achieving the UK national targets; namely: improvements in the uptake of
dwelling insulation measures, occupants’ behavioural changes, and policy change
on energy prices. An integrated scenario has been also assumed to combine the
effect of the first three ones. The main findings indicate that it is unlikely for anyone
scenario alone to meet the required binding reductions unless an integrated solution
is adopted. The developed model considers various qualitative conditions that are not
usually simulated using the traditional regression-based forecasting of energy use in
buildings. The developed model can be used to test various policies other than the
UK context considering various data sets of the model variables.
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1 Introduction

There is number of policies/strategies like fabric insulation improvement, energy
tariffs, alternative energy sources, micro-generation, energy subsidy for the uptake of
technology like micro-generation, initiatives on fuel poverty, etc. which are initiated
to reduce energy consumption in buildings. These various policies require a more
comprehensive approach to evaluate their effectiveness and consider the complex
interrelationships among many embedded variables. Such an approach should take
into account the various qualitative conditions which are not usually considered
when using the traditional regression-based forecasting of energy consumption in
buildings. Therefore, this research aims to develop a dynamic model to analyse the
impact of energy policies on buildings performance; advocating the principle of
socio-technical systems as an approach to model this complexity.

The study focuses on domestic buildings in the UK and on analysing the impact
of various policy scenarios on energy consumption in building towards achieving
the UK national targets. However, the methodology can be applied in other countries
considering relevant data sets are used. This study will contribute to the body of
knowledge bymodelling the interrelationships among the variables involved. Further,
the study aims to provide a reliable tool that can serve as learning laboratory for
policy/decision-makers to test different policies and run “what if” scenarios on energy
consumption.

This chapter will discuss the relevant literature review, the methodology adopted
to conduct this study, general overview of the concept of Socio-Technical Systems
(STS) and its relevance to this research, the SystemDynamics (SD)model developed
to analyse the impact of energy policies on buildings performance, themodel running
and results, the study limitations and future work, and the study conclusions. First
the relevant literature is discussed in the following section.

2 Literature Review

The effects of climate change due to carbon dioxide and other greenhouse gas emis-
sions could see the global temperatures rise by up to 6 °C [42] thereby causing
extremes in weather systems. Reduction of the energy consumption patterns in
dwellings is, therefore, seen as one of the breakthroughs to curtail this threat.
According to the Office of National Statistics [27], CO2 emissions attributed to
domestic buildings alone is around 26% of the total UK’s carbon emissions. For this
reason, theUKdomestic sector is chosen as the centre of focus for bothmitigation and
adaptation agendas with a view to meeting the CO2 emissions reductions target of
80% by 2050 based on 1990 levels as laid down by the Climate Change Act of 2008.
To meet the target of CO2 emissions reduction, the UK’s government has initiated
a number of policies/strategies like fabric insulation improvement, energy tariffs,
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alternative energy sources, micro-generation, energy subsidy for the uptake of tech-
nology like micro-generation, initiatives on fuel poverty, etc. to serve as measures
against this menace. In general, the influences of policy interventions on energy
consumption/energy savings have been studied in different ways, such as the studies
relevant to the environmental psychological theory which attempt to analyse the rela-
tion between policy instruments and energy consumption behaviour by households,
such as the work of Abrahamse et al. [1]. Despite the various policies initiated to
reduce energy consumption in buildings, a system-based approach to analyse the
effectiveness of these policies is still needed.

Based on the outcomes of the research in the area of Post-Occupancy Evaluation
(POE) of buildings which indicate that actual building performance is never the same
as predictions [3, 39], buildings are becoming more complex and the technology,
occupant behaviour and the environmental regulations increase the pressure for more
accurate predictability of this end product, Way and Bordass [44]. Therefore, the
relationship between buildings, occupants’ behaviour, and the environment in and
around buildings should be a key component for any policy analysis. Prior studies in
the area of POE have concentrated more on evaluating occupants’ satisfaction rather
than modelling occupants’ behaviour towards the use of the systems put in place in
buildings. Stevenson and Rijal [39] argued that one area of uncertainty researchers
are still struggling with is in finding means to establish a concrete methodology
that links the technical assessment of building with that of human behaviour to
capture the influence of occupants’ behaviour on buildings performance. It is being
argued that the way occupants behave towards buildings (thereby making buildings
unsustainable) should not be used as an excuse for under-performance of buildings.
This must, however, be understood and influenced appropriately [37, 38]. Therefore,
the need to explore and model energy consumption in buildings should consider both
the technology and the social aspects of buildings when analysing the effectiveness
of energy policy.

There have been a number of studies on modelling approaches/techniques to
capture domestic energy consumption, especially at the national level. Johnston
[18] and Kavgic et al. [19] argue that these approaches/techniques vary tremen-
dously in terms of requirements, assumptions made, and the predictive abilities of
the models. According to the International Energy Agency [16], these approaches
are top-down approaches and bottom-up approach. However, Böhringer and Ruther-
ford [2], Kavgic et al. [19] and Kelly [20] acknowledge another modelling approach
paradigm derived from both top-down and bottom-up approaches together. The top-
down techniques rely on the kind of interaction subsisting between the energy sector
and the economy in general at an aggregated level in order to predict the behaviour of
energy consumption and carbon emissions at the household level. On the other hand,
bottom-up techniques mainly focus on the energy sector utilising a disaggregated
approach that contains a high level of details at the household level to model energy
consumption and carbon emissions.

Among the examples of using the top-down modelling approach, several house-
hold energy consumptions and carbon emissionsmodels have been developed such as
thework ofHirst et al. [14], Haas and Schipper [13], FitzGerald [8], and Summerfield
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[40]. On the other hand, quite a number of researchers (e.g. [18–21, 23, 41]) have
adopted the bottom-up approach who basically used two major epistemic methods,
statistics and building physics methods. These models are found to vary consider-
ably based on the levels of disaggregation, complexity, resolution of output, output
aggregation levels, scenario analysis performed, model validation, and their avail-
ability for the purpose of scrutiny. In general, there are a number of limitations in
the existing modelling techniques: (1) lack of transparency in the model algorithms,
(2) inability to account for the complex, interdependencies, and dynamic nature of
the issue of energy consumption and carbon emissions, (3) limited evidence to show
for the occupants-dwelling interactions, and (4) lack of enough capacity to accom-
modate qualitative data input. As such, there is a need to scout for more robust and
accurate modelling approaches that take into consideration the kind of complexity
involved due to high interdependencies, chaotic, non-linearity, and qualitative nature
of some of the variables involved. Therefore, this research will adopt a modelling
approach which will address the main research question of this study, “how could
a system-based approach be designed and used to analyse the effect of an energy
policy on building performance while taking into account both technical and social
variables that are relevant to households’ energy performance?”.

The consideration of a system-based approach to evaluate how best an energy
policy can be to reduce energy consumption in dwellings becomes more realistic
and comprehensive over the traditional statistical or technological system approaches
on their own. It is against this backdrop that this chapter intends to demonstrate a
methodology that is capable of modelling the complex system of different policies
regarding household energy consumption. The study focuses on domestic buildings
in the UK. However, the methodology can be applied in other countries considering
relevant data sets are used. This study will contribute to the body of knowledge by
modelling the interrelationships among the variables involved. Further, the study
provides a reliable tool that can serve as learning laboratory for policy/decision-
makers to test different policies and run “what if” scenarios on energy consumption.
The next section first introduces the adopted research methodology then carries out a
general overview of the concept of Socio-Technical Systems (STS) and its relevance
to this research.

3 Research Method

This research uses a mixed-method approach in order to achieve its objectives. The
reasons for adopting this approach include the nature of the research problem, the
data and the methods of collecting this data, and the purpose of the research. The
research problem involves answering questions relating to ‘what’ and ‘how’, which
means a single approach cannot be used to answer those questions. It is also evident
that the nature of the research entails capturing both the qualitative and quantitative
data, which by implication means the triangulation of data collection methods. The
adopted STS as the modelling approach is a pluralistic approach that considers both
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qualitative and quantitativemodelling. This research has been conducted over a three-
year period, completed (as it stands) in 2016, and used the available UK data sets for
domestic buildings.

The research method followed in this study is based on the concept of STS as a
systems-based approach to scientific inquiry. STS emerged from the studies under-
taken by the Tavistock Institute (London) during the post-war reconstruction of the
industry. Cartelli [4] reported that the emergence of this concept is highly necessary
for pursuit of a fit between theworkforce andmachine during the introduction of tech-
nological systems for work automation especially if those workers show resistance
to technological innovation. Considering the different STS theories as described in
the literature (such as Multilevel Perspective (MLP), Innovation System, Strategic
Niche Management, Transition Management, etc. as noted by Shove [36] and Geels
[10], this research focuses on modelling the impact of policy instruments (such as:
incentives) on energy consumption by households considering the technological and
social behaviour in conjunction with these policies. STS as a concept is founded on
twomain principles. The first one is the interaction between two sub-systems (Social
and Technical) that set the conditions for successful (or unsuccessful) system perfor-
mance. Walker et al. [43] argued that the interactions are comprised partly of linear
“cause and effect” relationships which can normally be “designed”, and partly from
non-linear, complex, even unpredictable relationships which may be often unex-
pected. Soft, which is a socio, does not necessarily behave like the hard, which is
technical [43]. That is, people are not machines and their behaviour grows in much
more complexity and interdependency. Therefore, STS as amethodology of systems-
based approach of scientific inquiry is used to handle this kind of complexity. The
second of the two main principles is that “optimisation” of the two sub-systems must
be sought. That is, the need for ‘joint optimisation’ of the two sub-systems.

Based on these principles, STS has been implemented in many fields such as
organisational development [6], innovation development and diffusion (Rohracher
[34] andGeels and Kemp [11]), energy supply and demand (Shipworth [35],Motawa
and Banfill [25]), communication and telecommunication engineering [31], water
management [17] and agriculture and food [22].

For the study on energy consumption, the STS is comprised of an interplay
between the building technology systems, the external environment, and the occu-
pants. In a previous studyOladokun [29] themodelling techniques of STSs have been
reviewed, which included: Actor-Network Theory, Agent-Based Modelling tech-
nique, Bayesian Belief Network, Configuration modelling, Fuzzy Logic, Morpho-
logical Analysis, Social Network Analysis, and System Dynamics (SD). A number
of criteria were set upon to select which technique is more suitable to model the
problem of energy consumption in buildings. The available modelling techniques
are compared to one another based on if the technique considers: (1) transparency,
(2) multiple interdependencies, (3) dynamic behaviours, (4) feedback processes, (5)
non-linear relationships, (6) modelling hard and soft data, (7) uncertainties of the
variables involved, (8) chaotic assumptions, and (9) the use of the model as learning
laboratory. Table 1 summarises the conducted comparison for the available STS
modelling techniques.



156 I. Motawa and M. Oladokun

Table 1 Comparative analysis of STS modelling techniques

Criteria ANT ABM BBN CM FL MA SNA SD

Transparency ✓ ✓ ✓ ✓ ✓

Multiple interdependencies ✓ ✓ ✓ ✓ ✓

Dynamic behaviours ✓ ✓

Feedback processes ✓

Non-linear relationships ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Modelling “hard” and “soft” data ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Chaotic assumptions ✓ ✓ ✓ ✓ ✓ ✓ ✓

Uncertainties ✓ ✓ ✓ ✓ ✓ ✓

Learning laboratory tool ✓ ✓

After a careful appraisal of all the techniques, the study recommended System
Dynamics (SD) as a suitable technique to simulate the effect of energy policies
on household energy consumption. SD was specifically introduced by Forrester [9]
in order to handle complex problems that have multiple interdependencies and are
dynamic in nature with many feedback structures. The tools for this technique have
built-in functions to capture the non-linear relationships among variables with the
capability of processing both qualitative and quantitative data. The transparency
aspect of it has been greatly enhanced which means that all the model variables
including the algorithms can be assessed and scrutinised by third parties. The
following sections will illustrate the structure of the proposed SD tool.

ANT: Actor-Network Theory, ABM: Agent-BasedModel, BBN: Bayesian Belief
Network, CM: Configuration Modelling, FL: Fuzzy Logic, MA: Morphological
Analysis, SNA: Social Network Analysis, SD: System Dynamics.

The system dynamics methodology involves interrelated and linked steps towards
the ‘understanding of the system’. This reveals that at any point in time in each stage
of system dynamics, a better insight into the problem is gotten, which eventually
leads to a better understanding of the system under study. The methodology indi-
cates that the first stage is to identify the problem in question and properly define it
through the situation analysis. This involves identifying the variables in the problem
and relates them to one another in order to find out the causal relationships and
feedbacks in the system. Based on Ranganath and Rodrigues [32], the most impor-
tant aspect of problem identification is to identify the time-based policy parameters,
which influence the dynamics of the system under study.

The second stage is the system conceptualisation. This involves representing the
‘cause and effect’ relationship between the variables in the system pictorially and
this is called Causal Loop Diagram (CLD). Stage three involves formulating the
model by representing the model using the Stock and Flow Diagram (SFD). SFD
diagrams are the pictorial representation of the behaviour of the system in the form of
accumulation (stock) and flow (rate). This automatically leads to stage four where the
SFD is turned into a simulation model. It must be emphasised that mere CLD or SFD
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do not constitute the systemdynamics. It iswhen the variables in themodel are related
together in terms of equations before it can be said that it forms the simulationmodel.
Once the model is validated accordingly, the simulation is then run and the output
of the simulation is presented in the form of graphs. These graphs reveal the pattern
exhibit by the variables under study over a period of time. Based on these outputs,
policy analysis and improvement is carried out by the decision-makers and this is
stage five of the methodology. Implementation of the policy improvement (stage
six) then concludes the system dynamics methodology. This method demonstrates
system dynamics as a powerful analysis tool for use by decision-makers. It is worth
mentioning that system dynamics has the ability to be used as a learning laboratory
tool [33] in conjunction with other traditional decision making techniques.

The application of system dynamicsmethodology tomodel the impact of different
UK policies on household energy consumption relies first on the identification of
the relevant variables and the development of the relationships among them. For
the problem under investigation in this chapter, the proposed model is comprised
of an interplay between the dwelling system (dwellings’ physical parameters and
dwellings’ dynamic variables) with the occupants system (biophysical variables,
behavioural variables and household characteristics) and the environment (climatic
variables, economic variables and policy/regulations variables). The physical param-
eters of the dwelling system include the dwelling size, materials, heating system and
stock of appliances; and the dynamic variables include dwelling internal temperature,
ventilation rates, amount of hot water and appliances use. The biophysical variables
of the occupants system consist of variables such as occupants’ thermal comfort in the
form of metabolic rate, respiration and clothing. The behavioural variables include
household income, socio status and number of occupants; whereas household char-
acteristics relate to the individual beliefs, attitudes, knowledge and personalities.
The climatic variables of the environment system include external temperatures,
insulation and wind levels. The economic variables involve variables such as energy
prices and energy tax; whereas the policy variables embrace the governmental and
society influences. All these variables seamlessly work together to influence house-
hold energy consumption. The full list of the considered variables for the proposed
model and the methodology adopted to identify them can be found elsewhere [24].

The secondmost important aspect for the application of system dynamicsmethod-
ology tomodel the impact of different UKpolicies on household energy consumption
relates to the validation of the identified CLDs and SFDs to ensure that the model
produces realistic and accurate results. This research firm up a rigorous validation
process for the outputs of the model. Two different approaches were used: model
structure validation and model behaviour validation. In the case of the first approach,
a number of tests (as indicated by Groesser and Schwaninger [12]) were used to
test the model’s equations technically. The tests are mainly for parameter verifica-
tion, structure verification, parameter adequacy, dimensional analysis, integration
error and sensitivity analysis tests. All these tests were conducted and approved the
model validity,details on these tests can be found elsewhere, Motawa and Oladokun
[24]. The model behaviour validation has been conducted by both unstructured and
semi-structured interviews with industry practitioners. The selection of the industry
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practitioners has utilised the database of the Scottish Statistic Register for profes-
sionals in energy and environment to contact with energy experts in buildings. The
most qualified ten experts were selected to partake in the study. The unstructured
interview method was used to elicit interviewees’ mental knowledge of the model
structure and variables. This is basically to ascertain the correctness of the initial
causal loop diagrams (CLDs) drawn based on the authors’ knowledge of the system
under study as elicited through the review of literature and government documents.
Also, at this stage respondents have helped in formulating some of the relation-
ships between certain variables in the model that are with a lack of empirical data
and/or evidence of existing relationships among them. This method is in line with
the approach of Coyle [5] regarding establishing the causal relationships among the
variables in SD models.

Whereas the semi-structured interviewapproachwas used for validating themodel
results and application based on the scoring method. For these interviews, 15 respon-
dents took part in the exercise which included three experts with SD background. At
this stage, experts and industry practitioners have tested the behaviour of the model
outputs to ensure that it reflects their expectations or otherwise and to advance reasons
for any plausible behaviour noticed.

The developed model has been coded using Vensim SD environment and includes
over 90 variables with over 400 equations. Due to space limitation, this chapter
explains a fewof the key components of themodel. The authorswelcome any commu-
nication with the interested readers for further details on any part of the model. The
following sections present the main model components.

4 The Main Components of the Proposed SD Model
of Household Energy Consumption

The developed model consists of six modules: population/household, dwelling
internal heat, occupants’ thermal comfort, climatic-economic-energy efficiency inter-
action, household energy consumption, and householdCO2 emissions. The following
sections will illustrate the key components of these modules in the form of the devel-
oped “Stock and Flow Diagrams” (SFDs). SFDs simulate the model variables and
the relationships among them into controlling equations.

4.1 SFD for the Population/Household Module

The research utilised the profile of population growth to estimate the number of
households in the UK he key input to estimate the amount of energy consumption.
Population is being influenced by a number of variables which include: birth and
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death rates, reproductive time, population equilibrium time, average total fertility
rate, mortality and average life expectancy, as shown in Fig. 1.

Population is modelled as ‘stock’. This is being controlled by an inflow (births)
and an outflow (deaths). ‘Births’ is influenced by ‘reproductive time’, ‘population
equilibrium time’, ‘average total fertility rate’, and ‘deaths’. On the other hand,
‘deaths’ are determined primarily by ‘mortality’ rate. ‘Mortality’ is generated based
on ‘average life expectancy’ and ‘mortality lookup’ profile. ‘Mortality lookup’ is
one of the model variables which is qualitative and based on experts’ judgement as
well as information from the literature. The relationships among these variables are
developed by regression analysis and certain SD functions. For example, Eq. 1 uses
the SD software ‘Vensim’ to interpret ‘Population’ as the stockwith ‘births’ as inflow
(rate) and ‘deaths’ as outflow (rate). However, the equation for ‘births’ (Eq. 2) is a
modified formula to the equation developed by Forrester [9] for his World Dynamics
model.

‘Mortality’ in Eq. 4 is determined based on the profile ofmortality rate that is qual-
itatively captured as ‘mortality lookup’ according to available data from the Office
of National Statistics [27] as shown in Fig. 2. The regression analysis relationship
between population and household is developed (as shown in Eq. 5) based on the
available data from ONS [27].

Population(t) = INTEGRAL
[
births−deaths, population (t0)

]
(1)

initial population

<Time>

one yearreproductive time +

births
Population

mortality

population fertility rate
average total

expectancy
average lifeequilibrium time deaths

<Time> households
mortality lookup

household-size

Fig. 1 SFD for population/household module
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Fig. 2 Mortality lookup

births =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

IF THEN ELSE (Time = population equilibrium time, deaths,

IF THEN ELSE (Time ≤ 2011, average total fertility rate*Population

∗0.08/reproductive time,

FORECAST (average total fertility rate ∗ Population ∗ 0.08/reproductive time, 39, 100)))

(2)

deaths = Population ∗ mortality (3)

mortality = mortality lookup(average life expectancy/one year) (4)

households = −3.436e008 + 182058 ∗ Time + 0.067 ∗ Population (5)

4.2 SFD for the Climatic—Economic—Energy Efficiency
Interaction Module

This module simulates the interactions of the energy efficiency, economic, and
climatic variables that are included in the model. As shown in Fig. 3, the effect of the
household energy efficiencymeasures on household energy bills is highlighted. Also,
the effects of the unfavourable climatic conditions on international energy prices and
consequently on household energy bills are elaborated. All thesework together seam-
lessly as a system to give the effect of energy bills on energy consumption, which
ultimately have effects on carbon emissions. An example of sample data driving this
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Fig. 3 SFD for economic—climatic—energy efficiency interaction module

module is given in Table 2. Examples of the main equations of this module are given
in Eqs. 6–10.

Table 2 Sample data under climatic-economic-energy efficiency interaction module

Variable Unit of
measurement

Minimum Maximum Mean Standard error Standard
deviation

Average
annual gas bill

£ 372 659 542.07 12.44 79.66

Average
annual
electricity bill

£ 378 578 490.43 8.43 53.96

Weighted
average
energy prices

– 3.45 6.01 4.74 0.10 1.61

SAP rating – 17.60 55.00 37.86 1.61 10.31

Source [30]
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effect of energy bills on energy consumption = 1 − (1/((1 + (1/average annual energy

bills) ∗ 100) + effect of dwelling energy efficiency on energy bills) − 0.9) ∗ (1 − (1/(1 + “% increment

on energy bills”/normal energy bills)))/(effect of unfavourable climatic effects on

international energy prices)

(6)

unfavourable climatic effects = SMOOTH((1 − (1/average annual carbon emissions per household)), 5) (7)

effect of dwelling energy efficiency on energy bills = 1/effect of combined fabric insulation

and energy efficiency standard on dwelling energy efficiency (8)

effect of energy efficiency standard improvement on dwelling energy efficiency = WITH LOOKUP

(SAP rating/normal SAP value) (9)

effect of fabric insulation on energy efficiency = WITH LOOKUP (insulation factor/normal insulation) (10)

Figure 3 shows the relationship between the two variables ‘The effect of dwelling
energy efficiency on energy bills’ and ‘average annual energy bills’. ‘The effect of
dwelling energy efficiency on energy bills’ on energy bills was qualitativelymodelled
to show how the model will respond to changes in energy efficiency improvements.
As shown in Fig. 4, the model behaviour suggests that there will be an incline in the
bills’ values over time due to these improvements. The model uses the available data
about the ‘average annual energy bills’ to develop a future profile as shown in Fig. 5.
It is clear that ‘The effect of dwelling energy efficiency on energy bills’ is balancing
‘The effect of dwelling energy efficiency on energy bills’ as shown in Fig. 5 which
shows a gradual increase.

Fig. 4 The effect of dwelling energy efficiency on energy bills
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Fig. 5 Average annual energy bills

4.3 SFD for Household Energy Consumption Module

In thismodule, household energy consumption ismodelled based on the five different
end uses of energy (space heating energy consumption, hot water energy consump-
tion, cooking energy consumption, lighting energy consumption, and appliances
energy consumption). Carbon emissions are then modelled by converting the total
energy consumption to carbon emissions through the use of a conversion factor
termed ‘energy to carbon conversion’. An example of the developed SFDs for
‘lighting energy consumption’ is shown in Fig. 6. The ‘Average annual household
energy consumption’ (shown in Fig. 7) is therefore determined by adding all the
household energy consumption stocks of the five end uses of energy. An example of
data driving the module is shown in Table 3.

The ‘energy to carbon conversion factor’ used in this model is assumed to be the
conversion factor of energy to carbon conversion factor of energy from electricity
source. This is done for simplicity sake. Ideally, energy conversion factor of different
fuels (i.e. gas, oil, electricity, etc.) to meet household energy consumption by end
uses needs to be determined and applied appropriately. The average annual carbon
emissions per household is determined by the same approach as described under
household energy consumption.

The basic conditions affecting the identified variables have been simulated under
‘Baseline scenario’. The scenario assumes the current energy efficiency effects and
behaviour will continue at the same trends. The scenario assumes the dwelling
internal temperature of householders having a set-point of 19 °C. Further, the scenario
assumes that any change to energy bills will not significantly affect the energy
consumption behaviour of the householders as the ‘standard’ consumption behaviour
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Lighting Energy
Consumption

Carbon Emissions
due to Lighting

Energy

rate of lighting
energy usage

energy to carbon
conversion

carbon depletion

lighting energy

lighting usage
demand

initial lighting usage
initial lighting usage

carbon emissions

<Time>

<occupants
behaviour>

<effect of energy bills on
energy consumption>

<effect of energy efficiency
standard on lighting and

appliances energy>

<carbon
depletion factor>

<energy to carbon
conversion factor>

Fig. 6 SFD for lighting energy consumption and carbon emissions

<Space Heating
Energy Consumption>

<Cooking Energy
Consumption>

<Hot Water Energy
Consumption>

<Ligthing Energy
Consumption>

<Appliances Energy
Consumption>

average annual energy
consumption per

household

total annual household
energy consumption

<households>

Fig. 7 SFD for household energy consumption
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Table 3 Sample data for household energy by end uses (Lighting data)

Variable Unit of
measurement

Minimum Maximum Mean Standard error Standard
deviation

Lighting MWh 0.55 0.69 0.65 0.01 0.04

Source [30]

Table 4 Sample data to initiate the Baseline Scenario for the year 2005

“Average annual energy
consumption per household”
(MWh)

21.91 SAP Rating 48.1

Households 25,375,000 Average annual gas bill 448

Population 60,236,000 Average annual electricity bill 444

“Space heating energy
consumption” (MWh)

14.38 Weighted average energy prices 4.19

“Hot water energy
consumption” (MWh)

3.62 average annual carbon emissions
per household

6.1

“Cooking energy
consumption” (MWh)

0.61 total annual household carbon
emissions

154.59

“Lighting energy
consumption” (MWh)

0.66 External air temp 10.5

“Appliances energy
consumption” (MWh)

2.33 Relative humidity 89

will be maintained. A sample data used to initiate the baseline scenario is shown in
Table 4, for the year 2005. The results were then compared with the available histor-
ical data in order to predict the consumption within the targeted time horizon. The
following sections discuss the model results.

5 Results of the Model Application

The key results of the proposed model for the population/Household module and
the Climatic—Economic—Energy Efficiency Interaction module will be presented
in this section.

5.1 Behaviour Analysis of the Population/Household Module

The number of households plays a major role in accurately estimating the amount of
energy consumption in the entire UK’s housing stock. Household energy consump-
tion is strongly influenced by the population, the number of households and the
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average household size. For example, the amount of household energy consump-
tion attributable to hot water consumption and usage of some appliances is greatly
influenced by the household size. However, there is a minimum level of house-
hold energy consumption applicable to each household as the operation of some
energy-consuming appliances like fridge, freezer, etc. don’t depend on the household
size.

An output of this module is presented in Fig. 8 with a comparison against the
reference model. The model shows that the total UK population is on an upward
trend till 2050. The model indicates that the UK population of 55.63 million in 1970
will grow to 69.78 million by the year 2050. This figure shows a yearly increase
of 0.31% on the average. The Office of National Statistics [28] suggests that the
UK population receive an annual growth of 0.28% averagely between the year 1970
and 2010, while the model output for the same period shows an average of yearly
growth of 0.26%. The slight difference in the two estimates can be attributed to the
consideration of the mortality factor in the proposed model which includes some
subjective data.

Furthermore, in order to gain more insight into the behaviour of the number of
households as produced by the model, further analysis was conducted at an interval
of ten years from 1970. The results of this study are compared with that of Johnston
[18] and Palmer and Cooper [30] as shown in Table 5. The behaviour of this model
indicates that an increase in the number of households on a yearly basis with a
decline in the level of this growth until 2050. The result shows almost the same
downward trend as the output of Johnston [18] model. The major difference in the
two models lies in the period of 2040–2050, where Johnston [18] specifically fixed
the trend of this period (and not as the result of analysis) based on the assumption
that the number of households will not change in those years. This assumption may
explain the difference between the two models. Correspondingly, when the output of
this model is compared with that of Palmer and Cooper [30], which is based on the
ONS available data till 2010, the results follow a ‘lumpy’ trend with a combination
of peaks and troughs, but overall the number of households grow at 0.99% yearly,
whereas the results of this model show a growth of 1.02% yearly.

5.2 Behaviour Analysis of the Climatic—Economic—Energy
Efficiency Interaction Module

Space heating energy has been moving in an upward direction until the year 2004
when it begins to fall apart due to bad weather conditions in 2010, as shown in
Fig. 9. The behavioural attitude of occupants in seeking more thermal comfort at
home and home extension might explain this trend. The model estimates the space
heating energy to follow a downward trend from the year 2004 until 2050 due to
the improvements in energy efficiency (SAP rating) as a result of stringent building
regulations.
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Table 5 Average yearly
percentage increase/decrease
in the number of households

Year Johnston [18]
(%)

Palmer and
Cooper [30]
(%)

This study
(%)

1970–1980 – 0.82 0.93

1980–1990 – 0.88 0.84

1990–2000 0.76* 0.72 0.77

2000–2010 0.70 0.81 0.71

2010–2020 0.68 - 0.67

2020–2030 0.53 - 0.63

2030–2040 0.37 - 0.59

2040–2050 -0.09 - 0.55

Overall yearly
average

0.56*† 0.99† 1.02†

* The year starts from 1996; †was computed based on [(final year
value – base year value)/number of years*100%]

Fig. 9 Average Energy Consumption for the five end uses per household

The behaviour pattern for hot water usage and cooking per household shows a
downward trend since 1970, as shown in Fig. 9. The reason for the trend of hot
water usage may be connected to reduction in heat loss (in terms of improvement in
energy efficiency ‘SAP rating’) due to improved lagging of hot water pipes and tanks
coupledwith improvements in household heating systems that is beingwitnessed due
to changes to building regulations. A further probe into the behaviour of the model
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indicates that the slope of the trend slightly changed around the year 2014 and follows
this new trend until the year 2050. Should the trend follow the slope of the graph
since 1970 until 2014, it may mean that by 2040, the average energy consumption
for hot water would have net-zero, which is practically impossible. It needs to note
that irrespective of the demand for cut in household energy consumption, it will not
translate to mean that no hot water would be required at homes in years to come as
there will be a minimum amount of hot water energy required for each household.

Generally, the energy consumption for cooking has a steep slope till the 1990s and
the downward trend seems levelling for a short period since the year 2000 apart from
a short period between 2008 and 2016. The general downward trend may be due to
changes in lifestyle through saving in household cooking energy as most families
eat in eateries, which consequently reduces the rate of cooking at home. However,
the trend levelling up is more pronounced around the year 2016 until 2050. This saw
the slope of the trend of average household cooking energy to be gentler compared
to the preceding years. The reason for this trend could be explained as a result of a
decline in the size of households. This is due to the fact that cooking energy per head
is claimed to be higher in single-person households [7].

Household lighting energy remains a small fraction of the total household energy.
The behaviour exhibited by the output of the model Fig. 9 shows that the average
lighting energy consumption per household remarkably follows an upward trend
since 1970 until 2004 when begins to gradually come down. This decline may be
as a result of the Government’s policy of the Carbon Emissions Reduction Target
(CERT), which ensures that energy-consuming incandescent bulbs are replaced in
homes with energy-efficient ones. However, the simulation result suggests that the
rate of decline of household lighting energy consumption would decrease as of 2016
as against the trend witnessed between 2004 and 2016. This may be a result of the
likely increase in the lighting points in homes especially in kitchens and bathrooms
with higher specifications. This may therefore likely reduce the rate of decline by
offsetting the savings that would have recorded should the trend of decline between
2004 and 2016 maintained.

Themodel suggests that household appliances energy use has been on the increase
since 1970. This result is consistent with historical data [30]. The reasons for this
trend are explained based on three factors. Firstly, the trend may be due to the fact
that many homes now acquire electric gadgets more than before, which continue to
grow, based on changes in occupants’ lifestyle and their access to more disposable
income. Secondly, owing to these gadgets alonemay not result in a surge in household
appliances energy if they are not put into use. So, the rate at which these gadgets
are being put into use has been on increase. This may probably due to changes in
lifestyle as previously argued.Additionally, changing to the use of energy-consuming
appliances for some tasks that were previously or traditionally completed manually
as well as the increasing trend of working from home may be responsible for this
surge. Thirdly, the results of the study conducted by EST et al. [7] indicate that the
use of cold appliances like freezer and large fridges has been on the increase and
they constitute about 50% of the household appliances energy use. Further, there has
been growth in the use of microwaves to thaw out frozen food. Combining all these
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together have seen household appliances energy on the increase. However, there is
an event overturn in and around 2016 as dictated by the result of the simulation that
household appliances energy will follow a gentle decline till 2050. This output may
explain the optimistic view regarding different on-going research efforts directed at
improving the energy efficiency of cold appliances. This hopefully would see the
deployment of even more energy-efficient cold appliances in the coming years as
they have a share in the household appliances energy consumption.

6 Discussion on the Model Results and Use

The household energy consumption results have been compared with the historical
data [30]. The statistical ‘goodness of fit’ test was conducted for the main four output
variables of the model to compare the results with the historical data as shown in
Table 6. The R-square values for all variables are acceptable at the 99% confidence
level.

Further analysis of the results has been conducted to illustrate the expected reduc-
tions in household energy consumption for the years 2020 and 2050 relative to the
year 1990 based on the ‘baseline’ scenario, as shown in Table 6. To this end, the
model results suggest that the energy consumption ascribable to the UK households
are expected to decline by about 9.35% by 2020 and about 26.60% by the year 2050.
The implication of this result is that under the ‘baseline’ scenario, it is unlikely to
meet the target reductions of 34 and 80% relative to 1990 by the years 2020 and
2050 respectively as enshrined in the Climate Change Act of 2008. The proposed
model has been run to evaluate new proposed scenarios that may be introduced to
help achieve the targeted energy consumption, which will be discussed next.

The discussion below will consider how the results are sensitive to new energy
policies initiated to reduce carbon emissions. This will also enable testing these
policies before the actual implementation.

Table 6 Model validation based on statistical significance

Variable R R-square P-value

Average annual energy consumption per household 0.967 0.935 0.000

Total annual household energy consumption 0.953 0.908 0.000

Average annual carbon emissions per household 0.940 0.884 0.000

Total annual household carbon emissions 0.895 0.801 0.001
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6.1 Policy Formulation and Analysis

The ‘baseline’ scenario presented communicates the most probable way in which
the household energy consumption of the UK housing stock will evolve over the
years starting from 1970 until 2050. This is based on the assumption that the trends
depicted by historical data will continue in that way. Evidently, if there is any policy
change in the future that is clearly different from the current ones, the profile of
energy consumption could be altered. According to Murphy et al. [26], there could
be many policies that affect household energy consumption such as subsidies, tax
incentives, awareness-raising campaigns, energy labels, smart meters instalment,
energy audits, etc. More recently, there have been also few community-led initia-
tives to improve energy efficiency in household, examples of the lessons learnt can
be found elsewhere, Hoppe et al. [15]. Based on the approach adopted for the devel-
opment of the proposed model of this research, these policies can be classified as
technology, economics, and occupant related. The developed model can accommo-
date these three categories based on the main variables that may be affected by a
certain policy. For this paper, four hypothetical scenarios are assumed that include
‘efficiency’, ‘behavioural change’, ‘economic’, and ‘integrated’ scenarios. In all of
these scenarios, the future of energy consumption for the entire UK housing stock is
explored. The following section explains the underlay assumptions for each of the
scenarios and discusses the results emanating from them.

6.2 ‘Efficiency’ Scenario

This scenario assumes a situationwherebymore stringent energy efficiencymeasures
is put in place to deeply cut carbon emissions. Therefore, the uptake of improved
dwelling insulation measures will increase to improve the energy efficiency rating of
dwellings which will lead to more airtightness of dwellings. Two cases were made
and the model was run to explore the results of each one. The first case (Efficiency 1)
assumes that Fabric insulation depicted as ‘insulation factor’ in the model is assumed
to increase by 25% beyond the levels set under the ‘baseline’ scenario and all other
related energy consumption activities are assumed as the standard maintained by
the householders for the baseline scenario. The second efficiency case (Efficiency
2) assumes that the installation of the improvement measures may result also in
rebound effects (as a form of occupants’ behaviour change) which makes occupants
seek more thermal comfort. Thereby the dwellings internal temperature is assumed
to change the set-point from 19 to 21 ºC. All other variables are set at the same level
as the ‘baseline’ scenario. Table 7 shows the results for both cases.

For the first case, the behaviour of efficiency scenario based on end uses shows a
downward trend for energy consumption for all the enduses.However, for appliances,
the expectation ismixed as the results show that no reductions in energy consumption
below the1990 levels are anticipated.Although there are technological improvements
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Fig. 10 Total annual Household Energy Consumption for Efficiency verses Baseline scenario

in home appliances in terms of energy efficiency, but this advancement could not be
immediately translated into much savings. However, by 2050, some savings are
expected. The results of this case are shown in Fig. 10 in comparison to the baseline
scenario which shows a total reduction in energy consumption by 18.65 and 39%
for the year 2020 and 2050 respectively as against minimum targets of 34 and 80%
respectively. The implication of this is that laying much of the emphasis on energy
efficiency improvements alone without corresponding efforts on other aspects of
policy target is unlikely to yield the required level of savings. Table 7 also shows
the results of efficiency case 2 where the reduction in energy consumption has been
affected by the rebound effect to be 12.33% and 34.03% for the year 2020 and 2050
respectively. This indicates how the behavioural change may affect the total energy
consumption which should be considered when analysing any future policies.

6.3 ‘Behavioural Change’ Scenario

The effect of occupants’ behavioural change on energy consumption is tested by
this scenario. Frugal consumption behaviour is assumed, that is the daily habitual
behaviours of occupants tend towards energy saving in their homes which will be
reflected in a set-point of dwelling internal temperature to be 18.5 °C instead of 19 °C
for the baseline scenario. Other indicators associated with the frugal behaviour have
been made to reflect the difference in energy requirements for this behavioural cate-
gory. As shown in Table 7, a significant reduction is observed when the ‘Behavioural
Change’ scenario is implemented. Like ‘efficiency’ scenario, the appliances energy
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consumption is expected to show no reductions in energy consumption below the
1990 levels, however with much less consumption. The total results indicate it is
unlikely to meet the reduction targets of 80% by 2050. As suggested under the ‘effi-
ciency’ scenario, the Government policy should target other policy areas in addition
to the ‘behavioural change’ in order to meet the required level of reductions.

6.4 ‘Economic’ Scenario

The ‘Economic scenario’ has been also considered in two cases. The first case
(Economic 1) considers the effects of energy bills on energy consumption. The
scenario assumes that the energy prices will be frozen as a result of governmental
initiative (instead of the assumed annual increase) which will provide more dispos-
able income for householders in an attempt to lower the number of those in fuel
poverty. The second case (Economic 2) considers the rebound effects that may also
result in the householders seeking more thermal comfort by increasing the dwelling
internal temperature set-point from 19 to 20 °C. All other variables are kept as they
were for the ‘baseline’ scenario. It is evident from the results shown in Table 7 that by
adopting this scenario alone it is unlikely to meet the reduction targets as enshrined
in the Climate Change Act of 2008. The rebound effects have also shown some
reductions in the total savings of consumption.

6.5 ‘Integrated’ Scenario

The ‘integrated’ scenario combines the assumptions made under the ‘efficiency’,
‘behavioural change’, and ‘economic’ scenarios. The scenario assumes that the
energy efficiency improvements as described and emphasised under the ‘efficiency’
scenario will be maintained. Further, the scenario assumes that householders will
display frugal energy consumption behaviour. That is, they exercise somebehavioural
habits aiming at saving energy consumption at home like turning down heating
in vacant rooms, washing at lower temperatures. With all these, they are however
assumed tomaintain a dwelling internal temperature set-point of 20 °C. Additionally,
energy prices are expected to be frozen as explained under the ‘economic’ scenario.

Generally, it is apparent from the results of the ‘Integrated’ scenario as shown
in Table 7 that the efficiency of a vigorous behavioural change in addition to the
improvements in energy efficiency measures through stringent building regulations
and other UK Government’s policy frameworks display the capability of achieving
the legally binding reduction targets better. However, it is unlikely to meet the reduc-
tion targets of 80% by the middle of this century, only about 44.49% reductions are
likely to be achieved.
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7 Conclusions and Policy Implications

The previous empirical studies relating to the socio-technical systems of household
energy consumption and carbon emissions have established the theoretical under-
pinning of frameworks used in analysing the impact of energy policies on carbon
emissions. Among the frameworks available, an integrated and holistic approach
is required to combine a number of disciplines together and provide a frame-
work capable of shaping the impact of energy policies on energy consumption and
carbon emissions. The interacting systems affecting this framework comprise of the
dwellings, occupants, and external environment systems. The variables identified
within the dwellings system are related to dwellings’ physical characteristics. The
variables related to occupants system are in terms of household characteristics, occu-
pants’ thermal comfort, and occupants’ behaviour. The variables related to external
environment system are in terms of climatic, economic, and cultural influences.

In order to simulate the impact of energy policies on these variables, there are quite
a number of energy and carbon emissions models that have evolved over the years
with the capability of estimating energy consumption and carbon emissions, espe-
cially in the housing sector of the economy. The available models vary considerably
based on the levels of disaggregation, complexity, resolution of output, output aggre-
gation levels, scenario analysis performed, model validation, and their availability
to the members of public for scrutiny.

A careful appraisal of the existing modelling approaches suggests that there are
a number of limitations in the existing modelling techniques, which are (1) lack of
transparency in the model algorithms, (2) inability to account for the complex, inter-
dependencies, and dynamic nature of the issue of energy consumption and carbon
emissions, (3) limited evidence to show for the occupants-dwelling interactions,
and (4) lack of enough capacity to accommodate qualitative data input. And as
such, there is the need to scout for more robust modelling approaches that take into
consideration the kind of complexity involved and bedevilling the issue of household
energy consumption and carbon emissions due to high interdependencies, chaotic,
non-linearity, and qualitative nature of some of the variables involved.

After considering various techniques, the system dynamics methodology was
considered the most suitable technique in conceptualising the problem under inves-
tigation. This research aimed to develop a dynamic model to analyse the impact
of energy policies on buildings performance. Therefore, this chapter introduced
a dynamic model to evaluate the effectiveness of proposed energy policies while
considering the complexity of household energy consumption.ThedevelopedSystem
Dynamics (SD) model simulates the interrelationship between the dwellings, occu-
pants and environment systems. The developed model has the advantage of simu-
lating the various qualitative conditions incorporated with energy consumption in
addition to the traditional technological conditions that are lonely considered by
regression-based forecasting.
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The developedSDmodel includes thesemodules: population/household, dwelling
internal heat, occupants thermal comfort, climatic-economic-energy efficiency inter-
action, household energy consumption, and household CO2 emissions. Some
scenarios were formulated in order to illustrate the use of the model to simulate
the impact of certain policies on carbon emissions reduction in the housing sector.
The developed scenarios demonstrate the way by which household energy consump-
tion and carbon emissions attributable to the UK housing stock would evolve over
the years under different assumptions. Four scenarios were illustrated to include
‘efficiency’, ‘behavioural change’, ‘economic’, and ‘integrated’ scenarios.

The ‘efficiency’ scenario considers the effects of improvements in energy effi-
ciency measures on household energy consumption. The ‘behavioural change’
scenario simulates the effects of occupants’ behaviour change on household energy
consumption and carbon emissions profile. Furthermore, the ‘economic’ scenario
assumes a case of policy change by Government favouring energy prices reduction,
thereby reducing the energy bills payable by the householders and its consequences
on household energy consumption and carbon emissions. Lastly, an ‘integrated’
scenario combines the assumptions in the first three scenarios were considered.

As the main conclusion from the scenarios tested above is that more combined
efforts should be made in terms of technology installation, behaviour change, and
policy incentives in order to have a significant impact on the household energy
consumption. It is unlikely for any of the scenarios to individually meet the required
legally binding reductions of 80% cut in energy consumption.

For all the scenarios, the insights from the model show that the greatest reductions
in both household energy consumption and carbon emissions are expected from
both the space and water heating. It is also concluded that the behavioural change
represented by the daily habitual behaviours of occupants towards energy saving
has a significant effect on the amount of reduction. On the other hand, the rebound
effect has a considerable negative effect on reducing the total energy consumption
that should be always considered when analysing any future policies.

The developed model builds on the existing modelling efforts, which are tradi-
tionally restricted to building physics and regression-based forecasting, in order to
generate new insights into the future using a non-deterministic systems approach. The
developed model is highly transparent as all the variables and algorithms developed
can be scrutinised, unlike many of the existing models.

The developed model has the capability of producing a clear understanding of
household energy consumption and carbon emissions associated with it. This can
serve as a decision making policy tool with the capability to direct policy decisions
by testing the effect different policy scenarios such as energy efficiency improve-
ments and behavioural change likely to have on household energy consumption and
carbon emissions. The insights generated will allow policy makers to make informed
decisions regarding any future policy formulations concerning energy and carbon
emissions within the UK housing sector.
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8 Model Limitations and Further Research Work

While the model is specifically developed for the UK housing sector, the model
structure can be used for other countries considering other necessary data sets to run
the model algorithms.

The current version of the developed model is an aggregated model of the entire
UK households. To provide more accurate results for each type of dwellings, another
line of research can be followed by disaggregating the model structure based on
different dwelling types such as detached, semi-detached dwellings (with varying
in size, age, thermal insulation standards) and different occupancy patterns (e.g.
pensioners, singles, family with/without children).

A research on the energy supply side of the housing sector based on the system
dynamics approach is encouraged. This is considered important because of the need
to highlight the effect of clean energy supply, due to technological advancement,
on the household energy consumption and carbon emissions. The output of such a
research can be linked to the developed model in this research to form an improved
socio-technical model of energy and carbon emissions of the UK housing sector.

This research canbe replicatedwith an expandedmodel boundary to accommodate
other variables that are excluded in this current version. This will include incorpo-
ration of the carbon emission factors of different fuels used for different end uses of
household energy consumption, dwelling exposure, dwelling orientation, occupants’
social class, and the likes. As indicated in literature for this kind of complex approach
in research, STS models are a broad unit of analysis and have a difficulty in drawing
precise boundaries. However, it is also recommended that the impact of major global
variables such as oil crises, geopolitical events, and disruptive events can be consid-
ered for further model development. Inclusion of such variables would improve the
accuracy of the model results and allow further options of different policies to be
explored.
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Chapter 11
Investigating the Application of LEED
and BREEAM Certification Schemes
for Buildings in Kazakhstan

Serik Tokbolat and Farnush Nazipov

Abstract Kazakhstan is one of the leading economies of the Central Asian region.
With the ambitious goal of being among the fifty most developed countries in the
world, Kazakhstan is rigorously attempting to boost its infrastructure development.
Among others, significant resources are invested in the construction of both resi-
dential and non-residential buildings. As a proponent of sustainable development,
the government of Kazakhstan is seeking ways of reducing both energy use and
greenhouse gas emissions. As a part of this agenda, Kazakhstan hosted EXPO2017
«Future Energy» exhibition which triggered the integration of sustainability princi-
ples into all areas of the economy including the construction sector. Among others,
the construction industry started adopting widely recognized environmental assess-
ment certification schemes such as the Leadership in Energy & Environmental
Design (LEED) and the Building Research Establishment Environmental Assess-
ment Method (BREEAM). Up to this day, more than 50 buildings, especially from
rapidly expanding cities such as Nur-Sultan and Almaty, have obtained LEED and
BREEAM certificates and were recognized as green buildings. This study investi-
gates the nature of adopting these methods in the context of Kazakhstan with the
aim of understanding the driving factors of such application, characteristics of the
certified buildings, and the potentials of promoting the certification schemes at a
wider scale.

Keywords LEED · BREEAM · Green building

1 Introduction

Buildings account for significant energy consumption globally and cause consid-
erable impact on the planet’s ecosystem by emitting greenhouse gases, consuming
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tremendous amounts of resources and producing wastes sent to landfills [1]. The
status quo in this regard is not acceptable and requires dramatic paradigm change
towards sustainability in all sectors including construction industry. The philosophy
and practice of sustainable construction are not as advanced in developing coun-
tries such as Kazakhstan as in developed ones like Scandinavian states, Canada,
SouthKorea [2]. In Kazakhstan, challenges associatedwith energy deficit and carbon
emissions could be resolved, among others, by modernization of existing infrastruc-
ture, designing and constructing low energy buildings, integrating renewable energy-
related technologies, strengthening existing and developing new building codes and
standards [3]. In addition, a strong impetus towards construction sustainability, in
general, and green buildings, in particular, could be created by introducing rating and
certification schemes to assist guide, demonstrate, and document efforts to provide
environmentally and socio-economically high-performance buildings. The aim of
this study is to look into such rating and certification schemes and to investigate some
of the first “pioneering” buildings that undergone certification process inKazakhstan.

2 Background

At a global scale, certification efforts were significantly advanced in the 1990–2000s
with the creation of a number of voluntary rating programs that have been recog-
nized by governments, construction industries and professionals around the world
[4]. One of them is the first and most popular green building rating systems in
the UK - Building Research Establishment’s Environmental Assessment Method
(BREEAM). BREEAM is a system of evaluating, rating and certifying a range
of sustainability parameters of buildings, including their energy performance. In
BREEAM, the project performance is assessed against best practices in the following
categories: (1) management; (2) health and well-being; (3) energy; (4) transport; (5)
water; (6) materials; (7) waste; (8) land use and ecology; (9) pollution [5].

Another widely recognized rating system, Leadership in Energy and Environ-
mental Design (LEED), was developed by the USGreen Building Council (USGBC)
to set criteria for assessment of environmental performance of new and existing build-
ings as well as entire neighborhoods. LEED-certified buildings are considered as the
ones that generate less emission compared to standards buildings, reduce energy
consumptions, promote water efficiency, etc. In LEED, Performance and parame-
ters of projects are compared against best practices in 9 main areas: (1) location
and transport; (2) sustainable sites; (3) water efficiency; (4) energy and atmosphere;
(5) materials and resources; (6) indoor environmental quality; (7) innovation; (8)
regional priority; (9) integrative process [6].

In the last decade, many countries started to develop so-called “domestic building
environmental assessment methodologies” in correlation to their climatic conditions
and culture [7]. However, the global trend goes to standardization of assessment
methods and tends to establish some global ranking systems such as LEED and
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BREEAM. Both LEED and BREEAM certification takes into account many param-
eters when assessing the energy performance of the building, hence globally recog-
nized as a leading and widely imported rating system [8]. According to Kawazu if
both systems are compared by six common categories: ‘Indoor Environment’ cate-
gory, ‘Quality of Service’ category, ‘Energy’ category, ‘Resource and Materials’
category, and ‘Off-site Environment’ category, output results show identical trend
and same qualitative, comprehensive rating [9].

First building attempted to get LEED certification in Kazakhstan was KBTU
institute mixed-use complex in January 2012. Until 2016 only a few buildings were
attempting to get LEED certification and none of them was able to score more than
40 in order to get at least registered certification. However, after 2016many buildings
got silver and gold certification. Moreover, this trend keeps ascending.

First introduction of BREEAMcertificationwas in 2015 and for 2 years until 2017
more than 55 buildings and complexes received Pass, Good,Very good, andExcellent
rating. However, after 2017 no buildings were applied for BREEAM certification.

It can be seen, thatKazakhstan’s certification trendmostly inclines towards getting
LEED certification as opposed to BREEAM certification. Possible reasons for this
could be the brand name since LEED is slightly more recognized in the world.
Another reason is the motivation of other owners to make their certification globally
accepted where LEED is more established in comparison to BREEAM. Since Kaza-
khstan is only at the beginning of the wide implementation of green building certi-
fication and this trend has started to expand relatively recently, LEED certification
seems to be a better start.

3 Results and Discussion

This paper provides an overview of the first implementation of LEED and BREEAM
certification schemes in Kazakhstan. Most of the buildings are located in two major
cities of the country: Nur-Sultan, capital city, and Almaty, the largest city in Kaza-
khstan. The types of certified buildings can be divided into two categories: (1)
commercial buildings (office buildings/business centers) and (2) residential build-
ings. Most of the certified buildings were built prior to or after EXPO2017 «Future
Energy» exhibition. Among reasons for certification could be the desire to attract
foreign companies which tend to rent “green” offices/buildings, incentives from the
government to create a “green” image of the country in the lead up to the EXPO
exhibition, and, finally, willingness of construction companies to increase market
competitiveness. It is not clear whether the ultimate goal was to build sustainable
buildings in the first place. Nevertheless, it is certain that having several dozens of
certified buildings will create new trends and practices in the construction sector.
The quality and performance of certified buildings might change the construction
standards and norms as other companies will have examples to follow. Most of the
buildings covered in this review were LEED certified. Data collection was mainly
done online [10].
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Fig. 1 Talan Towers

3.1 Talan Towers (Gold)

Talan Tower is a luxury structurewhich consists of two towers (Fig. 1). The first tower
is 26-storey Ritz-Carlton hotel and the second one is 30-storey high-class office
complex. Towers are bridged by a three-level podium building. Totally, building
occupies 1.05 million square feet. Construction duration is 5 years. Considering
the harsh climate conditions of Nur-Sultan city ranging from −35 to +40 °C, it is
notable that the building uses 20% less energy compared to similar buildings in the
city. LEED certification for this structure was issued in 2018. The building scored
the highest score in Kazakhstan (70 out of 110) and received LEED Core & Shell
2009 Gold Rating Level. In Energy and Atmosphere category, it scored 23 out of 37.
In Indoor Environmental Quality category, it scored 9 out of 12. In Sustainable Sites
category it scored 23 out of 28. In Water Efficiency category, it scored 12 out of 10.
In Innovation Design category, it scored 2 out of 6.

3.2 Esentai Tower, Almaty (Silver)

Esentai Tower is one of the first high-rise buildings in Almaty which is 162 m high
(Fig. 2). Construction of tower was started in 2006 and successfully finished in
2008. Totally, building occupies 667,368 ft2. LEED certification for this structure
was issued in March 9, 2016. Building scored 53 out of 110 possible points and took
LEED for Existing Buildings 2009 Silver Rating Level. In Energy and Atmosphere
category, it scored 16 out of 35. In Indoor Environmental Quality category, it scored



11 Investigating the Application of LEED and BREEAM… 185

Fig. 2 Esentai Tower

4 out of 15. In Sustainable Sites category, it scored 17 out of 26. In Materials and
Resources category, it scored 6 out of 10. In Water Efficiency category, it scored 6
out of 14. In Innovation Design category, it scored 4 out of 6. In addition to this, in
terms of Energy and Atmosphere structure has 81 Energy Star Performance Rating;
in terms of Materials and Resources the structure has 40% sustainable purchasing
of electric equipment, 50% reuse, recycle or compost of ongoing consumables, 75%
reuse or recycle of durable goods, 90% sustainable purchasing of reduced mercury
lamps, 70% diversion of waste from facility alteration and additions; in terms of
Sustainable Sites, the structure has 75% reduction in conventional commuting trips
and in terms of Water Efficiency, the structure has 20% reduction in indoor potable
water use.

3.3 Wilo Kazakhstan, Almaty (Gold)

TheWilo Campus is a SwedishHVACmanufacturer which is the first “green” factory
in Kazakhstan (Fig. 3). The Wilo campus was officially opened and started func-
tioning in 2017. Totally, building occupies 26,177 ft2. LEED certification for this
building was issued in 2018. Building scored 63 out of 110 possible points and
gained LEED Core & Shell 2009 Gold Rating Level. In the Energy and Atmosphere
category it scored 19 out of 37; Indoor Environmental Quality—8 out of 12; Sustain-
able Sites—18 out of 28; Water—10 out of 10; Innovation Design—5 out of 6. In
addition to this, in terms of Energy and Atmosphere, the building has 22% improve-
ment. In terms of Indoor Environmental Quality, the structure has 90% of occupied
space has high-quality views. In terms of Water Efficiency, the structure has 40%
reduction in baseline indoor water use and 100% reduction in potable landscape
water use.
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Fig. 3 Wilo Kazakhstan

3.4 Commercial Building T5, Expo Village (Gold)

The main concept of EXPO2017 exhibition was “future green energy” in the context
of sustainable development. The Expo City has a dozen buildings that earned LEED
certification of different ranking levels (Fig. 4). The case study office building in
Expo City occupies 342,052 ft2. LEED certification for this building was issued
in 2019. Building scored 61 out of 110 possible points and obtained LEED for
New Construction 2009 Gold Rating Level. In the Energy and Atmosphere category
it scored 17 out of 35; Indoor Environmental Quality—12 out of 15; Sustainable
Sites—15 out of 26; Water Efficiency—10 out of 10; Innovation Design—5 out of
6. In addition to this, in Energy and Atmosphere category, the structure has 26%
improvement; Indoor Environmental Quality—90% of occupied space has quality
views; Water Efficiency—100% reduction in potable landscape water use and 40%
reduction in baseline indoor water use.

Fig. 4 Expo Village (T5)
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3.5 Commercial Building T4, Expo Village (Gold)

It is office building which totally occupies 384,559 ft2. LEED certification for this
structure was issued on January 29, 2019. Building scored 62 out of 110 possible
points and took LEED for New Construction 2009 Gold Rating Level. In Energy and
Atmosphere category, it scored 18 out of 35. In Materials and Resources category, it
scored 2 out of 14. In Indoor Environmental Quality category, it scored 8 out of 12.
In Sustainable Sites category, it scored 15 out of 26. In Water Efficiency category, it
scored 10 out of 10. In Innovation Design category, it scored 5 out of 6. In addition
to this, in terms of Energy and Atmosphere structure has a 28% improvement on
baseline building performance rating; in terms of Indoor Environmental Quality, the
structure has 90% of occupied space has quality views; in terms of Water Efficiency,
the structure has 100% reduction in potable landscape water use and 40% reduction
in baseline indoor water use; in terms of Materials and Resources, the structure has
75% diversion of construction and demolition debris.

3.6 Commercial Building B11, Expo Village (Gold)

It is office building which totally occupies 120,977 ft2. LEED certification for this
structure was issued on January 4, 2019. Building scored 60 out of 110 possible
points and took LEED for New Construction 2009 Gold Rating Level. In Energy and
Atmosphere category, it scored 19 out of 35. In Materials and Resources category, it
scored 2 out of 14. In Indoor Environmental Quality category it scored 10 out of 15.
In Sustainable Sites category it scored 15 out of 26. In Water Efficiency category it
scored 9 out of 10. In Innovation Design category it scored 5 out of 6. In addition to
this, in terms of Energy and Atmosphere structure has 30% improvement on baseline
building performance rating; in terms of Indoor Environmental Quality, the structure
has 90% of occupied space has quality views; in terms of Water Efficiency, the
structure has 100% reduction in potable landscape water use and 40% reduction in
baseline indoor water use; in terms of Materials and Resources, the structure has
75% diversion of construction and demolition debris.

3.7 Residential B4-B7, Expo Village (Certified)

It is a Multi-family residential building that totally occupies 373,194 ft2. LEED
certification for this structure was issued in 2019. Building scored 45 out of 110
possible points and obtained LEED Core & Shell 2009 Certification (Fig. 5). In the
Energy and Atmosphere category it scored 12 out of 37. In Indoor Environmental
Quality category it scored 4 out of 12. In Sustainable Sites category, it scored 16
out of 28. In Water Efficiency category, it scored 10 out of 10. In Innovation Design
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Fig. 5 Expo Village
(B4-B7)

category it scored 3 out of 6. In addition to this, in terms of Energy and Atmosphere,
the structure has 16% improvement; in terms of Indoor Environmental Quality, the
structure has 90% of occupied space has quality views; in terms of Water Efficiency,
the structure has 100% reduction in potable landscape water use and 40% reduction
in baseline indoor water use.

3.8 Residential B1, Expo Village (Certified)

It is a Multi-family residential building that totally occupies 177,904 ft2. LEED
certification for this structure was issued in November 8, 2018. Building scored 47
out of 110 possible points and took LEEDCore&Shell 2009 Certification. In Energy
and Atmosphere category it scored 14 out of 37. In Indoor Environmental Quality
category, it scored 4 out of 12. In Sustainable Sites category, it scored 16 out of 28.
In Water Efficiency category, it scored 10 out of 10. In Innovation Design category,
it scored 3 out of 6. In addition to this, in terms of Energy and Atmosphere structure
has 20% improvement on baseline building performance rating; in terms of Indoor
Environmental Quality structure has 90% of occupied space has quality views; in
terms of Water Efficiency structure has 100% reduction in potable landscape water
use and 40% reduction in baseline indoor water use.

3.9 Residential B12, B13, Expo Village (Certified)

It is Multi-family residential building that totally occupies 141,421 ft2. LEED certi-
fication for this structure was issued in October 18, 2018. Building scored 45 out
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of 110 possible points and took LEED Core & Shell 2009 Certification. In Energy
and Atmosphere category it scored 12 out of 37. In Indoor Environmental Quality
category it scored 4 out of 12. In Sustainable Sites category, it scored 16 out of 28.
In Water Efficiency category it scored 10 out of 10. In Innovation Design category it
scored 3 out of 6. In addition to this, in terms of Energy and Atmosphere structure
has 16% improvement on baseline building performance rating; in terms of Indoor
Environmental Quality structure has 90% of occupied space has quality views; in
terms of Water Efficiency structure has 100% reduction in potable landscape water
use and 40% reduction in baseline indoor water use.

Except for construction projects which earned a particular LEED Rating Level
there are 7 buildings that are registered. Additionally, there are 50 buildings in
Kazakhstan which passed and earned BREEAM certification.

3.10 MEGA Silk Way Shopping and Entertainment Center
(In-Use)

MEGA Silk Way shopping mall is a newly built BREEAM certified center of shop-
ping and entertainment (Fig. 6). It was designed by English architects fromChapman
Taylor Company. The total floor area of the building is 140,000 m2, with a length of
500 m. and width of 160 m. The sizes and the space are quite remarkable. It has the
height of 8 floors building, 9 entrances and parking for 2100 cars outdoors and 400
indoors. The building obtained BREEAM In-Use International certification. There
was no available data in terms of energy, water and resources efficiency. However,
the fact that the building has a “green” certification can be felt considering various
parameters.

Fig. 6 MEGA Silk Way
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It should be mentioned that these buildings have various features that make them
more sustainable than other typical buildings of the same class. For example, public
transportation has good accessibility. The certified residential buildings have very
safe and pedestrian-oriented yards. Cars are allowed to park only in underground
parking areas. Parks, shops and amenities are in close proximity. Various sustain-
able measures can be observed in and around the buildings such as, for example,
solar panels, greenery, passive design elements, etc. Certified business centers and
office buildings have various sustainability elements incorporated into architectural
elements as well as the way indoor environments are designed. Considering the
provided limited information regarding the energy and water use as well as the points
the certified buildings obtained can be a strong indication that these buildings are
successful in meeting sustainability requirements. In the country with construction
norms and practices based on outdated Soviet-era construction standards, having
LEED and BREEAM certified buildings is a strong signal that the policies, stan-
dards and norms as well as construction practices should be upgraded and made
“green”. The construction industry, associated governmental agencies, academics
and all other related stakeholders could benefit from having certified buildings in the
country to use this fact as a driver for making construction industry more sustain-
able. The limitation of this study can be linked to the fact that the economic aspect
of obtaining certification is not considered. All these buildings are new and assumed
to have considerable resources invested both from the government and affiliated
organizations. Future studies should take this aspect into consideration.

4 Conclusion

This paper has found that Kazakhstan, in total, has about 50 LEED and BREEAM
certified buildings. Most of them are located in Nur-Sultan and Almaty. Majority
of the certified buildings are commercial or residential. The case study buildings
performed very well and obtained certifications with some of them being of the
highest level. The construction industry and government should use the certified
buildings to upgrade the existing standards and norms to the level of “green” build-
ings. The financial aspect should be considered at a deeper level to understand
possible barriers to certifying more buildings in the future.
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Chapter 12
Examining Undergraduate Courses
Relevant to the Built Environment
in the 4IR Era: A Delphi Study Approach

John Aliu, Clinton Aigbavboa, and Ayodeji Oke

Abstract The fourth industrial revolution (4IR) marks a significant period in world
history as this innovative era has the potential to change the waywe think and execute
ideas in every area of our lives. The emerging technologies coupled with its rapid
impacts prompt a swift and urgent revamp of higher education curricula worldwide.
This is to provide present-day built environment students with an opportunity to
comprehend the intrinsic details and applications of this latest disruptor. The aim of
this research is to determine undergraduate courses that will be relevant to the built
environment in the nearest future. A qualitative Delphi approach was adopted to vali-
date these courses as institutions of higher learning prepare students for this latest
wave of innovation. Fourteen experts completed a two-stage iterative Delphi study
process and reached consensus on all 29 technological areas identified. This study
found that concepts such as data analytics, artificial intelligence, computer program-
ming, computer coding and data mining should be integrated into the curricula of
universities to ease the transition of students from the lecture-room to the world of
work. It is recommended that universities across South Africa and beyond integrate
innovation-driven courses to provide an understanding of the technologies accompa-
nying the 4IR era to not only produce graduates who comprehend these applications
but also to build on these concepts to address socio-economic problems plaguing the
continent.
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1 Introduction

The fourth industrial revolution (4IR) has gathered momentum across the globe as it
marks a new chapter in human development. This era represents a significant trans-
formation in the way we think, work, live, relate with others and execute ideas in
every area of our lives. In recent times, the era has been celebrated as a revolutionary
accomplishment and has been hailed as one that will introduce algorithmic preci-
sion and automation to the decisions we make from switching on the television to
predicting future behaviours. In fact, a few years ago, storing documents in the cloud
sounded like fiction, not anymore! Unlike the previous industrial revolutions, the
4IR era is renowned for its vibrant, unpredictable and extraordinary technologies
that have the potential for both promise and peril [27]. This disruptive era merges
the physical, digital and biological worlds to solve socio-economic problems in a
way that has never been imagined. The accuracy, speed, scope and complexity of
this revolution have prompted nations to rethink sustainability policies, prompting
organisations to seek ways to harness converging technologies to address arising
global issues.

With the adoption of robotic technologies coupledwith the integration of Building
Information Modelling (BIM) into construction activities, the industry is captivated
with the adoption of 4IR elements. The efficiency and quality output derived by
adopting 4IR elements into its processes has been identified as one of the best
approaches to boost the sector, which currently trails other sectors in terms of produc-
tivity [31]. The emerging 4IR technologies in the construction industry places signifi-
cant pressures on educational systems globally, to develop built environment students
who are capable of handling industry positions in various capacities after graduation.
This study focuses on South Africa and seeks to determine the undergraduate courses
that will become relevant to the built environment in the nearest future due to the
advent of the fourth industrial revolution.

2 Review of Literature

2.1 Digitalisation in developing countries

While the world basks in the euphoria of the 4IR, Africa is seemingly gathering
momentum for this innovative age, with South Africa as one of its leading voices.
Under the leadership of President Cyril Ramaphosa, the ‘4IR’ theme has become the
leading mantra of new policy initiatives designed to move the nation forward and out
of the economic crisis. One such example is the inaugural Digital Economy Summit
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which was held at the Gallagher Convention Centre, Johannesburg on 5th July 2019,
under the theme “Advancing the African Agenda on the Fourth Industrial Revo-
lution through Digital Transformation.” During the summit, President Ramaphosa
highlighted sevenmajor priorities to be achieved through the 4IR namely “enhancing
economic transformation and job creation; improving education outcomes and skills
revolution and ensuring healthy nation; consolidating the social wage through reli-
able and quality basic services and enhancing spatial integration; human settlements
and local government; advancing social cohesion and safe communities; creating a
capable, ethical and developmental state; and working for better Africa and world”.
In achieving these priorities, the President asserts that “one million young people
will be trained in data science and related skills by 2030”. In realising this long-term
vision, President Ramaphosa tasked the educational systems (both primary schools
and universities) to revisit and revamp their curricula in what he referred to as “skills
revolution”. In achieving this, the President further stated that “…we are introducing
subjects such as coding and data science and analytics at the primary school level
to prepare our young people for the jobs of the future”… [54]. Subsequently, the
President established a 30-member “Presidential Commission on the Fourth Indus-
trial Revolution” to advise the government on leveraging opportunities presented by
4IR. Professor Tshilidzi Marwala who is an internationally recognised scholar in
the artificial intelligence aspect of 4IR and the Vice-Chancellor of the University of
Johannesburg was appointed as the commission’s deputy chair.

This Presidential mandate aligns with the “Building a Capable 4IR Army”
capacity development programme which was announced by the nation’s Commu-
nications Minister Stella Tembisa Ndabeni-Abrahams last year to digitally equip
communities to foster economic competitiveness across the nation. The Minister
states that is “our aim is to take a completely different direction and government’s
programmes will enable people to program the machines, including making them”.
These initiatives by the South African government highlights its readiness to become
a major player in the 4IR era. However, in achieving this 2030 mandate as stated
by President Ramaphosa, the role of education cannot be overstated as this was the
second of the seven listed priorities to be addressed by the 4IR which is “improving
education outcomes and skills revolution and ensuring healthy nation”. While Pres-
ident Ramaphosa continues to advocate for South Africa’s 4IR march, the previous
President, Jacob Zuma was also at the forefront of this innovative discussion. In
fact, between 2016 and 2019, the terms ‘fourth industrial revolution’ and ‘4IR’
were frequently used in government speeches and initiatives. According to Mail
& Guardian Data Desk [45], the top 12 words that were frequently used in the same
sentence as 4IR are—education, people, economy, government, need, new, skills,
digital, country, development, technology and world. This illustrates how South
Africa continues to be one of the leading voices on the continent regarding 4IR
discussions. This resonates with President Ramphosa’s mandate of proposing “new
subjects to be introduced at schools to prepare students for 4IR careerswhich includes
data science and analytics, artificial intelligence (AI), blockchain, additive manufac-
turing, robotics and quantum computing”. It is against this backdrop that this article
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highlights the 4IR courses that will become relevant to the built environment in the
nearest future.

The objectives of this study align with South Africa’s long-term National Devel-
opment Plan (NDP) which seeks to develop the skills, knowledge and capabilities
of its citizens through the provision of quality education across all levels by the
year 2030. This mandate also resonates with the Sustainable Development Goals
(SDGs) proposed by the United Nations which plans to ensure quality and inclusive
education for all by 2030. In achieving the objectives, a qualitative Delphi approach
was adopted to validate these courses as universities across South Africa and beyond
prepare students for this latest wave of innovation.

2.2 The Introduction of 4IR to Present-Day Curricula

Globally, the quest to develop the future workforce with 4IR knowledge is well
and truly underway as educational sectors seek ways to expand interdisciplinary
knowledge among students. This can be achieved by introducing 4IR elements into
existing learning content or as stand-alone modules.

The main aim of adopting and adapting 4IR components into the built environ-
ment space is to improve the existing curricula and pedagogy which will result in
developing graduates who are competent to handle the drastic changes that accom-
pany advance digitalisation[5, 6]. From the main features of 4IR which includes big
data analysis, artificial intelligence, cloud computing, augmented reality, industrial
internet amongstmany others, several literatures have suggested possible educational
courses that will become relevant to the built environment in present-day terms or
in the nearest future. These can be found in Table 1. It is pertinent to note that 4IR
technologies are numerous and exceeds those listed in Table 1. However, for the sake
of this study, these 29 concepts were considered.

3 Research methodology

3.1 The Delphi Process

For this research study, a qualitative Delphi approach was conducted to validate
the 4IR courses identified from literature. The Delphi technique gained popularity
during the beginning of the Cold War in the 1950s. During the period of geopolitical
tension between the Soviet Union and its satellite states, the Delphi technique was
used as a forecasting tool to ascertain the impact of warfare on enemy territory [10].
Historically, the word “Delphi” is coined from the term “Oracle of Delphi” - an
ancient Greek temple where the oracle was situated. The Greek mythology states
that the “Oracle of Delphi” was frequently consulted to predict the outcomes of
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Table 1 Review of
undergraduate courses

Undergraduate
courses/technologies

Literature sources

Principles of Robotics Boden et al. [9]

Networking and its
applications

Hermann et al. [27],
Hernández-Muñoz et al. [28]

Data analytics Wamba et al. [71]

Cybersecurity Blazek et al. [8]

Artificial intelligence courses Hermann et al. [27]

Computer programming Chookaew et al. [13]

Computer coding Nager and Atkinson [48]

Data mining courses Qi et al. [55]

Computational knowledge Beg et al. [7]

Concepts of Algorithms Lateef and Hota [39]

Database analytics Sellers-Blais [60]

Database systems design Hermann et al. [27]

Cloud-based technology Sharma et al. [61]

Cloud computing Gbadegesin et al. [19]

Technology innovation
processes

Audretsch et al. [4]

Information Technology
modules

Hermann et al. [27],
Hernández-Muñoz et al. [28]

Principles of Automation Neelakandan et al. [49]

Emotional intelligence
modules

Jameson et al. [36]

Critical thinking courses Conrad and Newberry [14]

Multidisciplinary
collaboration

Hesjedal et al. [29]

Multidisciplinary
collaboration Management

Hesjedal et al. [29]

Blockchain concept and
application modules

Hughes et al. [33]

Cryptocurrency
understanding module

Hughes et al. [33]

Mechatronics engineering Mutambara [47]

Photonics and Quantum
Materials

Xu et al. [73]

Biotechnology courses Moo-Young [46]

Energy Systems courses Gazafroudi et al. [18]

Digital control systems Hermann et al. [27]

3D printing and application Hermann et al. [27]

Source Author’s compilation
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battles which helped troops to perfect their strategies before embarking on warfare.
This technique allowed experts to offer their opinions on probabilities and the likeli-
hoods of possible enemy surprise attacks while planning. The aim of this predictive
process was to achieve a consensus of ideas after several rounds of expert delib-
erations (iterations). Based on the successful application of this format, the Delphi
technique gained prominence and has since been introduced into academic research.
In recent times, it has become a qualitative methodology that seeks to get the opin-
ions of experts through multi-round surveys with the aim of reaching a consensus.
According to [24], the Delphi technique is designed to get experts’ opinions on
matters that are still gaining recognition, such as the objectives of this study. In a
typical Delphi approach, experts respond to questions and submit their responses to
the researcher who collates and analyses the information to determine the central
and extreme tendencies [21]. For this study, the experts were anonymous throughout
the Delphi process and were allowed to resubmit their opinions as many times as
possible until consensus was reached. Similar to how it was used during the Cold
War, the Delphi process helps to make predictions and projections concerning a
specific subject matter. In this study, due to the advent of the fourth industrial revo-
lution, the pressures on universities to integrate technological-driven courses into
their curricula have gained momentum, hence this research predicts the modules that
will become relevant to the built environment in the nearest future. Over time, the
Delphi method has become a systematic thinking tool and has gained recognition
from experts across several disciplines for generating credible outcomes and provoke
relevant discussions [44]. This research is expected to stimulate extensive studies on
graduate employability (Employability 4.0) in South Africa and beyond, hence, the
Delphi method is relevant to the realisation of the study’s objectives.

One of the advantages of the Delphi technique is that it stems from the construc-
tivist paradigm by cutting across both the quantitative and qualitative methods of
data collection and analysis [20, 59]. This allows for the results and conclusions of
the research to be generally represented to the wider population [64]. More so, the
opinions of experts make the Delphi method a robust and credible one as professional
opinions are delivered which ensures the reliability of the study [23]. The strength of
the Delphi method also lies in the various rounds (iterations) which helps in initial
feedback and dissemination of subsequent rounds for further review and opinions
[65]. From the foregoing discussions, a Delphi technique was conducted to obtain
the opinions of experts on the possible 4IR courses that will become relevant to
the built environment in the nearest future. For this study, two rounds of the Delphi
process were conducted before experts reached a consensus on the various courses.
Generally, the strength of qualitative research such as the Delphi technique is based
on the methodological rigour in conducting such a process [41]. For this study, a
detailed procedure was adopted as shown in Fig. 1.
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Fig. 1 Delphi design for this study (Author’s compilation)

3.2 Conducting the Delphi study

Having established the roles of theDelphi process in obtaining the opinions of experts
through multi-round surveys with the aim of reaching a consensus, it is pertinent to
state its critical features which include the anonymity of experts; statistical responses
obtainable and repetitive process with controlled responses [43]. The Delphi method
is also an interactive research technique used to obtain experts’ judgement on a
specific subject matter [25]. Through the series of rounds, experts are allowed to
modify their responses, maintain their opinions or agree with the rankings of the
previous round. Hence, the aim of the Delphi process is to eliminate the variability
of responses to reach a consensus on a particular issue or question [25, 32]. For this
study, the aim was to attain consensus on the possible 4IR courses that will become
relevant to the built environment in the nearest future to ensure the employability
of built environment graduates. While achieving consensus is the main aim of every
Delphi study, the choices of experts play a pivotal role in the success of the research
[26]. It is also critical to note that during the Delphi process, more attention should
be given to the group responses (convergence of ideas) rather than the individual
response. To this end, several parameters (median and interquartile deviation (IQD))
were adopted to measure consistencies, central tendencies and hence, determine
consensus.

3.3 Selection of Delphi Experts for the Study

According to Okoli and Pawlowski [50], Delphi experts refer to a panel of knowl-
edgeable individuals who are selected for a specific study based on certain criteria
(criterion sampling). Based on the fact that the quality of opinions depends on
experts’ knowledgeability, this research presents the demographic characteristics
of the selected panel to portray their knowledge and expertise to justify their selec-
tion. Over time, several researchers have provided several criteria in deciding who
should be called an expert. Most of the studies suggest that to be called an expert, an
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individual should possess some of the following including understanding the subject
matter in question,author of publications relating to the subject in question; atten-
dance of conference and workshop relating to the subject in question; willingness
to participate in the study at that point in time; willingness to partake in several
rounds when required; good communicators to avoid a slow process; employed with
an accredited institution of higher education; satisfactory number of years of expe-
rience in the construction industry; member of an academic committee; possess an
academic degree in a related discipline; registered with an accredited professional
body and several others, [1, 25, 57, 69]. However, across various studies, it has
been agreed that the researcher has the autonomy to decide who should be called
an expert based on any of the above-listed criteria or as stated by the researcher as
it suits the study. For this study, an expert was required to satisfy 3 or more of the
following criteria: possess at least a Bachelor’s degree in a built environment disci-
pline,employed with either a construction firm or an accredited university in South
Africa; possess at least 5 years working experience within a construction firm or
an accredited university in South Africa; registered with an accredited professional
body and an author of publications relating to the built environment as shown in
Table 2. From Table 2, the 14 experts who completed the Delphi process satisfied 3
more of the stated criteria.

3.4 Determination of the Delphi Panel Size

Due to the fact that the Delphi approach is more qualitative than quantitative,
fewer number of participants or experts are required for the process. Over the
years, numerous researchers have recommended several sample sizes required for a
Delphi process. Dalkey and Helmer [16] and Linstone and Turoff [42] both suggest
7 experts,Cavalli-Sforza and Ortolano [12] recommend 8–12 experts,Phillips [53]
states between 7 and 12 experts while Andranovich [3] and Skulmoski et al. [63]
propose 10–15 participants if the panel of experts are of a homogeneous sample
and possess similar backgrounds. Due to time constraints and an unpredictable
schedule of experts, a small sample (14 experts from both the construction industry
and academics) was considered for this research.

The fourteen (14) experts agreed to participate in the Delphi study after they
received a comprehensive description (requirements or instructions) of the process.
Before the study began, the selected experts were requested to forward their
curriculum vitae (CV) to ascertain if they meet the qualification threshold for this
study. Thereafter, they received the first-round questionnaire surveywhich comprised
both open-ended and closed questions with the option of rankings and stating their
opinions. Both the first-round and second-round Delphi questionnaires can be found
in Appendices 2 and 3. For this study, experts were required to possess 3 or more
of the outlined eligibility criteria. As shown in Table 2, all 14 experts satisfied the
criteria. 5 experts met all the parameters, 8 experts satisfied 4 of the criteria while 1
expert met 3 of the criteria.
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3.5 Delphi Experts’ Information

As stated earlier, one of the criteria to be an expert was to possess at least a Bachelor’s
degree in a discipline within the built environment. Following an analysis of the
experts’ CV, all 14 experts possessed at least a Bachelor’s degree as shown in Table
3.

Based on their academic qualifications, 5 of the experts possessed a Doctorate; 7
of the experts had a Master’s Degree while 2 of the experts possessed a Bachelor’s
Degree. This shows that around 86 percent of the experts possessed post-graduate
degrees which highlight the credibility of this study. More so, these high academic
qualifications of the experts boost the quality and reputability of this study’s Delphi
process. Secondly, the experts were required to possess a built environment back-
ground. As seen in Table 4, the 14 experts represent most of the various disciplines
in the built environment.

Based on their academic qualifications, 2 of the experts possessed a background
in Architecture; 1 expert was from Quantity Surveying; 2 of the experts where from
Construction Project Management; while 9 of the experts were of Engineering back-
ground (Civil, Mechanical and Electrical). Further analysis of experts’ CV showed
that 8 of the expertswere fromhigher institutions in SouthAfricawhile 6 expertswere
from the construction industry. Experts were also required to have at least 5 years of
working experiencewith an academic institution or the construction industry. As seen
from Table 5, the 14 experts all possessed a significant number of work experience
in their spheres of influence.

Based on their years of experience 1 expert had 5 years of experience; 7 had
6–10 years of experience; 3 had 11–20 years of experience; 2 had 21–30 years
of experience and 1 expert had above 31 years of working experience. Addition-
ally, experts were required to be members of recognised and accredited professional

Table 3 Panel of experts’
qualifications

Highest qualification Number of experts

Doctor of Philosophy (Ph.D.) 5

Master’s Degree (M.Sc. and M.Eng.) 7

Bachelor’s Degree (B.eng.) 2

Total 14

Table 4 Panel of experts’
field of specialisation

Field of specialisation Number of experts

Architecture 2

Quantity surveying 1

Construction project management 2

Engineering (civil, mechanical, electrical) 9

Total 14



12 Examining Undergraduate Courses Relevant to the Built … 205

Table 5 Panel of experts’
years of experience

Years of experience Number of experts

5 1

6–10 7

11–20 3

21–30 2

Over 31 years 1

Total 14

bodies. Hence, 5 of the experts were registered with the Engineering Council of
South Africa (ECSA), 2 were registered with the South African Council for the
Project and Construction Management Professions (SACPCMP), 2 were registered
with the South African Institution of Civil Engineering (SAICE) and 1was registered
with Project Management South Africa (PMSA). Finally, most of the authors were
authors and co-authors of peer-reviewed publications within the built environment
disciplines and have presented at academic conferences, webinars and seminars.

3.6 Determining consensus from the Delphi Study

As stated earlier, the main aim of the Delphi study is to attain consensus among the
selected experts. Over time,many researchers have established several parameters for
reaching consensus. According to Holey et al. [30], a consensus is achieved when
there is a convergence (agreements) of opinions among experts. [56] suggest that
consensus is achieved by recording the median and standard deviations (SD) values
where a decrease in SD between rounds indicate higher levels of agreement among
experts. In addition, [56] propose that for consensus to be reached, the inter-quartile
deviation (IQD) should be less than or equal to 1, signifying that over 60% of the
experts were largely positive or largely negative in their responses towards a specific
issue. For this study, a consensus was achieved when the IQD = 0.00 or ≤1. The
consensus scales adopted for this study is shown in Table 6.

Table 6 Consensus scales for this study

S/N Consensus strength Median Mean Interquartile deviation (IQD)

1 Strong 9–10 8–10 ≤1 and ≥ 80% (8–10)

2 Good 7–8.99 6–7.99 ≥1.1 ≤ 2 and ≥ 60% ≤ 79% (6–7.99)

3 Weak ≤6.99 ≤5.99 ≥2.1 ≤ 3 and ≤ 59% (5.99)
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3.7 Reliability and Validity of the Delphi Study

The reliability and validity of the Delphi study deal with the rigorousness of the
methodological process, expert panel determination, panel size determination and
consensus determination [15, 74]. One of the ways to ensure the reliability of the
Delphi study for this researchwas to ensure the clarity of the process to the 14 experts
involved. In achieving this, detailed instructions were included in both rounds of the
Delphi questionnaire to eliminate doubts and ambiguity (as shown in Appendix
section). By selecting experts from a similar background (built environment), relia-
bilitywas also ensured. To obtain a balance of opinions, experts selected for this study
were obtained from both academics and the construction industry. The study also
adhered strictly to the qualification criteria to further enhance the reliability of the
Delphi study. The validity of this researchwas enhanced by ensuring the anonymity of
experts from each other to eradicate the ‘bandwagon’ effect - tendency to make deci-
sions and give opinions based on the choices of others [2]. The experts were provided
with the option of willing participation to further enhance the internal validity of the
Delphi study. This research also adopted multiple rounds which allowed experts to
make modifications and suggestions where necessary and providing reasons for their
additions, hence boosting the internal validity of the study.

4 Presentation of Findings

4.1 Delphi Round 1

The aim of this research is to determine the undergraduate courses that will become
relevant to the built environment in the nearest future due to the advent of the
fourth industrial revolution. Ratings were achieved using a 10-point Likert scale of
‘no significance’, ‘low significance’, ‘medium significance’, ‘high significance’ and
‘very high significance’. While ‘very high significance’ had the highest weighting (9
and 10), ‘no significance’ was assigned the lowest weighting (1 and 2). Twenty-nine
(29) undergraduate courses were identified from literature and government reports
as shown in Table 1. More so, 10 of the courses - data analytics, critical thinking
courses, technology innovation processes, concepts of algorithms, computational
analysis, data mining courses, computer coding, computer programming, artificial
intelligence (AI) courses and data analytics were highly selected by the experts
based on the median score of 9.0 as shown in Fig. 2. From the 10 courses, only
technology innovation processes and critical thinking courses achieved consensus
based on IQD scores of 1.0 each. Likewise, principles of robotics, networking and
its applications, cybersecurity studies, database analytics, database systems design,
cloud-based technology, cloud computing, information technology modules, prin-
ciples of automation, emotional intelligence modules, multidisciplinary collabo-
ration modules, multidisciplinary collaboration management, blockchain concept
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Fig. 2 List of undergraduate 4IR courses
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and application modules, cryptocurrency understanding module, mechatronics engi-
neering, photonics and quantum materials, biotechnology courses, digital control
systems and 3D printing and application recorded median scores of 8.0 each. Only
database analytics, cloud-based technology and principles of automation recorded
an IQD score of 1.0 as the rest recorded IQD scores above 1.0. More so, no new
courses were introduced by the experts.

4.2 Delphi Round 2

Shortly after the completion of the first round, the researcher analysed the data and
sent out the second-round questionnaire. In this round, the expertswere required to do
one of the following—accept the group media value by returning the questionnaires
back to the researcher without making any changes; maintain their original responses
and choosing a new response (and providing explanations formaking those changes).
Table 7 presents a summary of the second-round responses with the median, mean,
standard deviation and IQD scores duly recorded.

5 Discussion of Findings

After the successful completion of the second-round Delphi questionnaire, it was
found that all 29 undergraduate courses achieved good consensus. Hence, there was
no need for a third or fourth round process. Findings emanating from theDelphi study
suggest that the courses which underwent both rounds resonate with what has been
proposed by the South African government during recent 4IR-driven initiatives as
well as several existing literature [17, 28, 38, 52, 70]. As observed fromTable 6, all 29
courses had median scores between 8.0 and 9.0, indicating a very high significance
rating by the experts. Data analytics which had a median value of 9.0 and a mean
value of 8.36 was highlighted by President Ramaphosa during the inaugural Digital
Economy Summit whichwas held at theGallagher Convention Centre, Johannesburg
on 5th July 2019. According to Wang et al. [72], data analytics refers to the science
of analyzing raw data for human consumption. In the world today, organisations rely
on data analytics to monitor trends and make better business decisions, providing
them with a competitive advantage in an ever-changing world [71].

Artificial intelligence (AI) courses with a median value of 9.0 and a mean value
of 8.14 were also ranked highly by experts and its importance in the curricula of
educational institutions cannot be overstated. Like data analytics, the applications
of AI across several fields and industries today are astonishing [22]. Known as the
intelligence displayed bymachines, AI is currently being employed globally to tackle
economic and social challenges in fields such as agriculture, aviation, education,
finance, healthcare, marketing, military, music, sensors, and transportation amongst
others. It is against this backdrop, that theSouthAfrican government isworking round
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Table 7 Future undergraduate courses

Future undergraduate courses Median Mean (x) SD (σX) IQD

Principles of robotics 8.0 7.43 2.44 0.00

Networking and its applications 8.0 7.57 1.55 0.00

Data analytics 9.0 8.36 2.10 0.00

Cybersecurity 8.0 7.43 2.17 0.00

Artificial intelligence courses 9.0 8.14 2.63 0.00

Computer programming 9.0 8.43 1.95 0.00

Computer coding 9.0 8.29 2.27 0.00

Data mining courses 9.0 8.43 1.95 0.00

Computational knowledge 9.0 8.50 1.83 0.00

Concepts of algorithms 9.0 8.50 1.99 0.00

Database analytics 8.0 7.64 1.82 0.00

Database systems design 8.0 7.64 1.82 0.00

Cloud-based technology 8.0 7.57 2.06 0.00

Cloud computing 8.0 7.64 1.91 0.00

Technology innovation processes 9.0 8.50 1.29 0.00

Information technology modules 8.0 7.64 1.50 0.00

Principles of automation 8.0 7.57 1.91 0.00

Emotional intelligence modules 8.0 7.57 1.91 0.00

Critical thinking courses 9.0 8.57 1.34 0.00

Multidisciplinary collaboration 8.0 7.86 0.86 0.00

Multidisciplinary collaboration management 8.0 7.64 1.39 0.00

Blockchain concept and application modules 8.0 7.64 1.50 0.00

Cryptocurrency understanding module 8.0 7.21 2.26 0.00

Mechatronics engineering 8.0 7.36 2.13 0.00

Photonics and quantum materials 8.0 7.29 2.30 0.00

Biotechnology courses 8.0 8.07 1.07 0.00

Energy systems courses 9.0 8.86 0.66 0.00

Digital control systems 8.0 7.79 1.19 0.00

3D printing and application 8.0 7.79 1.25 0.00

the clock to ensureAI courses are introduced into the educational curricula to develop
graduateswho can utilise this knowledge for the greater good and benefit of the nation
and beyond [54]. Computer programming with a median value of 9.0 and a mean
value of 8.43 was also ranked significantly which resonates with the works of [13].
Through computer programming knowledge, students are offered the opportunity to
learn database programs, software applications, image editing tools, word processors
and several programming packages and languages to solve computer tasks. Like AI,
computer programming is the heartbeat of several industries globally as they continue
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to develop products and services based on written computer programs. Consensus
was also achieved in computer coding courses with a median value of 9.0 and a
mean value of 8.29. This is another important 4IR course that provides knowledge
of cryptography, data transmission, and a broader understanding of how computers
generally operate. Like AI, coding is used almost every time because computer
devices, cars and gadgets we use today require codes to function effectively [48].
Hence, its inclusion into the educational curricula is paramount.

Another course highly ranked is Data mining which has a median value of 9.0
and a mean value of 8.43. The use of data mining in modern businesses is one of the
strong motivation for its inclusion into present-day educational curricula. Businesses
of today use data mining to analyse large volume of data to obtain patterns of certain
information that can improve productivity and efficiency, thus gaining competitive
advantage. In recent times, several industries such as healthcare, engineering, banking
and criminal investigation have adopted datamining to improve their service delivery
[55]. For example, data mining has been used in the educational sector to predict
future learning behaviour and performance outcomes of students [35, 62, 66]. It is
based on those data mining applications that even the South African government has
proposed its inclusion into the educational curricula. Computational knowledge was
another course that gained high rankings with amedian value of 9.0 and amean value
of 8.50. According to Thieret [67], computational knowledge provides information
on data interpretation for the purpose of monitoring trends, testing relationships
and hypotheses and developing models to solve complex problems in various fields
[7]. Like computational knowledge, understanding the concepts of algorithm was
another critical course ranked highly by the experts with a median value of 9.0 and
a mean value of 8.50. In modern-day, understanding algorithm is simply the key to
solving complex problems and processing data [39]. In recent times, young students
around the continent have used algorithms for crazy inventions such as aeroplanes,
generators and appliances that run on unorthodox fuels. Hence, the introduction of
algorithm into the lecture room will stimulate problem-solving tendencies among
students as Africa seeks solutions to its increasing problems [58].

Technology innovation processeswith amedian value of 9.0 and also amean value
of 8.50 was ranked highly significant by experts and understandably why. This area
of 4IR knowledge deals with understanding how computer tools and devices interact
during complex problem-solving [4]. Due to the importance of critical thinking skills
in graduate employability and technologies that accompany the fourth industrial
revolution, the inclusion of critical thinking courses into the educational curriculum
is necessary. Experts for the study agreed with this assertion, hence, critical thinking
courses were ranked with a median value of 9.0 and also a mean value of 8.57.
These set of skills allows students to intellectually conceptualise, analyse, evaluate
and solve problems by observing, reflecting and reasoning [51]. Through traditional
teaching and academic exercises, educators play a key role in developing these set of
skills among students. Finally, energy system courses were also highly ranked with
a median value of 9.0 and a mean value of 8.86. Considering the way technology
is changing the forms of energy production globally, it is necessary for students to
understand the societal and political implications of these innovations [68]. With
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numerous challenges facing the energy sector on the continent, equipping young
learners on energy systems is highly critical as African nations continue to seek
renewable energies for a sustainable future.

Furthermore, there exists a strong consensus among experts on the remaining
undergraduate courses with median values of 8. These include principles of
robotics, networking and its applications, cybersecurity, database analytics, database
systems design, cloud-based technology, cloud computing, information technology
modules, principles of automation, emotional intelligence modules and multidisci-
plinary collaboration. Others include multidisciplinary collaboration management,
blockchain concept and application modules, cryptocurrency understanding module,
mechatronics engineering, photonics and quantummaterials, biotechnology courses,
digital control systems, 3D printing and application. These outlined 4IR courses were
resonated in existing literature such as [28, 34, 40]. It is expected that these modules
will develop young learners to not only understand the emerging 4IR technologies
but also to apply them in addressing socio-economic problems facing the continent
and beyond, especially as it relates to engineering, construction and architectural
industry.

6 Conclusion

The fourth industrial revolution has gathered momentum across the globe and South
Africa has continued to outline its vision to lead this march on the African continent.
This innovative era represents a significant transformation as the interaction between
humans andmachines takes on a radical dimension. In recent times, the SouthAfrican
government has embarked on several initiatives across the nation, which highlights
its readiness to become amajor player in the 4IR era. One such initiativewas the inau-
gural Digital Economy Summit which was held at the Gallagher Convention Centre,
Johannesburg on 5th July 2019, where President Ramaphosa discussed the nation’s
commitment to skills and technology revolution that will boost the nation’s human
capital required in the 4IR era. During the summit, a live 3D hologram of the Presi-
dent was transmitted to the Rustenburg Civic Centre in the North West, showcasing
some of the components of the 4IR elements. These emerging technologies have
increased the pressure on educational institutions to introduce technology-driven
courses to equip students with the required knowledge need to thrive with the advent
of the latest disruptor. In achieving the objectives of this study, a qualitative Delphi
approachwas adopted to validate these courses as universities acrossSouthAfrica and
beyond take measures in preparing students for this latest wave of innovation. Built
environment experts who satisfied the listed criteria for participation were drawn
from both academics and industry practice. After two rounds of the Delphi process,
a very high consensus was reached on all 29 4IR courses identified with an IQD
value of 0.00. The study, therefore, achieved its stated objectives of validating these
courses among experts after two Delphi iterations. One of the implications of this
study is that the various 4IR initiatives proposed by the South African government
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signal its intention of embarking on digitalisation as a nation. This places significant
pressures on the educational sector to revamp its curricula to accommodate several
4IR components as recommended by President Ramaphosa. To this end, the Pres-
ident inaugurated a 30-member committee that have been tasked with leveraging
opportunities presented by the fourth industrial revolution to solve contemporary
issues. AI scholar, Professor Tshilidzi Marwala, Vice-Chancellor of the University
of Johannesburg was appointed as the deputy chair of the committee. Therefore, one
of the recommendations for this study is that educational institutions should employ
more innovative ways of teaching 4IR components. As earlier discussed, the 4IR
era combines both physical and virtual reality, hence, students are to be immersed
in virtual learning environments to fully grasp the concept of the innovativeness
surrounding the fourth industrial revolution. While the nation is at the forefront of
the 4IR discussion on the continent, it is necessary to note that this disruptive era is
set to trigger drastic changes to the job market as AI and automation becomes the
order of the day. According to recent statistics from McKinsey Global Institute, AI
and automation are set to displace around one-fifth of the global workforce. Alarm-
ingly, robots are projected to replace close to a billion workers by 2030 (McKinsey
Global Institute, 2019)! Therefore, this age of digitalisation and automation calls for
graduates who are digitally-savvy andmulti-skilled to handle job positions in various
sectors after graduation. Hence, follow-up research should be conducted to predict
the various employability skills (Employability 4.0) that employers will seek in the
nearest future due to the advent of the fourth industrial revolution.
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Chapter 13
An Appraisal of the Level of Awareness
and Adoption of Insurance Policies
for Sustainable Construction

Ayodeji Oke, Oriabure Ijieh, and Olanrewaju Ogunniyi

Abstract Sustainable Construction projects are precarious by nature and a lot of
accidents occur in the process and therefore there is a need for insurance policies. The
purpose of this study is to appraise the level of awareness and adoption of insurance
policies on the sustainability of construction projects in Nigeria. The objective of the
study is to examine the various insurance policies available to sustainable Construc-
tion Projects. This study was achieved through a questionnaire survey method that
was self-administered to Professional in the construction industry; insurer and Client
Representatives, the data collected were analyzed using statistical software (SPSS
23.0) Statistical Package for Social Sciences which encompasses tool such as mean,
frequency, percentile, standard deviation and ranking. The findings of the study indi-
cate the types of insurance policies available to construction industry, concluded that
Contractors’ All Risks (CAR) insurance is an all-inclusive insurance cover used in
construction contracts, most effective and adopted and it has been realized that the
risk involved in engaging insurance policies are numerous. Thus, insurance policies
have positive impacts highly beneficent to the performance of construction projects.

Keywords Accidents · Insurance policies · Risks · Construction project

1 Introduction

The construction industry is full of hazards, This is because from inception through
the completion is made up of complex activities with various phases, for construction
to take place various equipments has to be used in construction and in other to ensure
uninterrupted activities on-site there has to be proper coordination [1]. Although the
construction sector has been in the business of constructing houses since the cave
era [8]. Hence there is a need to cover for unforeseen circumstances that may arise
as a result of these activities. According to Emmett and Therese [5], the transfer of
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uncertainty can be done through insurance, the main function is to a counterpart risk
through transferring or shifting risk from one individual to a group of individuals.

However, the construction industry has an important part to play in the competitive
delivery of goods and services, it is full of many known and unknown risk occurrence
due to various source of uncertainty, which includes the performance of construction
parties, resources availability, environmental conditions, the involvement of other
parties, and contractual relations [6]. Liyadu [9] postulated that a contractor can
prevent the risk of been financially crippled by substituting a small definite cost,
i.e. the premium for the variability of construction. However Transferring risks in
construction is an acceptable practice worldwide as the construction environment is
full of many factors (activities) that generate risks and can’t be controlled [13]. Thus
insurance is a wise move for managing construction risk [15].

Although there are many studies on insurance bonds and policies in Nigeria,
research of the level of awareness and adoption of these insurance policies is scarce,
Therefore, the objectives of this paper are to assess the level of awareness of various
insurable policies on sustainable construction projects and examine the level of
adoption of these insurance policies available in the construction industry. This is
with a view to identifying insurable risks and the types of insurance policies typi-
cally involved in the construction industry. This study will contribute to raising the
awareness and the benefits of the insurable risks and policies which project partici-
pants are exposed to, in the contracts they enter into. It will also provide a tool for
decision-making in contract formation especially in insurance policies available for
the sustainability of construction projects.

2 Literature Review

2.1 Insurance Policies Available for Sustainable
Construction.

In relation to construction operation, there are quite a number of insurance policies
available to cover for losses, nevertheless, policy are usually taken in all construction
project. Thus, any uncertainty that can be measured can be prevented. Special kinds
of risk can give rise to claims known as ‘perils’. However, an insurance policy will
show clearly which claims are included in the insurance included or not. These types
of insurance policy available for construction projects [4]. The following are various
forms of insurance policies available for sustainable constructions; Contractor’s All
Risk Policy (CAR) Suwisai and Clinton [17], Rameezdeenet al. [16], Worker’s
Compensation policy [2, 11], Professional indemnity insurance policy Baartz and
Longley [2], Looi [10], etc. According to Suwisai and Clinton [17], contractor’s all-
risk insurance policy is an all-inclusive insurance cover used in construction. The
definition of all risk insurance in clause 22.2 of the JCT [7] defines the risks for
which insurance is required. Payment of premiummay be paid in quarter installment
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in a situation where the period of policy is more than 12 months, the first payment
of installment is more by 5% while the final payment is paid 6 months before the
policy expires. Also damages insured ranges from proper insurance is to protect
employees/workers against injuries or occupational diseases received or incurred in
the course of their work on a particular project. It is a mandatory type of insurance
in many countries; the insurance covers medical costs and a portion of lost wages.
It also covers the services needed to help an injured worker recover and return to
work [11]. It is important to note that various countries and states around the globe
have regulatory requirements for clients to affect employees compensation insurance
for the advantage of their workers [2]. Professional indemnity insurance policy as
opined by Baartz and Longley [2] as its name suggests, is a form of insurance that
allows for an amount which the insured becomes legally liable to pay as a result of
errors or omission while carrying out their duties. The cost expended while doing
an investigation, defending or settling of uncertainties that have occurred is also in
addition to policy limit. According to Looi [10] describe Professional insurance is
a ‘claim made’ insurance, this means that the policy only responds to claims first
made against the organisation during the policy period, irrespective of when the
act of negligence actually occurred. Basic policies cover the structure and weather-
proofing but this can be extended to include non-structural elements and mechanical
and electrical services (such as heating, ventilating, air-conditioning, water systems,
lifts, escalators, electrical distribution systems, building management systems, and
so on), and some policies will provide cover for loss of rent, loss of profit or revenue,
and the costs of working from alternative premises [10]. The policy, therefore, has,
as most policies do, a number of exclusion and these usually include war, radia-
tion, wear and tear, poor materials or poor workmanship, design error, erosion, force
majeure, kidnapping, bombing, theft, earthquakes, flood. More so, as referred earlier
it is expedient to manage and maintain the interface between the works and existing
structures and the transition of a specific element under construction from the cover
of contract work policy to cover under principal’s industrial special risk, thereby
ensuring there is a limited gap to cover, having regard to the fact that a principal
will usually elect for its industrial special risk policy to commence only at the same
time as commencement of operation which is commercially inclined [2]. Insurance
policy gives coverage for risks to the property as a result of fire, theft or weather
damage (III, 2010). This includes special types of insurance such as fire insurance,
flood insurance, earthquake insurance, home, inland marine insurance. As opined
by Prahl [14], during construction, the form provides all-risk coverage for fire and
vandalism, as well as in transit coverage certain cases include added endorsement
for a specific premium.

3 Research Methodology

Quantitative research that uses cross-sectional survey was adopted for the study
to identify the level of awareness and adoption of the various insurance policies
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available to sustainable construction. Data for the study commenced with a review
of literature on the subject matter to establish the level of awareness and adoption
of various insurance policies on sustainable construction. It is worth noting that the
literature review informed the design of the research used in the current investigation
and self-administered questionnaire survey [3].

Using the survey method, questionnaires were self-administered to stakeholders
that are directly involved with construction activities within the study area. These
include mainly consultant Quantity Surveyors, Architects, Builders, Engineers, and
Builders as well as Clients’ representatives and insurance companies. Their list
and register were obtained from their respective professional bodies that are shoul-
dered with the responsibility of governing and controlling the profession and activ-
ities of their members. These include Nigerian Institute of Quantity Surveyors
(NIQS) for Quantity surveyors, Architect RegistrationCouncil of Nigeria (ARCON),
The Nigeria Institute of Builders (NIOB), Council of Registered Engineers of
Nigeria (COREN), Financial Institution and Clients representation. The number of
respondents in the study area is 336 as indicated in Table 1.

In calculating the sample size, the equation devised by Yamane [18] was adopted.
N = n.
1 + N (e) 2.
where “n” is the sample size for a group; “N” is that actual population of the

group; and “e” is the level of significance (taking as 0.05).
Well-structured questionnairewith close-ended questionswas usedwith the aim to

examine the impact of various insurance policies on the performance of a project. Two
sections were provided with the first planned to elicit information regarding personal
data of the respondent and their organization. The second section was constructed to
obtain information regarding the opinion on insurance policies which was measured
on a 5-point Likert scale. Due to the inability to reach some of the listed professionals,
financial institution and client representative a convenience sampling was adopted as
the sampling technique for the study. A total of 118 questionnaires—representing the
sample size—were administered from which 77 were retrieved representing about
65% response rate.

Table 1 Research population
of respondent

S. No. Firms Population Sample size

1 Quantity surveyors 57 24

2 Architect 27 16

3 Engineers 180 35

4 Builders 40 21

5 Financial institution 12 9

6 Clients representative 20 13

Total 336 118

Source NIQS, ARCON, NIOB, COREN (2019)
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Cronbach’s alpha (α) was computed to test the reliability of the results of the
analysis and it indicates a value of 0.849 since the degree of reliability of the instru-
ment is more perfect as the value tends towards 1.0 [12], it can be concluded that
the instruments used for this research are significantly consistent and reliable. For
the analysis, mean item score (MIS) and standard deviation were computed from the
Likert scale and the values were employed to determine the significance and rank of
the identified variables.

4 Data Presentation, Analysis and Discussion

4.1 Introduction

This session contains the analysis, presentation and discussion of data collected
through questionnaire. This involved the use of frequencies, percentages and mean
for presenting description finding of the survey. This technique was employed for
analysing data related to the information of the respondents.

4.2 Characteristics of the Respondents

This comprises of data collected for the study on background information which
comprises the organization type, academic qualifications, experience and profes-
sional status of respondents. The findings are presented in Table 2.

Table 2, shows the information of the respondents that sixty-five (77) question-
naires that were returned out of questionnaire sent out. 33.8% (26) of the respondents
are from Public organisation and 66.2% (51) are from Private organisation. The table
also shows that 14.2% of the respondents are Architect by profession, 28.6% Quan-
tity surveyor, 14.2% Builder, 20.8% Engineer, 9.1% Insurance manager, 13.0% are
from client organisation. It is also indicated fromTable 1 that most of the respondents
are M.Sc./M.Tech (Master of Technology) holder with 35.1%, B.Sc/B.Tech (Bach-
elor of Science/Bachelor of Technology) Holder representing 33.8%, HND (Higher
National Diploma) 19.5%, PGD (Post Graduates Diploma) 7.8%, and Ph.D. ( Doctor
of Philosophy) holders representing, 3.9%.

Thus, results inTable 2 shows thatmost of the respondents are fromNSE (Nigerian
Society of engineers) 36.9% and the least CIIN (Chartered Institute of Insurers of
Nigeria) and NIOB (Nigeria Institute of Builders) with 14.3% for each, respectively,
NIQS (Nigerian Institute of Quantity Surveyors) 24.7%, NIA (Nigerian Institute of
Architects) 15.6%. Also from the table, it can be deduced that regarding the years
of working experience as presented on the table; 15.6% (12) were between 0 and
5 years, 32.5% (25) were between 6 and 10 years, 19.5% (15) were between 11 and
15 years, 11.7% (9) were between 16 and 20 years, 10.4% (8) has 21–30 years of



222 A. Oke et al.

Table 2 Characteristics of respondents

Category Information Frequency Percentage (%)

Respondent’s Organisation Private organisation 51 66.2

Public organisation 26 33.8

Total 77 100

Respondent’s Profession Architect 11 14.2

Quantity surveyor 22 28.6

Builder 11 14.2

Engineer 16 20.8

Insurer 7 9.1

Client’s representative 10 13.0

Total 77 100

Academic qualification of Respondents HND 15 19.5

PGD 6 7.8

B.Sc/B.Tech 26 33.8

M.Sc/M.Tech 27 35.1

Ph.D. 3 3.9

Total 77 100

Respondent Professional body NIA 12 15.6

NIQS 19 24.7

NIOB 11 14.3

NSE 24 31.2

CIIN 11 14.3

Total 77 100

Years of experience 0–5 12 15.6

6–10 25 32.5

11–15 15 19.5

16–20 9 11.7

21–25 8 10.4

26–30 8 10.4

Total 77 100

Numbers of Insured projects handled 0–5 9 11.7

6–10 12 15.6

11–15 8 10.4

16–20 15 19.5

21–25 18 23.4

26–30 15 19.5

Total 77 100
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Table 3 Level of awareness of insurance policies for sustainable construction

Insurance policies Mean S.D Rank

Compulsory third-party motor vehicle insurance policy 4.23 0.765 1

Contractor’s all risk policy (CAR) 3.98 0.944 2

Professional indemnity policy 3.94 0.706 3

Property insurance 3.94 0.882 4

Worker’s compensation policy 3.75 1.075 5

Contractor plant and machinery policy 3.74 0.871 6

Public and product liability 3.45 0.733 7

Contract works insurance/industrial special risk policy 3.38 0.943 8

Latent defects policies 3.29 1.011 9

working experience. This result indicates that these respondents have come of age in
active service in the Construction Industry and have acquired wealth of knowledge
sufficient for any meaningful survey.

However, the table indicates that 11.7% of the respondent have handled project
insured ranging from 0–5, 15.6% from 6–10, 10.4% from 11–15, 19.5% from 16–
20, 23.4% from 21–25 and 19.5% from 26–30, which proofed that most firm or
organisation ensures their project. The sum of 16–20, 21–25 and 26–30 convincible
shows that projects are insured which, this has indicated the most organisation make
use of insurance policies.

Table 3 shows the respondent awareness of the various policies rendered which
clearly state that respondents generally agree with the various policies rendered
on insurance in the construction industry. Compulsory third party motor vehicle
insurance policy is the predominant insurance policy, this was ranked first with
the MIS value of 4.23 and standard deviation (SD) of 0.765, Contractor’s all risk
ranked second with the MIS value of 3.98 and Standard deviation (SD) of 0.944,
professional indemnity policy is ranked third with theMIS value of 3.94 and standard
deviation (SD) of 0.706, Property insurance is ranked fourth with the MIS value of
3.94 and standard deviation (SD) of 0.882, Worker’s Compensation Policy is ranked
fifth with an MIS value of 3.75 with standard deviation (SD) of 1.075, Contractor
Plant and Machinery Policy came as sixth in the group with MIS value of 3.73
with standard deviation (SD) of 0.871, Public and Product Liability with the MIS
of 3.45 with standard deviation (SD) of 0.733 was ranked seventh, Contract Works
insurance/industrial special risk policy with the 3.38 was ranked eighth with the
standard deviation (SD) of 0.943, while Latent defect policies was the last with a
mean of 3.29 with standard deviation (SD) of 1.011. As explained we can deduce that
the respondents are more aware of Compulsory third-party motor vehicle insurance
policy.

Table 4 indicates that the respondent awareness of the various policies rendered
which clearly state that respondents generally agreewith the various policies rendered
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Table 4 Level of Adoption on the various policies in the construction industry

Insurance policies Mean S.D Rank

Contractor’s all-risk policy (CAR) 3.85 1.227 1

Professional indemnity policy 3.72 0.905 2

Property insurance 3.72 0.960 3

Compulsory third party motor vehicle insurance policy 3.6 1.101 4

Contractor plant and machinery policy 3.48 1.062 5

Worker’s compensation policy 3.32 0.985 6

Public and product liability 2.86 1.087 7

Contract works insurance/industrial special risk policy 2.39 1.041 8

Latent defect policies 2.19 1.059 9

on insurance in the construction industry. Contractor’s all-risk policy is the predom-
inant ranked first with a mean of 3.85 and standard deviation of 1.227, professional
indemnity policy ranked second with mean of 3.72 and SD of 0.905, Property insur-
ance ranked third with mean of 3.72 and SD of 0.960, with the aid of standard
deviation (S.D) the policies with same weighed mean 3.72 were rank using the one
with lowest S.D to rank the one which comes first before the other.

Compulsory third party motor vehicle insurance ranked fourth with a mean of
3.60 and SD of 1.101, Contractor Plant and Machinery Policy was ranked fifth with
a mean of 3.48 and SD of 1.062, Worker’s Compensation Policy ranked sixth with
a mean of 3.323 and SD 0.985, Public and Product Liability with a mean of 2.86
and SD 1.087 was ranked seventh, Contract Works insurance/industrial special risk
policy with mean 2.39 was ranked eighth, while Latent defect policies are the last
with a mean of 2.19 and SD of 1.059. However, it shows the least adoption of the
insurance policy is Latent defect policies.

4.3 Discussion of Findings

This study is envisaged on evaluation the various insurance policies on construction
from the analysis it was observed that respondent year of practice has a signifi-
cant effect on their attitude toward the implementation of insurance policies, on
construction projects, respondent with higher year of experience in practice have
been involved in many insured projects and are aware of the various insurance
policies available for construction project. Sequels from the analysis compulsory
third party motor vehicle insurance policy is the highest known type of insurance
policy known by construction professionals and Contractors’ all risk (CAR) Policy
is the highest effective in the types of insurance policies available for construction
projects since all Contractors’ All Risks (CAR) insurance is an all-inclusive insur-
ance cover all physical loss or damage both to work itself (under construction or
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completed), and on plants and equipment’s as well as materials which are in asser-
tion with Rameezdeen et al. [16] which stated that Contractors’ all risk (CAR) Policy
is most reliable insurance policy used in the construction industry and the covers
applies during the construction and maintenance period. However, from the results
of the analysis which was also in consensus with what Suwisai and Clinton [17] said
the contractor’s all-risk insurance policy is an all-inclusive insurance cover used in
construction.

Nevertheless, Professional indemnity insurance policy is also adopted and effec-
tive from the results on which closed to contractor all-risk insurance as opined by
Baartz and Longley [2] as it names suggest, this insurance indemnifies an insured
for amounts which the insured becomes legally liable to pay as a result of any actual
or alleged negligent act, error or omission in the conduct of its business or profes-
sion. Cost and expenses incurred to investigate, defend or settle any claim are also
included, sometimes in addition to policy limit. And with what to Looi [10] opined
describing Professional insurance is a ‘claim made’ insurance, this means that the
policy only responds to claims first made against the organization during the policy
period, irrespective of when the act of negligence actually occurred.

5 Conclusion and Recommendation

In conclusion, Construction insurance plays an important role in transferring risks
in the construction industry. On every project insurance is required, the employer
should request from the contractor. There are different types of policies rendered by
insurance for construction industry which cover from the building to the employer,
workers on-site, materials, etc. The recognition of the awareness, adoption and effec-
tiveness of each selected policies will help the construction industry and its various
participants on how to manage themselves and their project through losses.

Therefore it is recommended that there should be awareness and seminar programs
to re-orient all professionals and clients on various insurance policies available in
the construction industry and also proper education on how to recover claims thus
insurance organisation should be sincere with their clients by satisfying them during
the period of uncertain occurrence.
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Chapter 14
To What Extent Is Biophilia
Implemented in the Built Environment
to Improve Health
and Wellbeing?—State-of-the-Art
Review and a Holistic Biophilic Design
Framework

Carolyn Thomas and Yangang Xing

Abstract As human beings have detached themselves from natural environments
by spending most of their time indoors, they have also distanced themselves from
the positive experiences that nature provides. Sick building syndrome, nature deficit
disorder amongst others, are examples of the impact of separating the built environ-
ment from nature. Biophilia is an innate affiliation to nature which stems from our
evolutionary history, vital for sustaining health and wellbeing. Biophilic concepts
have been explored from biophilic cities to biophilic hospitals. However, existing
biophilic research is fragmented. In the last few decades, energy efficiency and
carbon emissions have increased in importance for low environmental impact design,
nonetheless, there is a need for more research in biophilic buildings which are benefi-
cial to our health and wellbeing as well as causing less harm to the environment. This
paper aims to investigate the application of biophilia in building design practices for
improved health and wellbeing. Firstly, biophilic theoretical frameworks developed
by leading biophilic experts have been examined and compared to health andwellness
performance certifications such as WELL Building and Living Building Challenge
(LBC) standards. Finally, a holistic biophilic framework inspired by Kellert and
Calabrese has been elaborated to assess the biophilic features in the built environ-
ment. Multiple explorative case studies were employed for this paper, the findings
revealed that the biophilic applications linked to direct experiences of nature were
implemented inefficiently and lacked a holistic approach to improve health and well-
being. The authors argue that biophilia needs to be included holistically to maximise
the benefits of nature’s experiences.
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1 Introduction

Humans once lived in small communities, held small farms and acknowledged the
dependencies on nature, aware of the importance of its cycles, seasons and weather
for survival. Today, 55% of the world’s population now resides in urban areas and is
predicted to rise to 68% by 2050 [31]. People spend up to 90% of their time indoors
[6, p. 2] and a further 6% in an enclosed vehicle [20]. Not only are humans the
dominant species on earth but they are also distancing themselves from nature while
corrupting the environment, but most importantly, impact the future generation’s
ability to survive. Humans have become an indoor species that favours artificial
environments over natural ones.

Nature provides food, shelter, soil, water and air, vital to our survival, yet human
beings are destroying these fundamental elements on a profound scale. Humans have
altered the planet’s physical, chemical and biological features on a geological level.
As urban environments have become the daily setting for many, energy is primarily
consumed in buildings and accounts for 40% of all energy use, and responsible for
36% of all CO2 emissions [9]. Energy saved by design such as bioclimatic design and
energy modelling, has improved buildings with considerable reductions in energy
use, before adding photovoltaics, geothermal or wind. Although energy efficiency is
a necessary move for buildings that cause less harm to the environment, they also
need to consider the health and wellbeing of occupants.

In the last few decades, biophilia has been implemented to improve health
and wellbeing, a technique that brings vegetation into cities, streets, and interiors.
Biophilia is described as a preference for natural environments, as we have evolved
for 99% of our species evolution outdoors, the human brain requires natural stim-
ulations. As buildings are around for decades and urban environments in the daily
setting for many, building design should promote health and wellbeing through inter-
actions with nature. Urban environments are generally described as unhealthy which
is reflected in the green building rating standards, such as BREEAM and LEED who
have acknowledged the importance of implementing health and wellbeing measures.

This paper considers the field of biophilia, which has matured and broadened
with a range of theoretical and conceptual frameworks, this will form the foundation
for a holistic biophilic framework. The paper aims to identify the extent biophilia is
implemented for improving health and wellbeing in the built environment.

1.1 Significance

Biophilia is “the urge to affiliate with other forms of life” [33, p. 85]. In the last
few decades, biophilic design has received increased attention and significance in
the built environment and is being implemented to improve health and wellbeing.
Empirical studies confirm that biophilia improves concentration, decreases fatigue,
improvesmental wellbeing through the visual connections to nature. [13]. According
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to Louv, the absence of nature has contributed to decreased health and wellbeing and
may be linked to increased obesity, depression, and attention disorders in children.

As a new biophilic framework to assess the experiences of nature is required to
address the inadequacies in the built environment [8, 17, 37, 38]. Key concepts and
theoretical backgrounds from the literature were employed to support the biophilia
hypothesis. The research heavily relies on the practice of biophilia by Kellert and
Calabrese for the design of a holistic biophilic framework.

1.2 Methodology Outline

A qualitative research design was employed for this paper, to understand a contem-
porary phenomenon, such as how biophilia is implemented in recently completed
projects and why. Multiple case studies were selected to assess biophilic features,
guided by the holistic biophilic framework. Four case studies were assessed for their
biophilic applications, selected from the RIBA awards,

however, these are anonymised. Content analysis was used for the data collection,
several sources and formats were employed:

• Project descriptions from the architect’s websites
• RIBA website descriptions
• Observations from videos and images

The case studies were evaluated by building designers who have knowledge of
biophilia and its applications. To evaluate the biophilic applications, case studies
were analysed individually and collectively to look for trends and patterns, with
results represented categorically through tables. Tables captured and summarised
the findings for examination of similarities and differences.

2 A State-of-the-Art Review—Existing GBRT/Health
and Wellness Performance-Based Standards
and the Biophilia Hypothesis

2.1 The Biophilia Hypothesis and Multisensorial
Experiences Provided by Nature

The term biophilia was initially devised by social psychologist Erich Fromm, who
broadly defined it as “the passionate love of life and of all that is alive” [11, pp. 365–
366]. Subsequently defined further and popularised by American biologist Edward
O.Wilson, in his bookBiophilia (1984, p. 85) as “the urge to affiliatewith other forms
of life”. Furthermore, biophilia stems from the evolutionary history of the human
species and is still vital to people’s health and wellbeing in modern society [14, 15,
19, 34]. For 99% of our species history, humans developed to adapt in response to
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natural environments, there is a mismatch, the brains of early humans developed in
different environments to today.

Humans left rural areas to reside in cities, which grew in numbers and size,
people favour artificial environments over natural ones, with irreversible impact on
the planet. Nonetheless, Wilson [35, pp. 31–41] explains that biophilia hasn’t disap-
peared since the migration to cities and continues to play a vital role in the built
environment. Kellert’s work will be assessed further along with frameworks elabo-
rated by experts in the field of biophilia. Biophilia is a much-needed innate affiliation
to nature which we have distanced ourselves from.

Biophilia is a multisensorial experience, our physiognomy is designed to respond
to natural environments. Non-dynamic environments shut down our senses, and lose
contact with theworld, our brains desire the variances, sounds,movements and scents
provided by nature. Architects and scientists understand the importance space and
place have psychologically and physically. However, previous studies have almost
exclusively focused on the beneficial effects of visual connections to nature compared
to all other senses, such as olfactory and acoustic.

The artificial settings imposed on individuals inmodern society aremostly sensory
deprived. Too often, buildings are bland environments, deprived of sensorial stim-
ulation, resulting in places where fatigue and boredom set in. This has a negative
impact on our psychological and physical wellbeing. Unfortunately, nature in the
built environment is largely treated as a problem or an irrelevant matter, resulting
in decreased interaction between people and nature. Additionally, sensory depri-
vation is distressing for the brain, decreasing its plasticity, the same thing all day
long is harmful to our health and wellbeing [4]. Furthermore, the mood is defined
and affected by what we do, see, hear and smell in that space [27]. Extended
exposure to nature in healthcare facilities which implemented biophilia resulted in
improved recovery rates, less pain relief administered, lower blood pressure, along
with improvedworking conditions for staff [18, 22, 23, 30, 32]. The biophilia hypoth-
esis supported by vast amounts of empirical studies, confirms that contact to natural
environments offers a potent aesthetic stimulus. Direct contact with nature has the
most profound impact on health and wellbeing, decreased stress, improved cognitive
performance, along with improved mood and emotions.

Noise, unpleasant odours, artificial light and air conditioning cause stress making
us sick, healthcare facilities and hospitals are rarely associated with improved
comfort, health and wellbeing. Multisensorial encounters with the natural environ-
ment should be encouraged by incorporating indirect and direct contact with nature.
This would promote sensorial stimulation and provide humans the much-needed
exposure to nature to improve health and wellbeing. British Research Establishment
(BRE) is also taking an active role on the impact the built environment has on health
and wellbeing, Flavie Lowres, Associate Director of BRE states that “energy effi-
ciency is now embedded in the construction thinking and processes…the focus is
shifting more and more towards the health and wellbeing of the building occupants”
(BRE 2018, p. 1). Biophilia is the missing link for true sustainability (BRE 2018),
[36].
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2.2 Green Building Rating Standards

Green building standards such as BREEAM’s (Building Research Establishment
Environmental Assessment Method, by BRE) new construction standard for non-
domestic buildings include a category on health and wellbeing and accounts for
14% of the total credits. Credits are given for the provision of outdoor spaces, land-
scaped areas and biophilia to provide building userswith direct experiences of nature.
Daylighting and views onto nature, along with passive strategies are included [7, pp
72–126]. However, a recent study by Xue [36] argues that green building rating tools
(GBRT) should shift from the energy-oriented approach to a human-centered one
through a biophilic framework. Furthermore, health andwellness performance-based
certification programs include biophilic design guidelines for improved health and
wellbeing within topics such as air, water, nourishment, fitness, comfort and mind.
However, a study by Obrecht [25] explains that many of the topics in GBRT and
Health and Wellness performance-based standards relate to building management
and services rather than the design of buildings. The importance of health and well-
being was acknowledged in several government policies, green building standards
and certification systems. For example, the UK National Planning Policy framework
aims “to enable and support healthy lifestyles, especially where this would address
identified local health and well-being needs” [24]. There is a lack of emphasis on
health and wellbeing in green building design tools.

Different from energy-oriented GBRTs, there are two health and wellness
performance-based certification schemes: WELL Building and Living Building
Challenge (LBC) standards. TheWELLBuilding Standard is developed by the Inter-
national WELL Building Institute, (IWBE), WELL measures elements associated
with building design that affects occupant health and wellbeing. Air, water, nourish-
ment, light, movement, thermal comfort, sound, materials, mind and community, all
topics are backed up by medical and scientific research. The Living Building Chal-
lenge (LBC) is developed by the International Living Future Institute, with several
levels of certification, which measures building design elements related to place,
water, energy, health & happiness, materials, equity and beauty.

Both schemes assimilated the application of biophilic design. As summarised in
Table 1. Both WELL and LBC have included direct connections to nature such as

Table 1 Summary of biophilic measures in well and LBC

Certification schemes Environmental
category/imperative

Assessment criteria

WELL
Building standard
2018 V2

M02 access to nature
M07 restorative spaces
M09 enhanced access to
nature

Provide access to nature
Nature incorporation
Culture, place, flora, art, delight

LBC
Living building challenge
2019 V4

11 access to nature
19 beauty and biophilia

Interior/exterior connection to nature
Connect to place, climate, culture and
community



232 C. Thomas and Y. Xing

access to nature, incorporation of nature, connection to place, culture and commu-
nity. Both WELL and LBC prescribed outdoor biophilia and indoor biophilia for
improving health and wellbeing, addressed direct connection to nature through
natural lighting, views onto nature.

However,WELL is comprised of preconditions (which are required) and optimisa-
tions (which are recommended), M07 andM09 are within the optimisation category.
In comparison to LBC, all imperatives are mandatory, furthermore, LBC provides
a biophilic design guidebook based around Kellert’s six elements. Environmental
features, Natural shapes and forms, Natural patterns and processes, Light and space
alongwith Evolved human-nature relationships. (BiophilicDesignGuidebook, LBC,
p. 11).

2.3 Biophilic Design Applications in the Built Environment
and Associated Design Frameworks

In the last few decades, biophilia has received increased attention in the built envi-
ronment [1, 10], to provide humans with vital exposure to nature. Biophilic urbanism
has obtained increased consideration in academia and practice [1, 2, 10]. Biophilicc-
ities.org founded by Tim Beatley aims to “advance the theory and practice planning
for biophilic cities” [3, p. 1] and describes a holistic approach to biophilia to include
conservation of wildlife along with providing humans the much-needed sensorial
stimulation. An exemplary biophilic city is Singapore. The city has implemented
an abundance of natural features and although the population has increased by 2
million over two decades the vegetation has increased from 36 to 47% [5, p. 1]. Park
connectors allow people to walk, bike and jog between numerous areas of the city.
Vegetation is used as a climate modifier, high-rise buildings, hospitals and schools
use green facades, roofs to decrease the urban heat island effect whilst purifying
air. Singapore’s Koo Teck Puat Hospital KTPH received the biophilic award [12,
pp. 5–7]. Climatic studies performed on the KTPH reveal temperatures were consid-
erably lower in the afternoon due to shading from vegetation and evaporative cooling
fromwater features [12, pp. 5–7]. Biophilia when implemented correctly can provide
multifunctional solutions to common design problems in the built environment.

As a holistic approach to biophilic design is required, the biophilic application
along with the biophilic principles as defined by Kellert and Calabrese [16], provides
a suitable evaluation method for assessing biophilic features for improved health and
wellbeing. According to Kellert and Calabrese [16] “Biophilic design seeks to create
good habitat for people as a biological organism in the modern built environment
that advances people’s health, fitness andwellbeing”. The following five fundamental
principles of biophilic designwere identified byKellert andCalabrese (2015, pp. 6–7)
as;

1. Biophilic design requires repeated and sustained engagement with nature;
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2. Biophilic design focuses on human adaptations to the natural world that over
evolutionary time have advanced people’s health, fitness and wellbeing;

3. Biophilic design encourages an emotional attachment to settings and places;
4. Biophilic design promotes positive interactions between people and nature that

encourage an expanded sense of relationship and responsibility for the human
and natural communities;

5. Biophilic design encourages mutual reinforcing, interconnected, and integrated
architectural solutions.

However, those principles can only be followed by the successful implementa-
tion of biophilia through a framework. As discussed previously, this set of principles
is currently not employed in any health and wellness standards or GBRT. Several
biophilic design frameworks have been created. Terrapin Bright Green created a
framework (as in Appendix 1) which links biophilic features to health and well-
beingoutcomes. Similarly, toKellert andCalabrese’s theoretical framework,Terrapin
Bright Green’s 14 biophilic patterns also distinguish between nature in the place,
nature analogues and nature of the space. This framework is partially based on
Kellert’s biophilic theories and includes three categories of implementation. Further-
more, each is linked to aspects of health and wellbeing such as stress reduction,
cognitive performance and emotion, mood and preference. The proposed framework
could provide design strategies to address specific health and wellbeing outcomes
for a range of environments. Finally, a conceptual framework focused on urban envi-
ronments has been proposed by Beatley (Appendix 2) who coined the term biophilic
city and linked the biophilia hypothesis to urban planning, to incorporate economy
and improved health and wellbeing of population, along with recovery of urban land-
scapes (2011). He developed a biophilic pathway to urban resilience, the framework
compared to Kellert and Calabrese, is aimed at the macro scale with a less detailed
approach to its application. Based on previous research (Kellert and Calabrease
2015), [1, 2, 10], the authors have developed the following design framework which
consists of three main experiences of nature and corresponding attributes, totalling
to twenty-four biophilic features as in Fig. 1. The combination of the biophilic prin-
ciples and application methods provides a complete framework for the evaluation or
implementation of biophilia in the built environment.

2.4 Summary of the State-of-the-Art Review

It is observed that humans have distanced themselves from nature, spending most
of our lives inside buildings and connecting with technology. The built environment
has been linked to several illnesses and disorders, somemore recognised than others:
NDD and SBS, which further supports the idea that the lack of nature is affecting our
health and wellbeing. Biophilia provides a holistic approach to sustainable design:
conservation of natural environments; improved health and wellbeing; climate modi-
fication; energy efficiency. Its application has been defined bymany researchers such
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Fig. 1 Biophilic design framework. Adapted from Kellert and Calabrese (2015, pp. 6–20)

as Kellert and Calabrese’s theoretical frameworks and Terrapin Bright’s 14 biophilic
patterns. Furthermore, empirical evidence supports the beneficial impact of biophilia
on health and wellbeing, both psychologically and physically. Specifically, direct
contact to nature through the application of light, air, water, plants and ecological
landscapes.

Although biophilic features are widely implemented in urban environments, there
are few which have adopted a holistic approach to sustainable design, in most coun-
tries and cities biophilia is not considered as an important feature for promoting
health and wellbeing. Typically, buildings lack direct contact with nature; green
views, plants and natural daylight or access to green areas are not a priority. Hospitals,
educational buildings, office buildings and homes and generally devoid of vegetation
and natural elements, despite a growing body of knowledge proving the beneficial
impacts of experiences of nature on health and wellbeing. All main sustainability
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assessment standards such as BREEAM, WELL and LBC include natural ventila-
tion, thermal comfort, lighting and ecological features, but lack the holistic approach
to biophilia as defined by Kellert and others. Specifically, the principles, which as
defined by Kellert and Calabrese, are fundamental.

3 Methodology

3.1 Developing a Framework for Assessing Biophilic
Implementations

The aim of this paper is to investigate how and why biophilia is implemented in
urban environments for improved health and wellbeing, by developing a holistic
biophilic framework for its evaluation. Four case studies were selected, assessed for
their design strategies and biophilic applications. The case studieswere selected from
the RIBA awards, “The RIBA National Awards are given to buildings across the UK
recognised as significant contributions to architecture” [26]. The case studies are all
projects which were recently completed and provide a good indication of the extent
to which biophilia is implemented to promote health and wellbeing. The criteria for
selection were large to medium-sized buildings in the UK, located in urban areas,
from a variety of settings: educational, office spaces and dwellings.

As a new biophilic framework is necessary for the holistic application of biophilia,
which is lacking in current GBRT and Health and Wellness standards, concepts and
theories proposed by experts in the field of biophilia were assessed and compared.
The state-of-the-art literature reviewed in Sect. 2 formed the basis for the elaboration
of a holistic biophilic framework based onKellert andCalabrese (see chart 1 “Practice
of Biophilic Design). The framework is represented in the form of tables, one for the
experiences and attributes and another for the principles (see Table 2).

• Stage 1: Kellert and Calabrese’s experiences and application of biophilic design
(2015, pp. 6–20).

• Stage 2: Kellert and Calabrese’s biophilic principles (2015, pp. 6–7).

The data was collected from images, project descriptions from the architect’s
websites, RIBA website along with observations from videos and images to evaluate
the application of biophilia. Case studies were analysed individually and collectively
to look for trends and patterns, with results represented categorically through tables.

4 Results and Discussion

Two investigators evaluated the effectiveness of the holistic biophilic framework. A
whose work currently focuses on urban community and productive renovation. Both
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Table 2 Biophilic framework. Adapted from Kellert and Calabrese (2015, pp. 6–20)

Experience of direct contact with nature A B C D

1. Light: natural light, design strategies and materials

2. Air natural ventilation, access to outside, operable windows

3. Water: views of prominent water bodies, fountains, aquaria, wetlands

4. Plants: abundant ecologically connected vegetation, flowering plants, local species

5. Animals: design strategies, use of modem technologies to attract and view wildlife

6. Weather: direct exposure to outside, porches, decks, balconies, gardens

7. Natural landscapes and ecological features: interconnected plants, animals, water,
soil

8. Fire: fireplaces, creative use of light, colour, movement, and materials of varying
heat conductance

Experience of indirect contact with nature A B C D

1. Images of nature: images, paintings, sculptures, murals any other representational
means

2. Natural materials: wood, stone, wool, cotton, and leather

3. Natural colours: earth tones from soil, plants, rocks, sunsets

4. Simulating natural light and air; design strategies for lighting and ventilation,
mimicking natural dynamic qualities

5. Naturalistic shapes and forms patterns from nature

6. Evoking nature: design principles from nature, biomorphic forms

7. Information richness: diverse environments, options and opportunities

8. Age change and the patina of time: naturally aging materials, weathering

9. Natural geometries: mathematical opportunities from nature, self-repeating but
varying patterns

10. Biomimicry: forms and functions inspired from nature

Experience of space and place A B C D

1. Prospect and refuge long views of surrounding settings, safety and security

2. Organised complexity: orderly and organised complexity

3. Integration of pans to whales: central focal points, linking of spaces, clear and
discernible boundaries

4. Transitional spaces: clear and discernible transitional spaces, hallways, porches

5. Mobility and wayfinding: clear pathways, point of entry, exits

6. Cultural and ecological attachment to place: culturally relevant design, local
landscapes

Biophilic principles A B C D

1. Repealed and sustained engagement with nature

2. Advancing people’s health, fitness and wellbeing

3. Emotional attachment to settings and place

4. Promotes interactions between people and nature, encourages a sense of relationship
and responsibility for the human and natural communities

5. Interconnected and integrated biophilic architectural solutions
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investigators have knowledge of biophilia and assessed the case studies for their
biophilic features. All results from both investigators were used as this provided
valuable information on the framework’s effectiveness (see Appendix 3, 4, 5).

Four case studies were selected and assessed for their biophilic applications,
guided by the framework derived from the literature. The results were checked
against the five biophilic principles for a holistic approach to biophilic design.
The case studies were analysed individually and collectively to look for trends and
patterns, with results represented categorically with tables. This enabled to elaborate
theories on the implementation of biophilia in urban environments. The results are
summarised below.

4.1 Effectiveness of the Holistic Biophilic Framework
in Assessing Biophilic Applications

Investigator A described the checklist as comprehensive and detailed. Most biophilic
features that were implemented or absent were identified by both investigators.
Further improvements to the framework have been identified and are as follows:

• Several biophilic design features were similar, causing some confusion to the
category the feature belongs, further clarification is required either with detailed
subcategories, or by combination of the features. Such as feature 4: Plants:
abundant ecologically connected vegetation, flowering plants, local species, and
Feature 7: Natural landscapes and ecological features: interconnected plants,
animals, water, soil.

• Several biophilic features were unsuccessfully applied, causing some disagree-
ments from the investigators. Especially when assessing the direct experiences of
nature, such as plants and water features.

• The biophilic assessment checklist would benefit from including quantifying
measures. This could be achieved with the addition of a column, to quantify
each feature.

• Field measurements would have improved consistency in the results as some
features were unnoticeable from content analysis, such as the creative uses of
nature through artworks and imagery, colours and fabrics.

Furthermore, investigator A suggests images could be implemented to help iden-
tify each feature. The framework aimed to provide a holistic assessment of biophilic
design in the built environment to improve health and wellbeing. As identified in the
literature, a new biophilic assessment tool is required to address the deficiencies in
the built environment [8, 17].

Further adjustments to the framework:
A focus group and a workshop, comprised of academics who were selected for

their knowledge and expertise, discussed and assessed the clarity and usefulness of
the framework, opinions and recommendations were implemented (see Appendix 6
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for an amended version). Feature 6, 9, 10 from experience with indirect contact with
nature, have been combined with feature 5. This category now represents shapes,
forms, patterns, geometries and innovations from nature.

4.2 Holistic Biophilic Framework: Identified Trends
and Patterns in Case Studies

The trends and patterns identified from the case studies findings suggest biophilia is
implemented across all projects through variousmeans. These have been summarised
below and include both investigators findings:

• Experiences of direct and indirect contact with nature, along with experiences of
space and place, have been implemented across all case studies.

• All three groups of experiences with nature have been partially implemented to
advance people’s health, wellbeing and fitness. Both investigators agree that none
of the selected, recently completed projects, achieved all five biophilic principles
to have a substantial impact on health and wellbeing.

• Across all case studies, experiences of direct contact with nature, through natural
lighting and ventilation strategies, were implemented.

• Experiences of direct contact with nature which have the highest benefits for
health and wellbeing when assessed against Terrapin Bright’s framework were
implemented ineffectively or not at all. Such as prolonged and repeated exposure
to nature.

• The biophilic features which benefit health and wellbeing the most, such as direct
contact with nature through vegetation, plants, animals, were lacking.

• Biophilia is not an integral part of current environmental assessment standards or
health and wellness performance-based standards and certifications. Government
incentives should be available to promote biophilic design, to include vegetation,
green walls and roofs in urban areas, such as in Singapore.

Although biophilic features were implemented in all case studies, its applica-
tion fails to meet the five principles, which are fundamental for improving health
and wellbeing. This is largely due to implementing vegetation in transitional spaces
such as halls, communal and intermediate areas. As previously stated in the litera-
ture, the results revealed the biophilic features implemented to improve health and
wellbeing were achieved by including thermal comfort, daylighting and ventilation,
reflecting the importance of energy efficiency measures, and health and wellbeing in
the current standard assessment methods. However, in most case studies the experi-
ence of direct contact to nature such as plants: abundant ecologically connected vege-
tation, flowering plants and local species were lacking. Plants, green walls, lawns
were disconnected. If biophilia is to be implemented for health and wellbeing, this
should be reflected in the choice and selection of its application. Although building
occupants had access to direct contact with nature, many spaces were devoid of
biophilic features.
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5 Conclusion

The findings from the holistic biophilic framework inspired by Kellert and Calabrese
provided several key theories on the application of biophilic design: biophilia is
acknowledged and implemented in urban environments but lacks a holistic approach.
Biophilic features were applied in all case studies, however, its application is limited
to transitional and intermediate spaces. Repeated and sustained engagement with
nature is lacking in most case studies, nature is mostly implemented as an “added
feature” rather than an integral part of the structure. This is further verified when
compared to truly biophilic buildings from the literature such as in Singapore. None
of the case studies selected achieved all five biophilic principles for its successful
implementation, as defined by Kellert and Calabrese.

Biophilia is implemented in recent projects and contributes to improved health
and wellbeing, however, its application lacks the holistic approach for its successful
implementation as defined by researchers. Furthermore, its acknowledgment is
growing and being recognised for its health and wellbeing benefits but also as a
replacement for sustainable design. Additionally, its application needs further defi-
nition, biophilia should be consciously implemented with the knowledge that it
improves health and wellbeing when implemented holistically, rather than just added
as a last thought. Direct contact with nature is the most beneficial biophilic feature
to improve health and wellbeing, however, natural ventilation and daylighting seem
to be the main direct experiences applied in recently completed projects. The most
beneficial features of biophilic design to improve health and wellbeing are imple-
mented ineffectively due to site constraints, lack of acknowledgment, and the lack
of incentives, especially when compared to biophilic cities such as Singapore.

5.1 Recommendations Identified from This Paper Are
as Follows

• A quantitative approach for the evaluation of biophilia, using field measurements
would provide a consistent method for the assessment of biophilic features.

• A holistic biophilic framework which includes the principles as defined in the
literature should be included in environmental standards and health and wellness
performance-based certification.

• Further research into the benefits of indirect contact with nature along with the
effect of nature to other senses is required.

Acknowledgements We thank you for contributions from Xiaoying Ding for providing feedback
on the biophilic design framework and case studies.
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Appendix 1: Terrapin Bright Green’s 14 Biophilic Patterns
and Health and Wellbeing Outcomes

See Fig. 2.

Fig. 2 Biophilic patterns and biological responses. Figure reproduced from (Terrapin Bright Green
2015, p. 1)
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Appendix 2: Biophilic Pathways to Urban Resilience

See Fig. 3.

Fig. 3 Biophilic pathways to urban resilience. Figure reproduced from (Beatley & Newman 2013,
p. 3333)
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Appendix 3: Biophilic framework Results—Investigator A

.
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Appendix 4: Biophilic Framework Results—Investigator B

.
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Appendix 5: Combined Results

See Table 3.

Table 3 Combined findings
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Appendix 6: Amended Framework From Focus Group

.
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Chapter 15
Thermal Conductivity Characterization
of Industrial Small-Sized Building
Materials: Experimental and Simulation
Study

Mouatassim Charai , Haitham Sghiouri, Ahmed Mezrhab,
and Mustapha Karkri

Abstract A new experimental procedure for determining the thermal conductivity
of small-sized building materials using the boxes method setup is described. The
proposed approach does not require additional sensors. Indeed, the measurement is
based on the permutation of sensors and then the interpretation of the steady-state
heat balance of samples. For the characterization, local earthen blocks from eastern
Moroccowere developed. Themeasured thermal conductivity values were compared
with those obtained by an accurate transient hot disk method. The comparison shows
a good agreement and verifies the performance of the permutation approach. To eval-
uate the thermal performance of the developed buildingmaterials, annual simulations
were performed for a typical earthen building located in two different climates in
Morocco. In this paper, hot and cold semi-arid climates were chosen to study the
impact of the characterized earthen walls on the annual energy consumption of the
case study building. The results show that the earthenwall reduces the annual cooling
loads by 21.2% and 18.1% for hot and cold semi-arid climates compared to the refer-
ence case, respectively. In addition, the studied earthen walls show a reduction in
the maximum cooling peak load of up to 20% compared to the conventional walls.
However, a slight difference in heating loads for buildings located in cold semi-arid
climates was observed. The experimental tests demonstrated the performance of the
proposed methodology, which could be used for laboratory testing and for updating
building material databases. While the building performance analysis clearly proved
that earth walls can play a great role in mitigating the cooling demand and improving
the thermal comfort of buildings in summer.
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Keywords Boxes method · Building materials · Building performance simulation ·
Energy consumption · Passive cooling · Thermal conductivity · Small sample

1 Introduction

Material selection in the building sector has become amore demanding criterionwith
regard to climate change and the energy consumption of buildings, which accounts
for the largest percentage part of their overall life-cycle impact [1, 2]. In this context,
and besides passive design measures, several codes and standards have recently been
enforced to fulfil the need for low energy-intensity buildings and to strengthen the
transition to sustainable constructions. Examples of such building standards and
normative strategies to cope with the alarming global building energy situation are
given in [3].

Building thermal regulations are one of the most energy-related standards practi-
cally used to improve the energy efficiency of buildings. These kinds of approaches
interest in the thermal performance of materials constructing the external building
envelope in order to design thermally compliant compositions. Taking as an example
the Moroccan thermal regulation program for buildings, developed in 2014 by the
MoroccanAgency for EnergyEfficiency, the objective is to reduce by at least 39% the
annual energy needs of new buildings through specifying a minimum performance
threshold based on a thermal resistance estimation, which can be deducted directly
from the thermal conductivity of used materials [4].

Therefore, the characterization of the thermal conductivity of materials is of crit-
ical concern in evaluating the thermal performance of buildings. There are many
techniques available to measure the thermal conductivity of building components,
which can be divided into two main categories: steady-state and transient methods.
The first category determines directly the thermal conductivity of samples via the
analytical resolution of Fourier’s law, such as the Guarded Hot Plate (GHP) method
by ISO 8302 [5] or EN 12,667 [6], while the second category of methods estimates
the thermal conductivity property using relatively complex numerical models, such
as the Hot Disk method by ISO 22,007–2 [7]. The transient methods provide rapid
measurements based on the thermal time-dependent response of studied samples.
Nevertheless, steady-state methods give much more accurate results than transient
techniques due to the well-established theoretical model, and thus the measurement
errors depend only on the experimental setup used. For this reason, several labo-
ratories are investing in the development of new steady-state apparatuses to cover
a wide range of building material samples. For instance, Buratti et al. [8], from
the Laboratory of Building Physics at the University of Perugia, have designed a
small box method apparatus with the aim of evaluating the thermal transmittance
of small, homogenous and non-homogenous building components (masonry units,
doors, windows and thermal bridges).

Indeed, the motive behind adapting large-scale experimental devices for small
samples is to achieve successful identification even if there is a lack of raw materials
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and to avoid transport problems. Among methods of relatively large-scale samples
is the boxes method [9], which requires samples with dimensions of 270× 270 mm2

and a thickness range from 30 to 70 mm.
In this respect, this paper focuses on the adaptation of the boxes method for

small samples in order to improve the boxes method’s flexibility to cover samples of
various sizes and forms. The objective of the proposed experimental methodology is
to characterize small-sized building material specimens without using any additional
sensor. A local building material from eastern Morocco was prepared and charac-
terized using two methods: the proposed method and the transient hot disk method
that represents, in this paper, the reference method for validation purposes. The test
results were used as input data to run building energy simulations using Energy Plus
software to evaluate the energy performance of the building material studied at the
scale of a residential building.

2 Materials and Methods

2.1 Measurement Device: Boxes Method Cell

Figure 1 shows the experimental device used in this work. It is the EI702 cell, which
represents the latest version of the boxes method apparatus that has been adopted in
many research studies for the thermophysical characterization of building materials.
A brief review of these studies is recently given by the authors in [10].

The EI702 cell is an all-in-one measurement device, which composed of two
insulated boxes for determining the apparent thermal conductivity of materials as
well as their thermal diffusivity property using two different techniques. The first
box serves for the thermal conductivitymeasurement of samples throughmaintaining
a steady-state unidirectional temperature gradient across the sample studied. While
the second box is equippedwith an incandescent lamp to allow the thermal diffusivity

Fig. 1 EI702 cell setup: a overall view, b interior view of boxes
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characterization of samples via the well-known heat-pulse flash method [2]. For the
thermal conductivity measurements, the instrument’s uncertainty is less than 6%.

As shown in Fig. 1, themeasurement apparatus consists of the following elements:

(1) An Acquisition system: it permits the users to fix the experimental inputs using
an interactive touch-screen and allows them to display and record real-time
temperature variations during the experiment.

(2) A Cryostat: it is used to maintain a constant low-temperature environment of
the underside of the cell through a close-cycle system.

(3) A Thermal conductivity box: this box serves for the thermal conductivity
measurement of the studied sample.

(4) A Thermal diffusivity box: this box serves for the thermal diffusivity measure-
ment of the studied sample.

(5) A Heater element: it is the electrical heat source of the system to heat the upper
side of studied samples during the thermal conductivity measurement.

(6) Probes: each box consists of two thermocouples type-K to measure the
temperature variation on the upper and lower sides of the sample under study.

As above-mentioned, the boxes method requires samples with significant sizes.
Therefore, in this paper, and in order to characterize small specimens, an insulation
material frame will be used as a sample holder to cover the entire surface of the
thermal conductivity box, as shown in Fig. 1b.

The mathematical model is described in the following section.

2.2 Theoretical Model

As indicated in the title, the paper focuses on the thermal conductivity box to examine
a new experimental methodology for measuring the thermal conductivity of small
samples without using any additional sensor. The sketch of the thermal conductivity
box for a small-sized sample case is presented in Fig. 2a.Unlike conventional samples
with a surface area of 270 × 270 mm2 that cover the entire box, small samples are

Fig. 2 Methodology illustration: a setup sketch, b sample heat balance
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placed in the center of a framemade of insulationmaterial (Fig. 2b), which serves as a
holder sample to cover the box and separate the cold and hot environments. The upper
side of the box represents the hot environment, which is equipped with an electrical
heater element for heating the upper face of the sample with a uniform heat flow. On
the other side of the sample, the ambiance is maintained at constant low temperature
using a closed-cycle cryostat to ensure a steady unidirectional temperature gradient
across the sample.

In general, when the steady-state is achieved, the relevant heat balance in the
thermal conductivity box is expressed as follows:

φin = φsystem + φloss = U 2

R
(1)

where φin is the heat flow generated by the heater element, U and R are the
injected voltage and the heater element resistance, respectively, φsystem is the heat
flow crossing the studied system (i.e. large sample or small sample with sample
holder) and φloss is the heat loss through the box caused by the temperature difference
between the upper side of the box Tbox_upper and the room temperature Troom , which
is described by the relationship:

φloss = C(Tbox_upper − Troom) = C�Tloss (2)

Here, C is the heat loss coefficient of the box. This constant property is calcu-
lated theoretically according to the Carslaw and Jaeger formula [11] or experimen-
tally by performing two thermal conductivity experiments on a well-known thermal
conductivity material.

For the heat flow across the system, twomain cases are to be considered according
to the sample dimension: large samples and small samples with an insulationmaterial
frame. Therefore, the heat flow of the whole system can be expressed as follows:

φsystem =
{

φsample large sample
φsample + φ f rame small sample

(3)

where φsample,φ f rame are the heat flow through the sample the insulation frame,
respectively.

According to Fourier’s law of heat conduction, it is well known that:

φsample = λSs
es

(Ts_upper − Ts_lower ) = λSs
es

�Ts (4)

φ f rame = λ f S f

e f
(T f _upper − T f _lower ) = λ f S f

e f
�T f (5)
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whereλ is thermal conductivity of the sample,λ f is the thermal conductivity of the
insulation material frame, e, S, Tupper , Tlower are the thickness, surface, temperature
of the upper and the lower sides of both solids, respectively.

Equations (2–5) may be substituted to Eq. (1) to express the thermal conductivity
of studied samples as:

λ =
⎧⎨
⎩

es
Ss�Ts

(
U 2

R − C.�Tloss
)

Large sample .a
es

Ss�Ts

(
U 2

R −
(

S f �T f

e f
+ C.�Tloss

))
Small sample .b

(6)

Equation 6 is the main formula for measuring the thermal conductivity using the
boxes method. Unlike large samples, where the characterization is done by recording
only the temperature variation of the upper and the lower faces of the sample, the
characterization of small samples requires the addition of two thermocouples to
monitor the temperature difference across the insulation material frame �T f , and
thus to evaluate the heat fraction dissipated by the frame.

In order to not use additional sensors and increase the flexibility of the boxes
method, this paper characterized the thermal conductivity property of small-sized
building material using a new, easy-to-use methodology presented in the following
section.

2.3 Experimental Procedure

As indicated in the title, the paper focuses on the thermal conductivity box to examine
a new experimental methodology for measuring the thermal conductivity of small
samples without using any additional sensor.

In general, the thermal conductivity of large samples is characterized on the basis
of Eq. 6a. The samples are placed in the thermal conductivity box and subjected to
two different environments (cold and hot). The upper side of the sample is heated by
the electrical heater element, while the upper side is kept at a constant low temper-
ature via a controlled closed-cycle cryostat. In addition, the thermal conductivity
chamber consists of four thermocouples, which are placed as illustrated in Fig. 2a.
the thermocouples are used to monitor the temperatures required by the equation
until reaching constant temperature signals. Two thermocouples are placed on either
side of the sample to measure the temperature difference between the sample �Ts
and the other two probes are placed on the upper and the lower side of the chamber.
Another thermocouple is placed outside the chamber to measure the ambient temper-
ature so that the fraction of heat loss can be deduced using the termC.�Tloss . Finally,
the thermal conductivity of large samples is simply calculated when equilibrium is
reached.

On the other hand, the thermal conductivity of small samples can be characterized
using Eq. 6b. As can be seen, the monitoring of the temperature of the upper and the
lower faces of the sample holder is indispensable for the characterization. For this
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reason, some researchers added two supplementary sensors to take into account the
heterogeneity of studied samples, as discussed in [12, 13].Other researchers proposed
to introduce a correction term to calculate the thermal conductivity of small samples
[14]. However, the above-mentioned approaches have twomain disadvantages. First,
the addition of two sensors that increase the cost, calibration time, and experimental
errors. Second, the correction term should be recalculated for each experiment when
the insulation material or the sample dimensions are changed, which led to lengthen
the duration of the experiment.

In this paper, the thermal conductivity of small samples was characterized using
a switching approach. The proposed methodology consists of three steps:

• Step 1: placing thermocouples on the upper/lower sides of the sample until thermal
equilibrium is reached.

• Step 2: Switching thermocouples from the sample to the insulationmaterial frame.
• Step 3: recording the upper/lower temperature changes in the insulation material

frame.

The permutation of sensors is performed after the observation of constant temper-
ature signals of the upper/lower faces of the small sample studied. The thermal
conductivity box should be made as quickly as possible to prevent any disturbance
of the permanent regime of the EI702 cell. Then, the box is returned to its place to
monitor the missing temperature difference of the upper/lower faces of the insulation
frame. The thermal conductivity thus is calculated using Eq. 6b.

It should be noted that the EI702 cell is equipped with a real-time touch screen
interface for the calibration of the thermocouples used. For more details on the cali-
bration process, please refer to [10]. For validation purposes, the measured thermal
conductivity values were compared to those obtained by the Hot Disk (TPS 2200)
method. This method is based on a transient plan source technique that allows fast
and accurate measurements according to ISO 22,007–2 [7]. The characterization
requires two identical specimens (Fig. 3b). The TPS sensor is sandwiched between
the samples to electrically heat them with constant electrical power. At the same
time, it also monitors its temperature time-dependent response. Then, the thermal
response is interpreted with a Thermal Constants Analyzer (TCA) to identify the
thermal conductivity of studied samples using a parameter identification algorithm
[15].

2.4 Used Material

In this work, a local earthen block from eastern Morocco was characterized. The
samples were prepared in such a way as to have homogenous mixtures. For this
purpose, the fine soil particles (<2 mm) were separated using a 2 mm sieve opening,
as shown in Fig. 3.a. Furthermore, the particle size analysis showed that the soil used
is a clayey soil with a clay fraction of 59%. The earthen blocks were prepared by
hand mixing soil at constant water-to-clay ratio of 0.5. The mixture was then molded
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Fig. 3 Used soil: a sieving process, b final earthen blocks
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and manually pressed into a square shape 15 cm × 15 cm. The samples were dried
at room temperature for one month before the characterization.

3 Results and Discussion

3.1 Thermal Conductivity Measurement

Prior to the thermal conductivity measurements, all used temperature-sensing probes
were calibrated using a touch-screen interface. It should be noted that this latest
version of the boxes method (EI702 cell) is equipped with a real-time touch-screen
interface for the calibration of used thermocouples. For more details about the EI702
calibration process, please refer to [10].

Three tests were conducted under the experimental conditions listed in Table 1.
Figure 4 shows a typical thermogram of the small sample studied using the

proposed methodology. Once the steady-state of the small sample is established,
the thermocouples on the cold and hot faces of the sample were quickly replaced on
the insulation material frame. The permutation is clearly indicated by the appearance
of the peaks seen in Fig. 4. The experience is left for a few minutes (approximately
30 min) to record the evolution of temperatures measured by different sensors for
each face of the frame. This permutation step allows the evaluation of the heat dissi-
pated by the frame and then deduced the thermal conductivity property of the small
sample from Eq. 6a.

To be practical, the steady-state thermogram of the small sample was drawn in
Fig. 5. It can be seen that the permutation peaks separate the constant signals of the
small sample and thematerial frame from each other. As can be seen, the temperature
difference between the thermal conductivity box and the room must be very small
to limit losses and must be constant after the permutation to ensure the steady-state
regime of the box. Finally, the thermal conductivity property of the small sample is
directly deduced from the steady-state thermogram based on Eq. 6a.

The average measured value of the thermal conductivity is presented in Table 1.
This value is compared to the results obtained by the reference (hot disk) method.

Table 1 Experimental conditions

Device Loss coefficient (W/K) Cryostat set point (C) Voltage (V) Resistance (�)

EI702 0.96 10 35 1800

Table 2 Measured thermal
conductivity of studied
material (W/mK)

Property Proposed
methodology

Hot disk method

Thermal conductivity 0.819 ± 0.004 0.807 ± 0.002
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Results show a good agreement. The present approach was also tested to characterize
different building materials (cement, plaster and XPS) with small dimensions. The
finding results show the effectiveness of the proposed methodology (deviation lower
than 3%).

The thermal conductivity is of great interest in building applications. In fact,
knowledge of thermal conductivity of building materials permits the estimation of
the annual energy consumption of buildings, with which the thermal performance of
the building material is evaluated. In what follows, the potential use of the prepared
local earthen blocks for residential buildings was discussed in order to promote the
earthen construction in eastern Morocco.

3.2 Simulation: Case Study Building

Earthen construction is one of the great ecological alternatives to build low-
environmental impact houses and to reduce the total carbon footprint of buildings. In
this study, and for evaluating local earthen constructions in Morocco, a single-story
building (Fig. 6) defined in [16] is used to present a typical residential building in
Morocco. As shown in Fig. 7, the house is a one-floor building with a total area of 40
m2. The ground floor contains two bedrooms and a living area. The building simu-
lation was carried out under two different climatic conditions of Morocco (Oujda
and Marrakech) using the EnergyPlus program, version 9.0 [17]. Here, Oujda city
represents the cold semi-arid climate, while Marrakech represents the hot semi-arid
climate. The climatic information of Oujda and Marrakech are listed in [18].

Table 3 lists the thermal properties of the external walls. The thermal properties
of the other building envelope elements are summarized in Table 4. The thermal
transport properties of the building components were chosen based on the Moroccan
building database [19]. Two variances of the external building envelope were consid-
ered to evaluate the thermal performance of earth walls compared to conventional
building materials, as shown in Table 3. The first variance represents the case study

Fig. 6 Case study building [16]
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Fig. 7 Case study model: a 2D [16], b-c our sketch

Table 3 Thermophysimcal characteristics of external walls

Thickness (cm) λ (W/mK) ρ (Kg/m3) Cp (J/KgK) R (m2K/W)

Earth wall: Earthen blocks 45 cm + earthen coating (U = 1.32 W/m2K)

Earthen coating a 2 1.5 1500 2000 – -

Earthen block b 45 0.8 – - – - 0.56

Earthen coating a 2 1.5 1500 2000 – -

Conventional wall: Concrete blocks 20 cm + cement coating (U = 1.64 W/m2K)

Cement coating a 2 1 1700 1000 – -

Concrete block c 20 0.925 2100 920 – -

Cement coating a 2 1 1700 1000 – -

aBinayate database [19]; b Our work; c ASHRAE Handbook-Fundamentals [20]

Table 4 Material properties of the building elements

Element Composition Thickness
(cm)

λ (W/mK) ρ (Kg/m3) Cp (J/KgK) U-value
(W/m2K)

Roof Wooden
stand/Clay tiles
a

10 1 2000 800 – -

Floor Soil a 30 1.5 1500 2000 – -

Doors 25 mm heavy
wood a

2.5 0.29 1035 1600 – -

Windows Simple glazing
with wooden
frame (SHGC b

= 0.86)

0.6 0.9 – - – - 4.07 a

aBinayate database [19]; b National Renewable Energy Laboratory [21]
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building built with the prepared earthen blocks, while the second variance represents
the reference case where external earthen walls are replaced by concrete blocks.
As the thermal heat capacity of the studied earthen blocks is unknown, the earthen
walls were defined by their thermal resistance using the no-mass material feature in
EnergyPlus software. Indeed, the thermal resistance of a wall with a total thickness
e and a thermal conductivity λ is given by the expression:

Rth = e

λ
(7)

The case study building is assumed to be occupied by three persons in accordance.
With the annual occupancy schedule illustrated in Fig. 8a, and electrically lighted

according to the lighting schedule shown in Fig. 8b. Lighting and electrical home
appliance power densities were defined equal to 3 and 4 W/m2, respectively. The
building is naturally ventilated through openings and the passive night ventilation is
considered during summer period, as indicated in Fig. 8c. The HVAC system was set
to operate continuously at 20 °C for heating and 26 °C for cooling, according to the
Moroccan thermal regulation code [4]. The input simulation data are listed in Table
5.

Table 5 Simulation parameters

Input Value Schedule

Heating Thermostat a 20 °C ON if Tin < 20 °C

Cooling Thermostat a 26 °C ON if Tin > 26 °C

Number of people 3 persons Occupancy schedule (Fig. a)

Activity level b 70 W/m2 (Standing/Relax) Occupancy schedule (Fig. a)

Home appliance 4 W/m2 Occupancy schedule (Fig. a)

Lighting 3 W/m2 Lighting schedule (Fig. b)

Infiltration 0.5 ACH Ventilation schedule including infiltration
(Fig. c)

aMoroccan thermal regulation code [4]; b DOE Energy Plus [22]
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3.3 Simulation Outputs

Figure 9 shows the annual energy needs for the earthen walls and the reference case
for Oujda and Marrakech. One can note that for both locations, the earthen walls
are effective in reducing the total energy needs of residential buildings compared to
conventional walls. Simulation results for these two locations show that the use of
earthen walls has led to a reduction in heating and cooling needs, with a rate of 10.7%
and 12.5% compared to the reference case for Oujda and Marrakech, respectively.
These results demonstrate the potential use of earthen walls in semi-arid climate for
reducing the annual needs of buildings.

To separately evaluate the impact of earthen walls on passive cooling and heating
of the case study building, a monthly quantitative study of the heating and cooling
loads were carried out. Figure 10 shows the monthly cooling needs of the case study
building for Oujda andMarrakech. Cooling demand is predominating for Marrakech
city with a peak monthly cooling demand of nearly 28.7 kWh/m2 in July and a
total yearly cooling demand of 96.9 kWh/m2. However, the results show that the
replacement of the reference case walls with the studied earthen walls has led to a
significant reduction of about 23.4% of the maximum cooling peak and 21.2% of
the total cooling needs compared to the reference case. In addition, the total cooling
demand in Oujda was reduced from 59.4 to 48.6 kWh/m2. This amounted to a total
reduction of about 18.1%. Furthermore, the use of earthen walls passively decreased
the maximum cooling peak in July from 20.2 to 16 kWh/m2, resulting in a reduction
of about 20.6% compared to the reference case.

In terms of heating loads, Fig. 11 shows the profile of monthly needs for studied
walls under Oujda and Marrakech climates. The finding results show that the use of
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earthen walls has a slight impact on the energy demand for heating as it reduced it
by 4.7% in cold semi-arid climate compared to the reference case, while it does not
change much for buildings located in hot semi-arid climate.

All these findings demonstrate the importance of earthen walls in passive cooling
and reducing the annual energy needs of buildings in semi-arid climates, which is
explained by the high thermal inertia of earthen building envelopes.

3.4 Discussion

The findings of the present work highlight the performance of a new easy-to-use
methodology to measure the thermal conductivity of small buildingmaterial samples
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using the boxes method, which is an industrial method commonly used for the char-
acterization of samples with significant sizes. Also, in this work, local clay-based
building material was developed and characterized. The experimental tests show
that the thermal conductivity of studied earthen blocks is 0.819W/mK. This thermal
conductivity value was verified using the hot disk method.

Indeed, this new methodology could be used for measuring the thermal conduc-
tivity of industrial building materials of different sizes (large and small) and forms
(solid, hollow, cubic or cylinder, etc.)without using additional sensors as discussed by
Lachheb et al. [13], they characterized small building material composites using the
boxesmethod. However, to take into account the whole system including thematerial
frame, they used two additional sensors to measure the thermal conductivity of spent
coffee plaster-based composites.

Concerning the experimental duration, the boxes method is a steady-state method
that requires approximately 3 h to characterize conventional samples. For small
samples and based on the proposed approach, the experimental duration increases by
30min after the sensors’ permutation in order to evaluate the steady-state temperature
gradient across the insulating material frame.

In termsof performance, the studied earthenblocks showagood thermal resistance
1.32 m2/W compared to concrete blocks 1.64 m2/W, which can lead to a significant
reduction in energy consumption of buildings. Simulation results indicate that earth
walls significantly influence the energy consumption profile of buildings located in
semi-arid climates and play an important role in passive cooling, highlighting the
effectiveness of earth walls for improving the summer thermal comfort of buildings.

4 Conclusion and Perspective

This paper presents an experimental methodology to measure the thermal conduc-
tivity of buildingmaterials with different sizes via the boxes method set up in order to
increase its flexibility in the laboratory testing. A local clay-based building material
with small dimensions was prepared and characterized using the proposed method-
ology. The experimental tests show that the thermal conductivity of studied samples
was 0.819 W/mK. The thermal conductivity characterization was also carried out
using the hot diskmethod. It was found that themeasured thermal conductivity values
obtained by both methods show quite similar results (deviation smaller than 3%),
highlighting the performance of the proposed methodology. By using this exper-
imental approach, the boxes method could determine the thermal conductivity of
specimens of different sizes (small and large) and forms (cubic, cylinder, etc.).

For performance analysis, numerical simulations were performed to study the
impact of the prepared earthen block on the thermal performance of residential build-
ings in Morocco using Energy Plus software. The case study building was chosen to
be located in two different semi-arid climates (hot and cold), represented respectively
by the cities of Marrakech and Oujda. The simulation results show that the earthen
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wall reduces the annual cooling loads by 21.2% and 18.1% for hot and cold semi-
arid climates compared to the reference case, respectively. In addition, the earthen
walls studied show a reduction in the maximum cooling peak load of up to 20%
compared to the conventional walls. However, a slight difference in heating loads for
buildings located in cold semi-arid climates was observed. All these findings demon-
strated the potential use of earth masonry for passive cooling and for constructing
high-performant, low-environmental impact building envelopes in semi-arid climate.

The future work will be focused on the characterization of locally marketed and
innovative building materials using the proposed methodology in order to develop
local building material databases, which can be used in building retrofit and multi-
objective studies.
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Chapter 16
Coordinated Control Strategy
to Improve Performance of PMSGWind
Power Systems

Youssef Errami, Abdellatif Obbadi, and Smail Sahnoun

Abstract This chapter is expected to help the reader understand the fundamentals
of the control for the Wind Energy Conversion System (WECS) based Permanent
Magnet Synchronous Generator (PMSG). At first, the modelling of the WECS is
introduced, including the model of the Wind Turbine (WT), the dynamic models
of the PMSG and the power converters. It can be helpful for the readers to know
the operation of the PMSG wind system, which are the basics to design the control
systems presented in the following chapter. Then, the controls of the Machine Side
Converters (MSCs) and Grid Side Converter (GSC) are introduced. The proposed
control methods were used to maximize the generated power from Wind Turbine
Generators (WTGs), to keep a constant DC-bus voltage for the GSC and to control
the powers fed to the grid.

1 Introduction

Because of the strong demand for clean and sustainable energy in the globe, wind
generation is receiving considerable attention [1]. In addition, with the progress
of wind resource, the focus is shifting toward the PMSG for its great advantages,
such as simpler structure and reduced maintenance costs, higher efficiency, excel-
lent power factor, lower losses and less maintenance [2, 3]. On the other hand, to
control the WECS based PMSG and to achieve high performance and efficiency
when connected to the power grid, power electronic converter systems are generally
chosen as the interface between theWECS and the electric network. A PMSG control
system includes a Machine Side Converters (MSCs) and Grid Side Converter (GSC)
controllers. WT maximum power point tracking power curves are employed to set
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reference for speed generators and power limiting techniques have been continuously
examined. So, the MSC controls the PMSG active power to realize Maximum Power
Point Tracking (MPPT), although the GSC maintains the dc-link voltage constant,
synchronizes the ac power generated by the WECS with the electric network and
it must have the aptitude of adjusting active and reactive power that the WECS
exchange with the power grid in order to achieve a unity power factor of the system
[4]. Numerous literature have discussed control approaches WECS based PMSG in
a network context. The first class is to utilize the Vector Control approach which
is normally adjusted for a particular functional point of the system. Gao et al. [5]
have proposed comprehensive frequency regulation (CFR) scheme for rotor-speed-
control-oriented wind power systems. Errami et al. [6] have discussed MPPT of
WEGS based PMSG. Liu et al. [7] have proposed a super-capacitor energy storage
unit connected parallel to the DC-link of the back-to-back converter to improve the
high voltage ride through the performance of the WECS based PMSG. Another
widely adopted strategy is to employ direct control techniques. In these approaches,
the voltage vectors of power converters are chosen directly in compliance to the
differences between the reference and actual value of torque or power. Jlassi et al. [8]
have proposed a fault-tolerant PMSG using Direct Torque Control (DTC) and Direct
Power Control (DPC) with two switching tables to increase the performance of the
drive control. Zhang et al. [9] and Errami et al. [10] have discussed MPPT approach
basedDTC. Zhang et al. [11] have proposed a flux space vector-basedDTC technique
for PMSG employed in WECS. Zhao et al. [12] have presented the realization of
MPPT techniquewithout the loop power or speed regulator which is necessary for the
control of decoupled current. The direct control techniques are simple to implement
and they are characterized by fast dynamic response, no coordinate transformation
and low parameter dependency. But they yield flux and torque ripples at variable
switching frequency since predefined switching table and hysteresis regulator was
employed.

This chapter presents Backstepping and Vector Control techniques for a grid-
connectedWECS topology based on PMSG and 3 Level Neutral Point Clamped (3L-
NPC) (Fig. 1). Backstepping method is attractive essentially because of its ability to
deal with nonlinear systems, uncertainties, disturbances, and errors of modelling. So,
this work explores a nonlinear Backstepping approach to achieve power efficiency
maximization. In addition, a pitch control scheme for WECS is presented to prevent
wind turbine damage from excessive wind speed.

The rest part of the study is organized as follows. In Sect. 2, the modelling of
the wind turbine systems and the PMSG are introduced. Backstepping and VC tech-
niques for WECS are proposed in Sect. 3. Section 4 presents the simulation results
to demonstrate the performance of the proposed approaches. Finally, the conclusion
is made in Sect. 5.
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Fig. 1 Configuration of the system

2 System Model

2.1 Mathematical Model of the PMSG

The dynamic model of the PMSG in synchronous reference frame (dq) is done by
[13, 14]:

diq

dt
= 1

Ls
(vgq − Rsiq − ωe Lsid − ωeψ0) (1)

did

dt
= 1

Ls
(vgd − Rsid + ωe Lsiq) (2)

The expression for the electromagnetic torque can be described as:

Te = 3

2
pn

[
ψ0iq

]
(3)

The electrical angular velocity of the PMSG, ωe is defined as:

ωe = pnωm (4)

J
dωm

dt
= Te − Tsm − Fωm (5)

where vgd , vgq are the d-axis and q-axis stator terminal voltages, respectively; iq , id

stator current in the dq frame; Ls is the inductances of the generator; Rs is the stator
windings; ψ0 is the permanent magnetic flux; pn is the machine pole pairs; J is the
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total moment of inertia of the system (turbine-generator); F is the viscous friction
coefficient and Tm is the mechanical torque developed by the turbine.

2.2 Wind Turbine

The wind turbine is used to convert the wind power to the mechanical one. So, the
last is transformed into electrical power thanks to the permanent generators. The
power generated by a wind turbine can be written as [10]:

PTurbine = 1

2
ρ ACP(λ, β)v3 (6)

where PTurbine is the mechanical power of the turbine in watts, ρ is the air density
(typically 1.225 kg/m3), A is the swept area of the wind turbine blades (in m2), CP

is the turbine power coefficient, v is the wind velocity (in m/s), β is the turbine blade
pitch angle, and λ is the Tip Speed Ratio (TSR). Thus, if the air density, swept area
and wind speed are constants, the output aerodynamic power is determined by the
power performance coefficient of wind turbine system.

The wind turbine mechanical torque output Tsm given as:

Tsm = 1

2
ρ ACP(λ, β)v3 1

ωm
(7)

Besides, CP is influenced by the tip-speed ratio λ which is defined as the ratio
between the rotor blade tip and the speed of the wind, and is given by [15, 16]:

λ = ωm R

v
(8)

whereωm and R are the rotor angular speed (in rad/s) and the radius of the swept area
by turbine blades (in m), respectively. The computation of the power performance
coefficient CP requires the use of the information on blade geometry and blade
element theory. As a result, these complex issues are usually empirically considered
and a generic equation is used so as to model the power performance coefficient
CP(λ, β) based on the modeling turbine system characteristics described in [17, 18]
as:

CP = 1

2
(
116

λi
− 0.4β − 5)e−( 21

λi
)

1

λi
= 1

λ + 0.08β
− 0.035

β3 + 1
(9)

To progress the energy capture effectiveness from wind, an effective maximum
MPPT strategy is important for WEC based PMSG. So, the blade pitch angle β
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Fig. 16.2 Wind generator
power curves at various wind
speed
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which is forever constant during MPPT approach and, there is an optimal value λopt

at which the turbine converts the maximum power from wind. So, the optimal tip
speed ratio λopt is employed to determine the optimal turbine rotational speed ωopt

as given by (10) [19].

ωm−opt = vλopt

R
(10)

The maximum power can be gained as:

PTurbine−max = 1

2
ρ A

R3Cpmaxλ
3
optω

3
m−opt

C p max

where C pmax is the maximum power coefficient and ωm_opt is the reference velocity
which is generated by aMPPT algorithm. Figure 16.2 depicts the typical wind turbine
power curves for different wind velocities. So, the maximum power is extracted
continuously from the wind because the system can operate at the peak of the P(ωm)

curve.

3 Proposed Control Approach

The proposed control approach comprises a Backstepping control for generators,
pitch control for turbines and a Vector Control (VC) for grid side converter. The
following sections describe different components of the proposed strategies in detail.
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3.1 Backstepping Control and Pitch Angle Control System

The generator side converters are used as rectifiers and they are employed to keep
the PMSG velocities at an optimal value obtained from the MPPT algorithm. The
proposed control strategy for the generator side converter is based on SMC method-
ology. The adoptedMPPT algorithm generatesωm_opt, the references to speeds. Also,
it is deduced from Eqs. (3) and (5) that the generator velocities can be controlled
by regulating the q-axis stator current components (iqr ). According to the theory of
Backstepping, the error of PMSG speed is selected as:

eB−ω = ωm−opt − ωm (11)

As a result:

deB−ω

dt
= dωm_opt

dt
− dωm

dt
(12)

Then, from (5), and (12), one can get:

deB−ω

dt
= dωm_opt

dt
− 1

J
(Te − Tsm − Fωm) (13)

Using (3), the time derivative eB−ω can be calculated as:

deB−ω

dt
= dωm_opt

dt
− 1

J

[
3

2
pn

(
ψ0iq

) − Tsm − Fωm

]
(14)

To obtain the stabilizing function, consider the following function:

�B−ω = 1

2
e2B−ω (15)

The time derivative of �B−ω is given by:

d�B−ω

dt
= eB−ω

deB−ω

dt
= eB−ω

dωm_opt

dt
− eB−ω

J

[
3

2
pn

(
ψ0iq

) − Tsm − Fωm

]

(16)

Besides, (16) can be written as:

d�B−ω

dt
= −μB−ωe2B−ω + eB−ω

J
(JμB−ωeB−ω + Tsm − 3

2
pnψ0iq + Fωm + J

dωm_opt

dt
)

(17)

where μB−ω is the feedback constant of the closed-loop.
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On the other hand, the q axis current component is identified as the virtual control
variable in order to stabilize the PMSG speed and the sufficient condition for the
global asymptotical stability is [20]:

d�B−ω

dt
≺ 0 (18)

As a result, the PMSG speed convergence ωm−opt is accomplished if one defines
the following equations:

iq−re f = 2

3pnψ0
(JμB−ωeB−ω + J

dωm_opt

dt
+ Fωm + Tsm) (19)

Also, to reduce the copper loss, the d axis current component is fixed to zero:

id−re f = 0 (20)

To regulate the components of the current id and iq to their references, we define
the state errors as:

eB−d = id−re f − id (21)

eB−q = iq−re f − iq (22)

The time-derivate expression of eB−d and εB−q are given by:

deB−d

dt
= did−re f

dt
− did

dt
= − 1

Ls
(vgd + Lsωeiq − Rsid) (23)

deB−q

dt
= diq−re f

dt
− diq

dt
= diq−re f

dt
− 1

Ls
(vgq − ωeψ0 − Rsiq − Lsωeid) (24)

Using Eqs. (23) and (24), we can write that:

eB−d
deB−d

dt
= eB−d

[
− 1

Ls
(vgd + Lsωeiq − Rsid)

]

= −kB−de2B−d + eB−d

Ls

[−vgd − Lsωeiq + Rsid + LskB−deB−d
]
(25)

eB−q
deB−q

dt
= eB−q

[
diq - ref
dt

− diq
dt

]
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= −kB−qe2B−q + eB−q

Ls

⎡

⎣ Ls
diq - ref
dt

− vgq + ωeψ0 + Rsiq

+Lsωeid + ptkB−q LseB−q

⎤

⎦ (26)

where kB−d and kB−q are the feedback constants of the closed-loop. The new
Lyapunov function can be chosen as:

RB−q = 1

2
e2B−ω + 1

2
e2q + 1

2
e2d (27)

The derivate of the Lyapunov function (27) is:

dRB−q

dt
= eB−ω

deB−ω

dt
+ eB−d

deB−d

dt
+ eB−q

deB−q

dt
(28)

Using Eqs. (16), (25) and (26), we can rewrite (28) as:

dRB−q

dt

= −μB−ωe2B−ω + eB−ω

J
(Tsm − 3

2
pnψ0iq + Fωm + JμB−ωeB−ω + J

dωm_opt

dt
)

−kB−de2B−d + εB−d

Ls

[−vgd − Lsωeiq + Rsid + LskB−deB−d
]

−kB−qe2B−q + eB−q

Ls

[
Ls

diq−re f

dt
− vgq + ωeψ0 + Rsiq + Lsωeid + kB−q LseB−q

]

(29)

If the time derivative RB−q is always negative, the global asymptotic stability in
the currents is ensured. Then, using (29) backstepping control laws are chosen as
follows:

vqr = ωeψ0 + Rsiq + Lsωeid + Ls
diq−re f

dt
+ Ls kB−qeB−q (30)

vdr = LskB−deB−d − Lsωeiq + Rsid (31)

Also, substituting Eqs. (19), (30) and (31) into (29) gives:

dRB−q

dt
= −μB−ωe2B−ω − kB−de2B−d − kB−qe2B−q ≤ 0 (32)

Then Eq. (32) guarantees the asymptotic stability of the system and the regulation
of the speed of the generators. The control diagram for each generator-side converter
is depicted in Fig. 3. On the other hand, it is vital to limit the converted mechanical
power during higherwind velocities andwhen the turbine output is above the nominal
power. Figure 3 shows the block diagram of the pitch angle controller. The pitch
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Fig. 3 Control of individual generator and pitch control

angle is kept constant at zero degrees until the velocity of the PMSG attains the rated
speed. So, the pitch angle controller enters in operation and the angle of blades β,
will increase to decrease the performance coefficient of power.

3.2 Grid Side Controller Methodology with VC

The 3L-NPC grid side converter is used to regulate the voltage of the DC bus capac-
itor, to provide grid synchronization and to regulate the reactive and active power
flowing into the grid. Therefore, it can regulate the grid side power factor during
wind variation [21, 22]. Hence, the Vector Control with PI control loops is used. On
the other hand, in the rotating dq reference frame and if the grid voltage space vector
is oriented on d-axis, the model for the grid side converter is shown in Eqs. (33) and
(35):

L f
did− f

dt
= ed − R f id− f + ωL f iq− f − V (33)
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L f
diq− f

dt
= eq − R f iq− f − ωL f id− f (34)

Thus, the DC-link voltage deviation is obtained as:

C
dUdc

dt
= 3

2

vd

Udc
id− f − iinv (35)

Besides, the active power and reactive power can be expressed as [23]:

P = 3

2
V id− f (36)

Q = 3

2
V iq− f (37)

where ed , eq are inverter d-axis and q-axis voltage components; id− f , iq− f are d-
axis current and q-axis current of grid; R f is the filter resistance; L f is the filter
inductance;Udc is the dc-link voltage; C is the dc-link capacitor. As a result, reactive
and active power control can be achieved by controlling quadrature and direct grid
current components, respectively. Figure 4 shows the control block diagram of the
grid side converter. Double-loop structure is employed. The internal control loops
regulate q-axis current and d-axis current. In addition, external voltage loop regulates
the dc-link voltage via controlling the output power.

4 Simulation Result Analysis

In order to verify the efficacy of the proposed control, a simulation test
system comprising of three PMSG-based WT and a multi-level NPC is built in
Matlab/Simulink, as shown in Fig. 1.

The parameters of systems are listed in Appendix. Figures 5, 6, 7 and 8 show the
performance of the proposed strategies. It is observed that, for each turbine, the rotor
velocity vary according to the wind speed deviations. Also, if the wind velocity is less
than the rated value vn , then the coefficient of power is maintained at his maximums
C p−max and the pitch angle controller is deactivated Fig. 5b and Fig. 6a. The pitch
control is not active until the wind velocity is up vn and the power flowing into the
grid reaches its maximum level. Figure 6c depicts the actual speed of PMSG1 and
optimal speed. It can be observed that the proposed controller succeeded to track the
optimal speed at different wind velocities. The active power flowing into the grid is
shown in Fig. 7a. It is clear that active power increases with the increase in wind
speed. The output voltage of the inverter is shown in Fig. 7b. Figure 7c shows the
simulation result of DC-bus voltage that remains a constant value. Consequently, this
proves the effectiveness of the implanted regulators. Figure 8 shows the variation and
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Fig. 4 Schematic of control strategy for inverter

a closer observation of three-phase voltage and current of GRID. The unity power
factor operation is guaranteed by fixing the reactive power reference to zero.

5 Conclusion

In this chapter, the control strategies for theWECS based PMSG are introduced. Both
the speed and power-control methods are employed to accommodate the requirement
of the WECS. This chapter tries to help the readers to understand how to control the
WECS based PMSG, which is the basis for the Backstepping and Vector Control
techniques. The Backstepping approach is used to implement the MPPT. Control
strategy based on Vector Control (VC) theory is applied for DC link voltage regu-
lation and unity power factor control under varying wind conditions. The detailed
derivation for the control laws has been provided and the conditions for the existence
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Fig. 5 Performances of
WECS during wind speed
variations (1)
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of the Backstepping approach are found by applying Lyapunov stability theory. The
simulation results show the effectiveness of the combining Backstepping algorithm
with VC technique.
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Fig. 6 Performances of
system during wind speed
variations (2)
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Fig. 7 Performances of
system during wind speed
variations (3)
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Fig. 8 Performances of
system during wind speed
variations (4)
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Appendix

See Tables 1 and 2.

Table 1 Parameters of the
power synchronous generator

Parameter Value

Pr rated power 2 (MW)

ωm rated mechanical speed 2.57 (rad/s)

R stator resistance 0.008 (	)

Ls stator d-axis inductance 0.0003 (H)

ψ f permanent magnet flux 3.86 (wb)

pn pole pairs 60
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Table 2 Parameters of the
turbine

Parameter Value

ρ the air density 1.08 kg/m3

A area swept by blades 4775.94 m2

vn base wind speed 12.4 m/s
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Chapter 17
High-Temperature Heat Pumps
for Sustainable Industry

Adrián Mota-Babiloni, Carlos Mateu-Royo, and Joaquín Navarro-Esbrí

Abstract High-temperature heat pumps (HTHPs) based on vapour compression
technology are being considered an energy-efficient possibility for low-grade waste
heat recovery in industrial applications. If the HTHP technology is extended, the
industrial energy efficiency would be closer to the 2050 target of decarbonisation,
and consequently, it would reduce the worldwide greenhouse gas emissions. This
chapter gives a comprehensive overview of the current status and future possi-
bilities of the HTHP technology based on the working principles, working fluids,
configurations, existing prototypes, and the possibility of reversible operation. Many
working fluid possibilities with low Global Warming Potential are available, but
there is no perfect alternative, and the selection must consider many factors. The
relatively higher temperature lifts make advanced configurations feasible. Existing
HTHP prototypes cover a wide range of working fluids and configurations; neverthe-
less, they are going to be required for developingHTHPs capable of supply increasing
temperatures from higher heat sources.
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1 Introduction

In November 29th, 2019, the European Union parliament declared a global climate
and environmental emergency. The target of reducing 40% carbon dioxide emissions
by 2030 compared to 1990, as agreed in the Paris Agreement [14], is no longer viable,
and it must be raised to 55%, as an intermediate step to achieve climate neutrality
by 2050. Each law approved to protect the environment must be revised to make it
compatible with keeping the global average surface temperature increase below 1.5°
by 2100 compared to pre-industrial levels.

It is estimated that in 2017, the industrial processes and product use was respon-
sible for the emission of 8% of the greenhouse gases in the EU, and fuel combustion
and fugitive emissions from fuels, 54% [6]. According to the Environmental Protec-
tion Agency of the USA, 22% of the greenhouse emissions were caused by the
industrial sector [5].

According to the estimations of [7], approximately 50% of global energy use
would end up as waste heat in 2030, having the industry sector the second-highest
portion of the theoretical waste heat recovery potential (approx. 28%). Data from
2015 illustrates that the potential waste heat in the EU has been estimated above 300
TWh/year, mostly available between 100 and 200 °C [13].

HTHPs becomes an option to upgrade low-temperature waste heat, being usable
again for industrial or commercial purposes. If an HTHP lifts the waste heat tempera-
ture, there is a more significant potential for waste heat recovery. Up to date, different
HTHPs technologies can be found: vapour compression, chemical, absorption, etc.
[16]. However, vapour compression technology is the most widely considered [1],
both from research and commercial point of view. This chapter explores the features
of these HTHPs types, the current status of development and future possibilities.

2 Vapour Compression HTHPs

Vapour compression HTHPs operation principles are equivalent to other applications
based onmechanical refrigeration and systems for residential, commercial and indus-
trial purposes, commonly used for food conservation and freezing; heating, ventila-
tion and air conditioning systems; stationary andmobile air conditioners; refrigerated
transportation, cryogenics, etc. However, under this situation, the interest is based
on the amount of heat that can be exchanged in the condenser (heat sink) given a
quantity of heat available at the evaporator (heat source) and the energetic cost that
represents from the compressor.Moreover, the range of temperatures observed in this
application is significantly higher than seen in others, and therefore the components
are subject to more restrictive conditions than usual. This fact must be considered
during the design and construction of the systems. A schematic representation of the
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Fig. 1 Vapour compression HTHP, Ph diagram and Ts diagram

essential components common to all vapour compression HTHPs, and the pressure-
enthalpy and temperature-entropy diagrams of its basic configuration are shown in
Fig. 1.

3 Working Fluids

Typically, the most commonly used working fluid (also known as a refrigerant) for
HTHPs is theHFC-245fa [1]. This fluid belongs to the third generation of refrigerants,
as it is chlorine-free and does not decompose the atmospheric ozone. However, the
100-year time horizon global warming potential value is relatively high, 875, and can
contribute to global warming if it is accidentally leaked to the atmosphere. Therefore,
HFC-245fa must be substituted by environmentally friendly alternatives to transit to
sustainable HTHPs in the industry.

In this way, HTHP sector can learn from other vapour compression application
experience in the transition to the low GWP working fluids. There are different
possibilities to classify the working fluids, but the most common today is the differ-
ence between natural and synthetic working fluids. Natural fluids are those that are
directly available from nature, and no chemical transformation is needed to obtain
it. Therefore, this option would be preferable to reduce the cost of acquisition of
the fluid. However, synthetic fluids present characteristics that make them attractive
under specific circumstances. Table 1 presents selected representative properties of
the today’smost promising lowGWP refrigerants, comparedwithHFC-245fa, which
is taken as a reference for calculating the benefits. Figure 2 shows the temperature-
entropy diagram and the saturation curves of HFC-245fa and selected low GWP
alternatives.

When considering the working fluids for HTHPs, different characteristics become
relevant. Among them, the following ones can be highlighted: the critical temperature
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Table 1 Main properties of working fluids for HTHPs

M (g
mol−1)

T crit (°C) Pcrit (MPa) ρV (kg
m−3)a

NBP
(°C)

ODP GWP100 ASHRAE
safety
class

HFC-245fa 134.0 154.0 3.65 38.68 15.1 0 858 B1

HC-601 72.2 196.6 3.37 8.93 36.1 0 5 A3

HC-600 58.1 152.0 3.80 22.45 -0.5 0 4 A3

R514A 139.6 178.0 3.52 22.78 29.1 0 2 B1

HFO-1336mzz(Z) 164.1 171.4 2.90 24.07 33.4 0 2 A1

HCFO-1233zd(E) 130.5 166.5 3.62 30.66 18.3 0.00034 1 A1

HCFO-1224yd(Z) 148.5 155.5 3.33 40.18 14.6 0.00012 <1 A1

aAt saturated pressure of 75 °C

Fig. 2 T–s diagram of
HFC-245fa and its low GWP
alternatves

and pressure for defining the maximum condensation temperature without supercrit-
ical operation and the maximum design temperatures of the vapour compression
pipelines and components, saturated vapour density and latent heat of vapourization,
for defining the compressor size in new design installations or the heating capacity
in drop-in or light retrofit replacements, the normal boiling point (NBP) to avoid
air filtrations when the system is switched off and to define the minimum practical
evaporation temperature.

Then, the ozone depletion potential (ODP) whichmust be below than certain level
to respect theMontreal Protocol put into force, the GlobalWarming Potential (GWP)
to define the direct emissions contribution, and finally, the ASHRAE Standard 34
safety classification, which indicates the flammability and toxicity levels of working
fluids.

Other parameters from different natures, such as liquid density, vapour viscosity,
specific heat capacity and thermal conductivity, material and lubricant oil compat-
ibility, working fluid availability, and price, among many others, must be checked
when selecting the refrigerant for the HTHP application.
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Fig. 3 Theoretical COP for different HTHP working fluids

For the basic cycle configuration, a theoretical simulation illustrates the COP for
different heat sink temperatures, temperature lift of 60 K, isentropic efficiency of
0.8, subcooling degree of 5 K, superheating degree of 15 K (Fig. 3).

4 Advanced Configurations

Different variations from the basic vapour compression configuration can be
proposed for various purposes: increasing the heating production, increasing the
coefficient of performance, controlling the discharge temperature for the same heat
source level, recovering heat at two different heat sink levels, among others. However,
additional characteristics apart from thermodynamic and energetic parameters must
be considered, as the initial cost, complexity, conditions control, etc. Schematic
diagrams of these configurations are presented in Fig. 4.

A typical variation from the basic cycle is the internal heat exchanger (IHX) or
liquid-to-suction heat exchanger configuration. Here, an additional heat exchanger is
connected between to produce an additional subcooling effect at the liquid line while
superheating the fluid at the suction line at the same time. In refrigeration cycles,
it is commonly installed for increasing the cooling effect at the evaporator without
introducing elements of mechanical subcooling. In heating instead, the interest is
increasing the internal energy of the working fluid at the suction of the compressor
to be then available at the discharge point, which is quite close to the entrance at the
condenser [10].

Besides the inclusion of an IHX, a recent trend observed is the utilisation of ejector
to improve the performance of the R-744 (CO2) vapour compression refrigeration
systems. The use of an ejector to avoid the thermodynamic losses at the expansion
device inHTHPs has been theoretically studied by [3]. In addition to the conventional
ejector outlet split heat pump cycle, the potential of a condenser outlet split ejector
(CSHPC) enhanced was studied. The main differences between both cycles are that
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a) Basic cycle with IHX b) Condenser outlet split ejector 

c) Two-stage cascade with IHX d) Two-stage with intermediate-IHX 

Fig. 4 Advanced HTHP vapour compression configurations

the second one does not need a vapour–liquid separator, favouring the oil return to
the compressor, and that allows two evaporators, giving the possibility of recovering
heat from different sources. Compared with the basic cycle, the COP of CSHPC
could be improved up to 14.5 and 10.3%, the compressor size reduced to 26.8%, and
higher exergy efficiency in some main components.

Then, different vapour compression cycles canbe connectedby aheat exchanger to
cover high-temperature lifts without losing energy efficiency. This option is known as
cascade configuration, and the connection heat exchanger acts as a condenser for the
lower pressure circuit, and evaporator for the higher pressure circuit. Different stages
canbe considered, even though twoand three stages are themost commonlyobserved,
allowing the inclusion of the internal heat exchanger for each cycle. Moreover, it
offers great flexibility for the combination ofworking fluids to optimise the total COP
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system, to restrict the installation of some circuits under particular safety conditions,
or to reduce the refrigerant charge of one of the working fluids [12]. studied a wide
variety of low GWP refrigerants for cascade refrigeration circuits optimising the
IHX effectiveness and intermediate temperature to maximise the resulting COP. The
resulting heating production for all options considered was comparable, but a proper
selection of the working fluid pair can increase the COP between 10 and 17%. There
is a trade-off between the minimum compressor size required and the final COP.

Finally, the compression canbe split by injectingvapour or liquid in differentways,
with similar purposes than the cascade vapour compression configuration. Among
the different possibilities, Mateu-Royo et al. [9] proposed the two-stage cycle with
intermediate-IHX, which was convenient only for higher temperature lifts.

This section focused only on introducing some promising options, but guidelines
in working fluid selection presented in the previous section must be followed as well.
The choice of working fluids plays an essential role in the selection of the optimal
advanced HTHP configuration.

5 Experimental Prototypes

Today, there is a much wider variety in working fluids than configurations in the
existing HTHP prototypes for which the results are available in the literature. While
some of the most important investigations are presented in the following, a complete
compilation of results can be found in Fig. 5.

Bamigbetan et al. [4] developed a hydrocarbon-based HTHP, and the selected
working fluid was the R-600a (Isobutane). All the components except for the

Fig. 5 Vapour compression HTHP prototypes
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compressor were commercially available. Special attention was devoted to the modi-
fied compressor, based on a semi-hermetic, 4-cylinder piston propanemodel, to cover
the higher temperatures and to ensure the proper lubrication. The compressor speed
is varied from 30 to 50 Hz, the heat sink and source outlet temperatures between
115 and 117 °C, and between 85 and 86 °C. The average total compression and
isentropic efficiencies are 74 and 83%, and the discharge temperature never reached
140 °C. This confirms the suitability of this prototype for reaching higher heat source
temperatures.

A twin-screw compressor is a suitable solution in terms of compression ratio and
volume flow rate for HTHPs using water as a working fluid. Wu [15] tested evapo-
rating temperatures between 75 and 85 °C and condensing temperatures between 111
and 140 °C. The COP resulted from 1.85 to 6.10, and the highest heating capacity
was 284.7 kW.

Arpagaus et al. [2] experimentally confirmed the benefit produced by the IHX in
HTHP systems, considering the HCFO-1233zd(E) and HFO-1336mzz(Z) working
fluid and variable-speed semi-hermetic piston compressor. The COP varied between
2.4 and 3.1, and heating capacity between 5.8 and 10 kW.

Mateu-Royo et al. [11] presented the experimental results of an HTHP with a
modified scroll compressor and IHX. They tested this prototype using HFC-245fa at
heat source temperatures between 60 and 80 °C, and heat sink temperatures between
90 and 140 °C, varying the heating capacity and COP between 10.9 and 17.5 kW
and between 2.23 and 3.41, respectively. Low GWP alternatives can also be tested
in this system with the potential of improving the HFC-245fa energetic results.

6 Reversibility

Finally, a future possibility to increase the economic feasibility of high-temperature
heat pumps is introduced in this chapter. High-temperature heat pumps can only be
operated when the heat is required. A storage tank for accumulating the excess heat
(in the form of latent or sensible heat), but this can increase the cost significantly, and
the velocity of charge and discharge of the tank depends onmany factors. Besides, an
innovative solution has been recently proposed, the reversible high-temperature heat
pump/organic Rankine cycle [10]. If there is a necessity of high-temperature heat,
the system can operate as an HTHP; if not, with a minimum additional investment,
the system can act as an ORC generating clean electricity for the industrial plant or
for injecting it to the net.

Most of the components of the HTHP can also be used for the ORC. The
compressor can be adapted to operate as an expander, and the expansion valve is
bypassed to circulate the fluid through a pump (Fig. 6). However, the overall effi-
ciency of the systemmust be maximised, considering the built-in volume ratio of the
compressor and expander, and therefore, a trade-off solution is required. Working as
an HTHP mode, at the average evaporating temperature of 85 °C, a COP of 2.22 is
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Fig. 6 Reversible HTHP-ORC operation modes

achieved condensing at 140 °C. For the same HTHP/ORC design, the ORC mode
achieves a net electrical efficiency of 7.25% at a condensing temperature of 40 °C.

7 Conclusions

HTHPs for low-grade waste heat recovery has been developed during recent years to
benefit the industrial energy efficiency, decarbonisation and reduce worldwide GHG
emissions.

The criteria considered for refrigerant selection are sustainability, commercial
availability, safety, and performance. HCFO-1233zd(E), HCFO-1224yd(Z), HFO-
1336mzz(Z) and natural refrigerants are those refrigerants that can be considered as
future low GWP alternatives for HTHPs.

Several studies confirm that IHX provides benefits to ensure the operation and
increase the energy efficiency.Two-stage with IHX or cascade configurations are a
future possibility for reaching higher performance than the basic configuration.

From an analysis of the existing literature, it can be concluded that the present
boundaries are situated in a heat sink and heat source temperatures of 140 and 70 °C,
respectively; several working fluids are being tested, and existing compressors are
being adapted to the high-temperature situation, considering different compression
technologies (piston, scroll, screw, …).

Given the potential of this technology, it is expected that research for HTHPs
application in industry is going to increase, covering different working fluids, config-
urations, and compressor constructions, and higher heat source and sink temperatures
than today to be able to compete with other waste heat recovery technologies.
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Chapter 18
Replacing Fossil Fuels by on-Site Sources
of Energy in a Residential Building
in Chalus, Iran

Milad Moradibistouni, Brenda Vale, and Abbas Mahravan

Abstract The study of energy and its relationship to the environment is now critical
due to its effect on the quality of present and future life. The need to reduce green-
house gases to combat climate change implies an increasing use of non-renewable
sources of energy. This article aims to evaluate the possibility of replacing fossil
fuels by renewable sources of energy in a residential building in Chalus, an Iranian
city with a high potential for using on-site sources of energy. This study first inves-
tigates the annual operating energy used by households in Chalus. To do this, the
type of appliances and average time of their use, including heaters and air condi-
tioning units, is extracted from official reports together with a local field study. The
ability of renewable on-site sources of energy to supply this load is calculated by
considering the specific characteristics of the region. The result shows these sources
have the potential to provide approximately 98% of the annual energy the household
consumes.

Keywords Renewable sources of energy · Domestic energy use · Sustainability

1 Introduction

After the energy crisis in the 1970s, attention was turned to the idea of the house
generating all the energy it needs from its site in both theUK [1, 2] andNorthAmerica
[3, 4]. The focus then was on whether sun, wind, and to some extent biomass could
provide all the energy the house and its occupants required. This article returns to
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Fig. 1 Iran’s energy flow in 2014 (MMBOE). Source adapted from [5]

this idea of the house being able to collect the energy it needs from its site but in the
very different context of northern Iran.

In 2014, more than 89% of the energy entering Iran’s network was generated from
natural gas, liquid fuels, and coal, which all are non-renewable sources of energy. In
the same year, over 1% of Iran’s energy demand was generated by renewable sources
(Fig. 1). Although electricity provided approximately 9% of the country’s energy,
more than 94%of this was generated from fossil fuels with 26% of all primary energy
wasted during conversion, transfer, and distribution [5]. This report [5] also shows
that in 2014, the residential, commercial, and general (RCG) sector was the biggest
in terms of energy demand, accounting for approximately 34% of all energy use.

The RCG sector was not only the biggest user of energy in Iran but also the
third-highest producer of greenhouse gasses (GHG), after power plants and transport
(Fig. 2). The RCG sector was responsible for 23% of all GHG emissions. Figure 2
also indicates that more than 99% of all GHG in Iran came from natural gas and
liquid fuels, which are non-renewable fossil fuels.

Figures 1 and 2 show the dependency of the residential sector on non-renewable
energy sources and particularly natural gas. These facts show the necessity of investi-
gating the replacement of fossil fuels by renewable sources of energy in the residential
sector.

1.1 Research Aim

This article aims to evaluate the possibility of substituting the fossil fuels which serve
a typical 150 m2 meter residential building in Chalus with sustainable and renewable
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Fig. 2 GHG emission flow chart by Iranian energy sector (2014). Source adapted from [5]

sources, which can be harvested from the house plot. This requires calculating the
annual energy consumption of the house, based on average consumption of all such
houses, and the potential energy that can be generated by renewable sources on the
site. The values are then compared to see if it is possible to replace non-renewable
sources of energy in this region.

2 Background

In recent years, how to design and construct sustainable houses has been a signifi-
cant subject of investigation. Using conventional sources of energy more efficiently
and replacing conventional sources of energy with renewable have emerged as very
important factors affecting the sustainability of housing in addition to its being
environmentally friendly, affordable, and with a minimum of waste generated [6,
7]. However, the majority of such studies stress the importance of replacing fossil
fuels with sustainable ones, without analysing whether this is possible [8–10]. Other
studies have looked at the potential of only one renewable source of energy. For
example, Monforti and Belis [11] looked at the potential and consequences of using
biomass energy in the residential sector, and Velkin et al. [12] investigated the possi-
bility of using solar energy in residential buildings in the Ural region in Russia. The
same holds true for other renewable sources of energy such as wind [13] and wave
energy [14]. However, less has been written on integrating all available renewable
sources of energy in a specific region so as to compare this with the annual energy
use of a residential building in that region. This is the gap this article aims to fill.
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3 Case Study Site

Chalus, a city with mild, humid weather located in Mazandaran Province in Iran at
36° 39′ 17′′ North, 51° 25′ 19′′ East, forms the case study (Fig. 3). Chalus has a
high potential for using renewable sources of energy sources as it is located on the
southern edge of the Caspian Sea with a high ratio of green space to urban area.

Mazandaran is one of the three regions in Iran which are allowed to harvest and
use forest products [15], and so there is also the potential for generating bio-energy,
although this would be at the scale of the region rather than the house site. Moreover,
data from the Mazandaran meteorological organisation [16] show the high potential
of Chalus for producing energy from the renewable sources of sun andwind (Table 1).

Figure 4 presents the climatic conditions of Chalus based on data from Mazan-
daran meteorological organisation [16] plotted on a psychometric chart, where each
red circle represents one month. The figure helps in understanding when there is
need for heating and cooling.

Figure 4 shows humidity in Chalus that always exceeds the comfort zone, which
reveals the importance of natural andmechanical ventilation. The temperature is only
in the comfort period for the four months of May, June, August, and September. In
the rest of the year, there is a need for heating except for July, where the temperature
exceeds the upper end of the comfort level and could potentially be translated as
a minimal need for cooling. However, the field study results [17] show that most

Fig. 3 Map of Iran showing Mazandaran Province and Chalus Source author
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Table 1 Chalus annual weather condition (Nowshahr station)

Spring Summer Autumn Winter Annual

Average temperature (centigrade) 18.3 25.5 15.3 8.8 17.0

Average relative humidity (percent) 80 80 82 83 81

Total rainfall (mm) 57 174 780 251 1262

Total sunny hours (h 579 617 387 325 1908

Maximum wind speed (m/s) 27 20 19 22 27

Source [16]

Fig. 4 Chalus climatic conditions plotted on a psychometric chart. Each red circle represents one
month of a year. Source author

households used cooling appliances in summer due to the high level of humidity
which affects the feeling of comfort.

4 Method

This study aims to evaluate the potential of on-site renewable sources of energy to
see if these can generate the required annual energy demand of a typical house in
Chalus. The Statistical Yearbook of Mazandaran shows that the average area of a
residential building in the region consented in 2010 was 143 m2 [18]. Also based on
the Municipality of Chalus report [19], the maximum allowed density in the city is a
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house occupying 40–60% of the plot area based on different variables. Consequently,
the area of the house in this study is assumed to be 150 m2 and the lot area 300 m2.

The house is a one-storey building and has two bedrooms, a dining and living
area, which will be called the living room, a kitchen, a toilet, a shower, and a shared
space between the two, called the cold bath. The building is a timber-framed house
on a suspended timber floor, with a pitched roof covered with clay tiles. This is the
typical method of construction in Chalus.

First, the annual operating energy consumption of the 150 m2 residential building
in Chalus was calculated using Eq. (1). For this purpose, energy using domestic
appliances was classified into five categories of cooling, heating (including water
heating), kitchen appliances, lighting, and others, as these are the main users of
household energy [20–24]. Then, using data collected from the Iran National Statis-
tics Organizations (INSO) report [25], types of appliance used by the majority of
households in each category and the average time the majority of families used them
were determined. This report was the latest version of its kind available. Using this
data, the annual energy used by the household was calculated.

Equation 1: Annual energy consumption

E(kWh/year) = P(W ) × t(h/day) × 365(number of days during a year)/1000(W/kW)

(1)

E: energy (kWh/year)/P: wattage of the appliance (W )/t: number of hours of use
per day/Source: [26]

However, data from INSO report [25], although highly reliable, mix data from all
different regions and cities, and there is no detailed data breakdown for each city.
Given the climate of Iran and the cultural habits of its citizens vary widely using
averages could be misleading. To see if data extracted from the INSO report [25]
are applicable to Chalus, a field study was conducted [17]. This investigated over
50 households in Chalus through a questionnaire-based survey. Households received
the data extracted from the INSO report [25] and were asked to rate the consistency
of these data with the types of appliances they used and the time they used them.
They could add appliances and times to the data as needed. Where the survey results
showed a considerable variation with data from the INSO report [25], data from
the survey were used. In fact, most of the data from the report were confirmed by
the survey respondents, and amendments were only made in the two categories of
cooling and lighting.

In the next step, the potential yields of appropriate renewable sources of energy
in Chalus, classified into three categories of biomass, solar, and wind energy, were
studied. Chalus has the potential for generating energy from the sea, but this would
be at a scale larger than that of the house. There is also the potential for geothermal
in Iran, but there is no uncovered source in Chalus [27]. Finally, the energy each
source could produce considering the site characteristics was calculated using the
equations in Table 2 to see if the renewable sources could provide enough energy for
the 150 m2 house. Biomass was considered separately as this would be generated at
the regional scale. Another consideration was the type and efficiency of technologies
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Table 2 Calculation of the potential of renewable sources of energy

Field Equation number Equation Source

Solar energy output from the PV system Equation (3) E = A r H PR [28, 29]

Potential wind energy calculation Equation (4) Pmax = 16
27

ρ
2 v2 πD2

4 [30]

ρ Calculation Equation (5) ρ = P
RdT [31]

used for generating energy from these sources. In this study, the chosen technologies
were those which were widely available based on an online search.

5 Data

5.1 Calculating the House Energy Consumption

This study focused on the operating energy of the residential building ignoring
embodied energy at this stage. This operating energy includes all the energy
consumed by the main appliances in the household classified into five categories of
heating (including water heating), cooling, kitchen appliances, lighting, and others.
To calculate the operating energy needed, data from INSO report [25] and the field
study [17] were used.

Table 3 lists the different types of heating appliances and their time of use, showing
over 79% of Iranians use gas heaters as their main source of heating. Table 3 also
shows more than 67% of gas heater users turned their heaters on for between 1501
and 2160 h during winter, which gives an average usage of 1830 h. The field study
[17] regarding the type and average use of heating appliances confirmed the data
extracted from INSO report [25]. This means gas heaters form the primary heating
source in Chalus. It is worth noting the typical house has three heaters, one in the
living room and one in each of two bedrooms, and each is estimated to be used for
an average 1830 h a year.

Table 3 Percentage and monthly use of heating appliances in Iran

Type of appliance % Time of use for each appliance (%)

500 h or less 50–1000 h 1001–1500 h 1501–2160 h

Gas heater 79.4 4.7 11.0 16.4 67.9

Radiant heater 7.7 0.1 3.2 6.5 90.2

Oil heater 3.1 22.2 21.8 15.3 40.7

Central heating 2.8 3.7 7.9 13.6 73.4

Others 7.0

Source [25]
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Fig. 5 Appliances for hot water production. Source [25]

Hot water. Hot water is used in a residential building for showering, washing
dishes, and laundering. According to the INSO report [25], over 85% of Iranians use
storage or instantaneous water heaters (although these are different types of water
heater, they are combined in the statistics) (Fig. 5). For all water heater types, more
than 90% of households used natural gas as their fuel [25]. The field study [17] also
showed all respondents used fossil fuel (mostly natural gas) water heaters. The INSO
report [25] only mentioned the number of days households used their water heaters
giving no detailed breakdown of the information. The field study [25] showed the
time each household used their water heaters varied considerably, making it hard to
find a reliable average. As a result, similar studies were investigated to find a reliable
figure. Yousefi [32] studied the economic and environmental costs of replacing gas
and electric water heaters with solar water heaters in Iran. By considering relevant
standards, Yousefi [32] calculated each Iranian needs 60 l of hot water a day, with the
output water heated to 60 °C. Having this information, the energy each household
needs for hot water for each person can be calculated using Eq. (2).

Equation 2: Energy required for hot water

Q = VMC�T (2)

Q: energy required for hot water (KJ)/V: volume of water/M: the specific weight
of water = 1 kg/L/C: specific heat of water = 4.18 (kJ/kg C)/�T: difference in
temperatures of input and output water/Source: [33, 34].

To use Eq. (2), it is necessary to know the input temperature to the water heater.
In this study, it is assumed the input water temperature is equal to annual average
ambient temperature, which in Chalus is 17 °C (Table 1). Using Eq. (2), a household
of four in Chalus needs 4374 kWh of energy a year for its hot water.

Cooling. Based on Fig. 4, the temperature of Chalus only exceeds the comfort
level for cooling in July. However, the field study [17] showed due to high average
relative humidity in the region ofmore than 81%and its effect on feeling comfortable,
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Table 4 Percentage and monthly use of cooling appliances (h)

Type of appliance % Time of use for each appliance (%)

500 h or less 50–1000 h 1001–1500 h 1501–2160 h

Water cooler 57.3 34.5 29.1 20.4 16.0

Water cooler and fan 12.7 NA NA NA NA

Heat pump and fan 9.4 NA NA NA NA

Fan 9.0 NA NA NA NA

Heat pump 8.8 34.0 23.6 13.5 29.0

Others 1.7

Source [25]

most households in Chalus use some form of cooling during the summer and some
even in rest of the year.

At the national scale, Table 4 shows that the main cooling appliance used by more
than 57% of Iranians was a water cooler. However, the field study [17] showed that
most households in Chalus use a heat pump for cooling their houses. So in this study,
the main cooling appliance was assumed to be a single heat pump. Also, Table 4
shows that 34% of heat pump users nationally use their heat pump for 500 h or less
during summer. This level of use was confirmed by the field study [17].

Lighting The type and number of lights can be remarkably different. The INSO
report [25] shows that 10–50 W compact fluorescent lamps (CFLs), incandescent
lamps (from 40W to over 150W), and 18–65W fluorescent lamps are the most used
lightning types in Iran, used respectively by 60%, 23%, and 13% of households.
The field study found the same results. In this study, therefore, three types of CFL
(23 W), fluorescent (36 W), and incandescent lamps (100 W) are assumed as the
main sources of lighting. Based on observations, there are 13 lights in the house:

• CFL lamps (one in each of the toilet, the shower room, the kitchen, the living
room, and one in each bedroom),

• incandescent lamps (one in each of two bedrooms, one in the living room, and
one in the cold bath),

• three fluorescent lamps (one in the kitchen and two in the living room).

Aside from the type and number of lights, another important factor is the time
these lights are on. Based on Table 5, more than 40% of respondents used CFL and
fluorescent lamps for 4–8 h a day (average 6 h) and over 60% used their incandescent
lamps for 1–4 h a day (average 2.5 h). However, the field study produced different
results, possibly due to the climate and having more cloudy hours in comparison
with the national average. Households in Chalus used their lights approximately
10% more than the national averages. As a result, in this study, CFL and fluorescent
lamps are used for 6.5 h a day and incandescent lamps for 2.75 h a day.

Kitchen. A variety of appliances are found in Iranian kitchens. Table 6 sets out
the three large appliances used by more than 50% of respondents in the INSO report
[25] and their average monthly use. For calculating the time a refrigerator works at
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Table 5 Daily use of different lighting types

Season Type Time of use for each type (%)

1–4 h/day 4–8 h/day 8–12 h/day More than 12 h/day

Summer Incandescent 67.0 24.0 7.0 2.0

CFL 36.5 45.0 13.5 6.0

Fluorescent 30.3 49.5 14.7 5.5

Winter Incandescent 60.0 25.8 11.7 2.5

CFL 26.0 41.5 24.6 8.0

Fluorescent 20.6 47.1 24.2 9.1

Year Incandescent 63.5 24.8 9.3 2.2

CFL 31.2 43.2 19.1 7.0

Fluorescent 25.1 48.2 19.4 7.3

Source [25]

Table 6 Monthly use of appliances in the kitchen (used by more than 50% of Iranians)

Appliance
type

% Time of use for each appliance (%)

Less than 10 h
per month

10–50 h per
month

50–110 h per
month

111–200+ hours
per month

Oven 61.1 1.3 20.1 53.7 24.9

Washing
Machine

79.4 85.3 13.4 1.2 0.1

Refrigerator 54.1 240 h per month

Source [25]

maximum power, the time that it is connected to the electricity supply (24 h a day
for approximately 30 days a month) should be divided by three [35].

From Table 6, the most popular monthly use times are 50–110 h for an oven and
less than 10 h for a washing machine. The field study respondents agreed their large
appliances were the oven, washing machine, and refrigerator. Some respondents
mentioned other appliances such as a meat grinder and food processor. However,
neither of these appliances was found in the whole field study sample. The respon-
dents also confirmed the times for oven and refrigerator use extracted from the INSO
report [25], except for the washing machine, which the majority of respondents used
for 10 h a month. As a result, uses of 75, 10, and 240 h a month were assumed for
the oven, washing machine, and refrigerator, respectively.

Other appliances. When it comes to small appliances because their incidence is
very variable, this study only counted those used by more than 50% of respondents
in the national survey. The INSO report [25] showed the most commonly occurring
small appliances were a vacuum cleaner, TV, and iron, which were used by more
than 86%, 73%, and 71% of respondents, respectively. Table 7 shows the monthly
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Table 7 Monthly use of small appliances (used by more than 50% of Iranians)

Appliance % Time of use for each appliance (%)

Less than
10
h/month

10–50 h/month 50–110 h/month 111–200+ hours/month

Vacuum
cleaner

86.5 90.5 9.2 0.2 0.1

TV 73.6 2.6 8.9 29.1 59.4

Iron 71.0 96.8 3.0 0.1 0.1

Source [25]

use of these appliances. Taking the field study and Table 7 together, the iron and
vacuum cleaner are used for 10 h/month and the TV for 155.5 h/month.

5.2 On-Site Production of Energy

In this section, the potential production of energy using the natural sources of
biomass, solar, and wind is calculated by considering the site characteristics.
Although biomass is not strictly an on-site source, it is plentiful in the area and
the raw biomass could be converted to useful energy on-site.

Biomass energy. Bio-energy, which can be extracted from all organic material
such as trees, plants, and animal waste, is basically the accumulation of the sun’s
energy through photosynthesis, and its further incorporation into livestock, and all
types of organic wastes, including wastes from the food industry [36]. One of the
most important aspects of biomass over other types of renewable sources of energy is
the fact that bio-energy production is not affected by weather conditions and can be
continuous. In Iran, annual biomass potential has been evaluated to be approximately
331 million tonnes, which can potentially provide 218 TW of electricity annually
[37].

Based on Amini [15], Mazandaran, Gilan, and Golestan are three provinces in
Iran which are allowed to harvest and use forest products, due to their environmental
conditions and ratio of green space to urban area. Moreover, a Chalus city council
report [35] shows, in addition to the tourist industry, agriculture and animal husbandry
are the most prominent industries in Chalus. This suggests Chalus has great potential
for using biomass energy. Pazouki et al. [38] evaluated the available potential of
biomass in Chalus to be approximately 4 TWh a year.

There are different methods of converting natural materials to energy such as ther-
mochemical and biochemical conversion, but this study only looks at biochemical
conversion [37–40]. Biochemical processes use enzymes, bacteria, or other microor-
ganisms to break downbiomass into fuel such as biogas or bioethanol using anaerobic
fermentation. This can produce methane from landfills or ethanol from fermentation
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Table 8 Biogas potential of different materials

Raw material Water content (%) Dry material gas
production rate
(m3/kg)

The raw material needed
to produce 1 m3 biogas
(kg)

Dry Fresh

Pig manure 82 0.3 4.0 22.2

Cow manure 83 0.2 5.3 31.0

Chicken manure 70 0.3 4.0 13.3

Human manure 80 0.3 3.3 16.7

Rice straw 15 0.3 3.8 4.5

Wheat straw 15 0.3 3.7 4.4

Corn stalks 18 0.3 3.5 4.2

Source [42]

[41]. Since an assumption about conversion has to be made, in this study it was
decided to extract bio-energy using a 10m3 biogas system (PX-HBS-10M3). Table 8
shows the quantity of materials that could be put into a digester to produce 1 m3 of
biogas.

In this study, rice straw was proposed as the main fuel for the biogas system due
to its availability in the region and its low water content, meaning less fresh material
has to be fed into the digester. As 1 m3 biogas can generate 2. 5kWh electricity [43,
44], feeding 38 kg dry rice straw a day into the biogas system, which is completely
possible, could produce 10 m3 biogas, which equates to 25 kWh a day or 9125 kWh
a year. A digester to produce this much gas would be a three-metre high cylinder
with a diameter of over 2 m. This would be placed underground and would occupy
approximately 12 m2 of the plot. There is also a need for space to store the rice
straw to feed into the digester. This area would depend on how often the straw was
delivered to the site. The 150 m2 plot is probably large enough to contain the digester
and straw storage area, but such a system may be more appropriate for rural rather
than urban areas. The other and possibly more acceptable option in urban areas is to
have larger centralised biogas systems.

Solar energy. Solar energy is one of the most important sources of renewable
energy in the world [45]. “…about 0.1% of this energy [solar energy intercepted by
the earth], when converted at an efficiency of 10% would generate four times the
world’s total generating capacity of about 3000 GW” [46]. This study looks at two
types of solar technologies, photovoltaic systems and solar water heaters, both of
which can be used at the domestic scale.

Photovoltaic systems. Photovoltaic systems are designed to generate electricity
directly from solar radiation. Use of these systems which are noiseless and practical
has grown remarkably in recent years [47]. The energy that can be generated in
different regions depends on various factors, including average solar radiation and
panel specification. There are many different formulae for calculating the energy
that could be generated from photovoltaic panels. This study uses Eq. (3) which is
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Fig. 6 House roof section

accepted by most researchers [28, 29]. The photovoltaic panels to be used in this
study are JKM360M-72-V from Jinko Solar. These are 1.95 × 0.992 × .04 m panels
with an efficiency of 18.57% [48].

Equation : Solar energy output from the PV system

E = A*r*H*PR (3)

E: annual solar energy output of the photovoltaic system (kWh)/A: total solar
panel Area (m2)/r: solar panel yield (%) or the efficiency of the panel/H: average
solar radiation.yr-1/PR, the coefficient for losses (range between 0.5 and 0.9), which
is considered 0.7 in this study/Source: [28, 29].

The total solar panel area is limited by the need to use the south-facing side of
the roof. Due to the high annual rainfall in Chalus, roofs in the region normally have
a slope of 20–40 °C for drainage [49]. For the same reason, all buildings normally
have some type of overhang to protect the wall. In this study, the slope of the roof is
20°, and the roof overhangs the wall by 1 m measured down the roof slope (Fig. 6).

The area of the south-facing half of the roof is thus 110.5 m2 (17 × 6.5), and the
area of each PV panel is 1.94 m2 (1.95 × 0.992). This means 56 photovoltaic panels
could be installed covering 108 m2 of the south-facing roof. However, some space
should be kept to ensure a flow of air around the panels for maximum efficiency of
generation and for the solar water heater. As a result, 28 grid link photovoltaic panels
(54.32 m2) covering 50% of the maximum available space are assumed. The average
solar radiation in Chalus is approximately 1387 kWh/m2 [50], and using Eq. (3) the
total annual solar energy which can be harvested in Chalus is 9493 kWh. In order
to store surplus energy rather than selling it back to the grid, it would be possible to
add storage to the system through installing a Tesla Powerwall battery. This battery,
which can be installed on floor or walls and also inside or outside the house, has a
useable capacity of 13.5 kWh and dimensions of 1150 mm by 753 mm by 147 mm
[51].

Solar water heating. Solar water heaters are designed to provide hot water at
around 60 °C for residential use either using pumped or natural circulation of water,
and systems usually include a collector, storage tank, and connecting pipes [52].
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Most researchers and producers of solar hot water systems claim such systems are
able to produce 70% of the hot water a household needs [32–53]. In this study, an
A591270/2Tg Rheem premier active solar water heater is assumed [54]. A household
of four in Chalus needs 4374 kWh energy annually for their hot water. Assuming
the solar water heater produces 70% of this, the fossil fuels that can be replaced by
installing a solar water heater equate to approximately 3062 kWh/year.

Wind energy. “The kinetic energy of the air flow [the wind] provides the motive
force that turns the wind turbine blades that, via a drive shaft, provide the mechanical
energy to power the generator in the wind turbine” [55]. There are many ways of
calculating the potential energy that could be generated by the wind, but one of the
most accepted methods is the Betz Equation (Eq. 4).

Equation 4: Potential wind energy calculation

Pmax = 16

27

ρ

2
v2 πD2

4
[Watt] (4)

P: potential wind energy calculation/ρ: air density (kg/m3)/V: average wind
speed/D: turbine rooter diameter/ρ (kg/m3) can be calculated using Eq. (5)./Source:
[30]

Equation 5: ρ Calculation

ρ = P

Rd T
(5)

T: average monthly air temperature (K)/P: average monthly air pressure (Pa)/Rd:
gas constant for dry air, which its value is 287 J/kg K/Source: [31].

In order to calculate the potential of wind energy in Chalus, it is necessary to
determine the average wind speed, average monthly air temperature, and average
monthly air pressure of the site. Data collected from the Mazandaran meteorological
organisation (Table 1) reveal the average annual air temperature on the site is 17 °C or
290.15K, and the averagemonthly air pressure is 101,325Pascals as the site is located
at sea level. The average wind speed (V) on the site is 16 m/s, and it never goes below
5 m/s, which is the minimum speed needed for a wind turbine to work [56]. The next
step is to determine the turbine rotor diameter for calculating the maximum energy
which can be generated in Chalus. Two small AEOLOS-H500Wwind turbines were
chosen for the on-site installation for this study. This machine has a rotor diameter of
2.7 m andwould bemounted on a 12m high tower (6m free-standing and 6m guyed)
in the garden of the house. Each turbine needs approximately 18 m2 for assembly
and the ends of the guys enclose an area of 36 m2 on the site. Using Eqs. 4 and 5,
each AEOLOS turbine can potentially generate over 470 kWh/year or 940 kWh a
year.
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Table 9 Appliances and their use of energy

Appliances N DU MU AU PR AEU P SS

Heating Heater 3 – – 1830 1500 8235 47 12,609

Water heater 4374 25

Cooling Heat pump 1 – 500 2300 11,500 7 1150

Lighting Incandescent 4 2.7 – 4015 100 401 6 984

CFL 6 6.5 – 14,235 23 327

Fluorescent 3 6.5 – 7117 360 256

Kitchen Oven 1 – 75 900 1400 1260 11 1932

Washing Machine 1 – 10 120 2000 240

Refrigerator 1 – 240 2880 150 432

Other Vacuum cleaner 1 – 10 120 1600 192 4 676

TV 1 – 155 1866 188 351

Iron 1 – 10 120 1100 132

Total 17,351 100 17,351

Number N, daily use (h)DU,monthly use (h)MU, annual use (h)AU, power rating (W) PR, annual
energy use (kWh) AEU, portion (%) P, sub-section total SS

6 Results

6.1 The Annual Energy Use of the House

Table 9 summarises the average time and energy use of all appliances, with average
wattages extracted from an Iranian energy efficiency organisation report [57]. The
annual operating energy for the 150 m2 house in Chalus is then calculated using
Eq. (1). Although most ovens and heaters in Iran are powered by natural gas, where
appropriate this use is expressed in kWh.

Table 9 shows the annual energy demand of the 150 m2 residential building in
Chalus is 17,351 kWh. Based on Table 9, heating is the biggest user of energy,
responsible for 72% of the total (12,609 kWh/y), which breaks down into 47% and
25% for space and water heating, respectively. The next biggest user of energy is the
kitchen category being responsible for 11%of annual energy (1932 kWh/y). Cooling,
lighting, and other appliances are respectively responsible for 7%, 6%, and 4% of
annual energy use.

6.2 Annual Energy Production of on-Site Renewable Sources

Table 10 tabulates the calculated potential of different renewable sources of energy
for the typical house in Chalus.
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Table 10 Potential of
renewable sources of energy
in Chalus

Source of energy Annual potential (kWh) (%)

Biomass energy 9125 37

Solar energy
(photovoltaics)

9493 38

Solar energy (solar water
heater)

3062 15

Wind energy 940 4

Total 22,620 100

Table 10 shows that renewable sources of energy can potentially generate
22,620 kWh energy a year which is more than needed for the 150 m2 residential
building. However, this number assumes all systems works to 100% of their capacity
for 365 days a year andwithout any energy loss during production and transfer. There
will also be days when different systems are out of service due to technical servicing
or environmental conditions. To account for this, the calculated energy is reduced by
25% to give a more reliable evaluation.

As a result, the energy that could be generated in Chalus using renewable sources
of energy would be 16,965 kWh/year. Compared with annual energy need of the
household of 17,351 kWh, on-site renewable sources of energy could potentially
produce approximately 98% of all energy the building needs over a year based on
current usage and appliance efficiencies.

7 Limitations of the Study

This study has made a number of assumptions leading to the need for further consid-
erations. Most households in Chalus make use of more appliances than listed in
Table 9. This study is only based on averages.

This study calculated the potential of renewable sources of energy in energy
production based on the assumption that all systems work with an efficiency of
100% for 365 days a year. Although the calculated values were reduced by 25% to
account for systems not operating all the time, this is a big assumption and systems
like PV panels may operate for some years without interruption.

Next, the space these systems need for their operation on the site has been based
on the systems selected.Whether having such systems on-site is acceptable to people
is another area of study. The cost of buying and installing the systems is also an issue,
and whether the savings in buying fossil fuel energy will offset the costs of having
and operating the renewable systems is an area for further investigation. It might be
better to first invest money in saving energy by insulating the building or buying low
energy use appliances, rather than investing in renewable energy systems.
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Lastly, at present, there is no infrastructure in Chalus for installing and servicing
renewable energy systems. Although once installed PV panels require little mainte-
nance, other systems like a biogas digester require regular feeding, and wind turbines
also need regular maintenance. Having local firms who can do this work is an
important aspect of small-scale renewable energy systems, outside the scope of this
study.

8 Discussion and Conclusion

Because of the need to reduce fossil fuel use in the face of climate change, this
study has tried to evaluate the possibility of replacing fossil fuels with renewably
generated energy for a stand-alone residential building. While it is important for
centralised energy-generating sources to switch to renewable energy sources, this
study has returned to the idea of seeing whether the energy for a single house could
be generated from its plot. A typical 150 m2 house for four people, located in Chalus,
was chosen as the case study. Chalus was selected as an Iranian city with a high
potential for using different types of renewable energy.

This study focused on operating energy. Based on existing national data and field
studies, it was possible to show an average house in Chalus has an annual energy
consumption of 17,351 kWh. Of this, heating is responsible for over 72% of all
energy used in the house (12,609 kWh/year). The breakdown of the remainder is
1932, 1150, 984, and 676 kWh for large appliances, cooling, lighting, and other
appliances, respectively. Looking at the available on-site sources of biomass, solar,
and wind showed a potential for generating 22,620 kWh annually, of which 56%was
from solar, 40% from biomass, and only 4% from wind. Allowing a 25% reduction
for uncertainty in the generation and the need to have systems off-line for servicing
reduced the total 16,965 kWh/year or 98% of current estimated demand. Effectively,
it would be possible to provide sufficient energy from renewable sources with no
changes in behaviour or equipment. Given only half the roof was covered with PV
panels, having more of these and only relying on solar energy with no wind or
biomass might be the way forward in further investigations.

However, lessons learned when use of on-site renewable energy was first mooted
in the 1970s showed it was much cheaper to save energy than to generate it. So
although it is theoretically possible to supply the existing house with renewable
energy, a first step should be to save energy before investing in energy-generating
equipment. As heating (space and water heating) combined account for over 70% of
all energy, insulating to save energy seems a key action. However, the first piece of
renewable energy-generating equipment to install might be a solar water heater as
these are cheaper than PVs and could produce a 3062 kWh/year reduction in overall
annual energy use without any change to the building. Given the small proportion
of energy produced by the small wind turbines and their visual intrusion and space
they need, they are probably not worth having for a typical house on a small plot.
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The same is true of the biogas generator which is more acceptable at the scale
of a farm or small neighbourhood. This means the energy use of the house needs to
be reduced from 17,351 to 12,555 kWh which can be generated from solar energy
alone. The next step would be to look at the embodied energy of the required solar
systems and their replacement cycles as part of the life cycle of the house. This needs
to be compared with energy bound up in centralised systems for renewable energy
generation. In fact, these need to be calculated as part of the grid linked PVs which
only achieve their desired output on an annual basis, with more energy generated in
summer than in winter.

What this study shows is that there is a high potential for replacing residential
fossil fuel use by renewable energy in the city of Chalus, with a consequent important
reduction in greenhouse gases. Although it is better first to invest in reducing energy,
there is merit in investing in renewable generation at the house scale as a way of
showing people a vision of a future world without fossil fuels.
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Chapter 19
Simulation of an Adsorption Machine
with Auxiliary Heater for CO2-Neutral
Air-Conditioning of Electric Utility
Vehicles

Lukas Wildner, Michael S. J. Walter, and Stefan Weiherer

Abstract Air-conditioning of vehicles is important to improve driver comfort and
motivate users to invest. The heating and cooling processes required for this are very
energy-intensive processes. In conventional battery-operated commercial vehicles,
the energy required to operate the air-conditioning system is used from the battery.
This reduces the range of the vehicles by up to 30%. One of the greatest challenges
in making electric commercial vehicles usable across the board is to increase their
driving range. To reduce energy losses through air-conditioning, it is preferable to
develop a technology that is independent of the battery. There are a number of options
for controlling the temperature of a moving vehicle, but only a limited number that is
CO2-neutral. In this paper, we focus on adsorption chiller technology in combination
with an auxiliary heater based on bioethanol. To understand the advantage of an
adsorption machine, a simulation model can provide useful data on scaling and
ease of use and thus be the basis for design and assembly of a prototype system.
Therefore, a mathematical model of the adsorption technology is combined with the
known dimensional parameters of electric vehicles, and the results are presented in
form of a simulation model.

Keywords Adsorption · Simulation · Air-conditioning · Electric utility vehicle ·
Fuzzy controller · Auxiliary heater

1 Motivation

In order to solve the major challenge for the market penetration of battery-operated
electric utility vehicles (BEUVs), their range needs to be increased and charging
time shortened. In addition to the vehicle power train, common heating and cooling
processes are very energy-intensive and reduce the driving range. Usually, this
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Fig. 1 Research vehicle
Renault ZOE R240

problem is solved by increasing the battery capacity, which leads to a significant
increase in weight and thus reduces the payload of a BEUV (Fig. 1). 4

A much more efficient way of solving this problem would be to supplement
vehicle air-conditioning with an additional CO2-neutral system. Conventional auxil-
iary heaters are already established on the market and can easily be converted to
bioethanol. These can bring a significant improvement in winter season. A usable
solution for ensuring cooling in summer season can be the adsorption technology.
Adsorption tanks can be operated reversibly and climate neutrally with water and
heat. Building on our previous work, we now want to check whether the adsorp-
tion technology is suitable to complement the validated auxiliary heater in terms of
performance and geometric as well as application constraints.[1]

This paper discusses how to create a simulation model that represents the most
important technological mechanism as accurately as required to design the main
components of the heating and cooling system [1–5].

2 State of the Art

The air-conditioning of a BEUV is usually provided by air-conditioning systems
such as used in combustion vehicles. These technologies require a large amount of
energy from the battery. Heat pumps, for example, have high energy efficiency but
consume electrical energy for operation. The most sold BEUV (Renault ZOE) is
equipped in standard configuration with a heat pump system for heating and cooling.
In order to save as much energy from the battery as possible to ensure more driving
distance, it is recommended to use a more efficient technology. Additional heaters
can replace the air-conditioning of BEUVs in the cold season. The heat is supplied
directly by the combustion of fuel. As heat generation is largely independent in
energy supply, the use of auxiliary heaters has little effect on the battery. In recent
years, we implemented and verified a bioethanol-powered auxiliary heater in the
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Renault ZOE research vehicle (Fig. 1) and verified its performance and application
during cold seasons [1, 3, 4].

In warm seasons, an intelligent method is needed to replace the previous compres-
sion cooling systems, which show a comparably low efficiency related to the system’s
weight. Adsorption cooling, however, shows potential for efficient use in electric
utility vehicles. Abdullah et al. [5] point out that adsorption cooling is increasingly
used when further improvements are developed. The problem, however, is the lack
of systems in the required performance class for use in automotive applications.
Adsorption processes have been mathematically investigated and simulated several
times. The thermodynamic process of adsorption anddesorption ofwater is extremely
complex. The integration of the kinetics into a higher-level system is usually only
carried out in a simplified form. In addition, studies are known in which no simula-
tion model is determined, but a test facility for integration into a higher-level system
exists. However, no simulationmodel of an adsorption chiller with additional heating
is known that was developed for electric vehicles. This work covers both the simu-
lative design and the integration of such a system into electric commercial vehicles
[3–9].

2.1 Adsorption

Adsorption describes the accumulation of a substance, e.g., water, on another
substance, e.g., a porous rock, without any change of substance occurring. The
porous volcanic rock focused for the adsorption machine is generally called zeolite,
which translated from ancient Greek means ‘boiling stone’. The material has a deci-
sive property which makes two thermodynamic uses possible. Zeolite is extremely
porous and thus has an impressively large surface in relation to its mass. In contact
with simple water (Fig. 2), a process takes place that can be symbolized using the
example of a sponge. The water molecules are attracted to the rock and bound to
the surface. This process takes place very quickly, especially in a vacuum, which
extracts energy from the original space of the water. Cold is produced. On the other
hand, the water molecules in the porous corridors of the rock structure collide with
each other and pass the rock, thus releasing energy to the zeolite. Heat is generated
[7, 9, 10].

The adsorption process can be operated reversibly by supplying heat. Heat energy
is supplied to the volcanic rock, which is loaded with water, in order to increase the
kinetic energy of the water. The gaseous water can thus be expelled from the rock.
Attention must be paid to the effect that no other gas, such as carbon dioxide or
nitrogen oxides, occupies the empty pores of the zeolite. The so-called desorption
process for the regeneration of the sorption medium thus restores the initial state and
enables reversible use (Fig. 3) [7, 9, 10].

Regeneration of the adsorption machine requires not only the reversal of the
process sequence but also time in which no cooling capacity can be delivered. This
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Fig. 2 Zeolite structure with incorporated water molecules

Fig. 3 Functional diagram
of an adsorption machine

dead time of adsorption/desorption cannot be avoided. The duration of the process
depends on the temperature, pressure and humidity of the desorption area [7, 9, 10].

2.2 Adsorption Chiller for Vehicles

Adsorption technology is known for some time, but has not yet been integrated
into vehicles. Although there are mobile refrigerator systems, they work cyclically
and maintain the cold generated for a longer period of time through high-quality
insulation. The use in a continuous cooling process is quite rare. In order to investigate
the advantages of adsorption cooling for vehicles in continuous operation, a research
team built a test bench that was to be operated with the engine exhaust heat of a truck.
In the work of Vasta et al. [3], an adsorption machine was thus developed for cooling
the driver’s cab. It showed an efficient cooling performance that is quite capable of
ensuring the comfort temperature of 18 °C.As the temperature of combustion exhaust
gases can also be reached with a bioethanol-fired auxiliary heater, an energetic use
is to be expected.[3, 7]



19 Simulation of an Adsorption Machine with Auxiliary Heater … 325

2.3 Simulation of Adsorption Process

For the description of the adsorption process in different applications, amathematical
model with the previously determined values was used to simulate the multitude
of properties as comprehensively as possible. Bathen and Breitbach [7] provided
mathematical descriptions for different process options. However, the model used
is generally referred to as the linear-driving-force model (LDF). The load of the
sorption material with water vapor is calculated depending on the sorption material
and the geometry of the sorption chamber. It simplifies laboratory testing without
losing too much process data and demonstrates energy and environmental benefits
of adsorption technology [7].

dq/
dt = keff · AP

/
ρ · (q − qgl

)
(1)

keff = 15 · Dges
/
r2P

(2)

dq
dt denotes the solids loading per time, including the adsorptive quantity in the pore

volume. qgl is being subtracted as potential for the solids loading in the boundary film.
AP stands for the particle surface and ρ for the density. keff represents the effective
mass transfer coefficient. This gets calculated with the total diffusion resistance Dges

and the relative pore rP diameter of the adsorptivity. With the values for the loading
of the sorption chamber determined in this way, the potential energy transfer can be
deduced from the generally known steam table and the prevailing temperature. All
loss mechanisms of the material or energy transport are of course associated with an
energy loss, which needs to be considered individually in the calculations [4, 7, 9].

3 Realization of the Model Construction

The thermodynamicmechanisms of a BEUV, an adsorptionmachine and an auxiliary
heater are analyzed and integrated into a simulation model. In our previous work, we
already integrated an auxiliary heater into a Renault ZOER240 (2015). Based on this
work, the geometry of the electric vehicle could be taken into account as boundary
conditions in the simulation model as well as the specific thermodynamic properties
of the applied bioethanol-fueled auxiliary heater. The system covers both summer
and winter operating conditions. In winter, the vehicle is to be supplied with thermal
energy (hot air) and in summer with cooling energy (cold air). Care should be taken
to avoid excessive operation of the auxiliary heater, especially in summer. This can
save fuel and counteract unnecessary heating of the vehicle and the environment. If
operation takes place in winter (Fig. 4, 1. case), the auxiliary heater is used as a heat
source to directly heat the driver’s cabin. In summer, instead (Fig. 4, 2. case), the
heat sink of the adsorption machine is used to cool the driver’s cabin, while the heat
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Fig. 4 Functional scheme of air-conditioning in two use cases: 1. Case: winter and 2. Case: summer

of the auxiliary heater is used to reload the zeolite inside the adsorption machine.
In order to guarantee a continuous cooling capacity, an expansion of the adsorption
machine is necessary. It is recommended to divide the sorption storage into at least
two parts which can be operated independently of each other (Figs. 5 and 6). Thus,
the first storage chamber can be regenerated by an adequate heat input, while the
second storage chamber provides heat sink by adding water (Fig. 5).

If, after a certain time, sorption chamber 2 is saturated with water and the cooling
capacity falls below a predefined limit value and sorption chamber 1 is therefore
sufficiently regenerated, the process can be reversed in step 2 (Fig. 6). The chamber
2 is then regenerated by heat input, while the chamber 1 supplies cooling capacity
by adding water. The water required for operation remains in the system in a cyclic
process. There is no immediate need to provide further tank systems for water supply.

Fig. 5 Scheme of cyclic
cold generation with
adsorption machine (Step 1)

Fig. 6 Scheme of cyclic
cold generation with
adsorption machine (Step 2)
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The adsorption machine is divided into two independent chambers. While one
storage chamber is filled with water and thus produces cold, the second storage
chamber can be discharged with the heat from the auxiliary heater. This avoids a
dead time in which no cooling capacity can be taken from the storage tanks. For the
performance calculation and the integration of the adsorption technology into the
calculation model, ten kilograms of zeolite 13X are assumed, from which a constant
cooling performance of approximately 1.2 watts is assumed. The process runs under
pressure between 0.1 and 30 mbar, expecting a maximum adsorption volume of
0.34103 (kg og water per kg og zeolite).[10] Based on the inconsistent charge states
of the sorption chambers, their interchanging operation is defined by the filling level
of the water tank and a timer for the desorption phase [3, 7, 9, 10].

3.1 Controlling System

Since the influence of the instantaneous temperature represents an increase in
complexity of the model structure that is difficult to comprehend, its influence on the
process is usually simplified. The expansion of the complexity also shows a more
exact description, but is not in equilibrium with the additional computing effort and
the gain in controllability. Accordingly, the influence of these is also excluded in this
paper, and a simplified model, the so-called LDF (e.g., 1–2), is used. The description
is limited to the thermodynamic model of fluid phase adsorption within a homogeny
transport system layer model. The adsorption chiller is powered by water and a
bioethanol-fueled auxiliary heater. The controllability of the system is supported by
a specially developed fuzzy controller. Since the chiller is built as a storage, the
vehicle can be heated or cooled before the driver arrives, even without operating the
heater. Thus, the vehicle is already preheated when the driver arrives [7, 11].

To summarize the functionality of the auxiliary heater, the driver’s cab and
the adsorption machine, their thermodynamic description is integrated into the
simulationmodel and established in a control loop withMATLAB/Simulink (Fig. 7).

Fig. 7 Control loop of the simulation model



328 L. Wildner et al.

The driver’s cab is the controlled section in which the effect of the energy input or
output is described and returns the current value of the temperature in the vehicle as
a control variable t(t). The current value of the temperature is returned as feedback
and placed in front of the control loop. The difference between the set temperature
t_set(t) and the actual temperature t_e(t) is entered into a fuzzy controller as the error
in temperature. There an actuating value Qin_e(t) is generated by ‘IF THEN’ rules,
which generates the power level of the air conditioning.

With the operability of an ordinary air-conditioning system as amodel, 21 rules for
a fuzzy controller could be set up and be successfully integrated. The controllerworks
with seven functions for the error of the current temperature and three functions for
the desired blower level (based on the individual comfort requirements of the driver).
The resulting power level is assigned with five functions. These functions indicate
a range of values that determine the sensitivity of the fuzzy controller. The more
functions, the more sensitive the controller and the more complex the calculation for
the output value is. On basis of a mathematical model for the auxiliary heater and
the adsorption machine, the expected energy supply is calculated and transferred to
the controlled system as an actuating value. The energy output of the actuator in
the form of cold or heat acts on the driver’s cab. In this version of the control loop,
external disturbance variables, such as strong fluctuations in the outside temperature
or the opening of doors, are not taken into account [1, 7, 8, 11].

4 Conclusions

A simulation model of an adsorption machine and an external heating unit for BEUV
was created and tested with the standard operating profile. The results indicate that
the considered concept on a system on heating and cooling of a BEUV may be very
compatible with the given requirements concerning performance and usability. The
expected output in the previously calculated one- to two-kilowatt range is adequate
to achieve sufficient cooling capacity for individual vehicles within the developed
control loop. The simulation was started with two sorption containers that were
completely filled with water, i.e., emptied according to the sorption chambers state
of charge (short: SOC), andwere initially in the state of desorption. After the water of
a sorption chamber was expelled, i.e., after the SOC is full, the cooling process could
start with a delay of 50s. The loading and unloading time of the sorption chambers
depends on the intensity of heat energy supplied (by the auxiliary heater) and the
heat transfer from the external heat source and the sorption chambers. The data of the
auxiliary heater considered and heat exchangers allow a uniformly intense desorption
of the sorption chambers as the energy input is mainly limited by the heat exchanger
surface. In the simulation, three cycles of both sorption chambers were sufficient to
cover the cooling demand. The target temperature of the driver’s cab is reached with
an acceptable time delay of about seven minutes, whereby the operation time is only
just over six minutes (Fig. 8).



19 Simulation of an Adsorption Machine with Auxiliary Heater … 329

Fig. 8 Temporal course of the driver’s cab temperature (temp.) and state of charge (SOC) of both
sorption stores (SOC= 100%: battery is fully loaded; SOC= 0%: battery is completely unloaded)

The temperature curve shown in Fig. 8 promises an acceptable process control for
the real operation of a prototype with regard to external interferences. In addition,
the figure details an adequate cyclic loading and unloading curve for both sorption
containers. Once the target temperature has been reached, the auxiliary heating can
switch off. The sorption chambers remain at their current state of charge.

5 Outlook

Finally, the developedmodel of the adsorption air-conditioning systemwith auxiliary
heater represents a potential alternative to conventional air-conditioning systems and
thus provides an answer to the considered research question [12]. The calculation
of thermodynamics, ad- and desorption processes as well as the loss mechanisms
of vehicle temperature control are extremely complex. Further tests are required
to investigate unexpected performance losses during real operation. Also, due to
strongly varying literature statements about the regeneration time of the zeolite, own
experiments are recommended. Due to the wide spectrum of potential disturbances
during operation, the development of a control system and the integration of all
the components involved can significantly increase the performance potential of the
system and most closely resemble the ideal operation described in this paper. Further
process and ecological improvements are of course possible, such as the integration
of intuitive machine learning. The storage capacity of the sorption reservoirs could
also be integrated into public networks when idling in order to collect local waste
heat or to cover cooling requirements. Furthermore, we will start building a real
pilot prototype to be integrated into an electrified light-utility vehicle. This will
validate the values of the design calculations and adapt the performance class of
the adsorption machine, the relation of the heating system and the research vehicle.
Overall, it is to be expected that adsorption technology will be an effective strategy
for the air-conditioning of electric vehicles in the future.
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Chapter 20
Sustainable Road Infrastructure in Rural
Areas in South Africa—A Preliminary
Study

Matthew Ikuabe, Douglas Aghimien, Clinton Aigbavboa, and Ayodeji Oke

Abstract The role of sustainable infrastructures such as roads in the development
of any community cannot be overemphasised. Quality and sustainable roads play a
vital role in the daily living of individuals. However, roads within the rural areas are
in most cases adjudged to be defective and unsustainable, thereby crippling activities
within these rural areas. It is based on this notion that this study assessed the possible
measures for attaining sustainable road infrastructure within rural communities in
Limpopo province, South Africa. The study sought answers from rural dwellers and
construction workers within the study area through a questionnaire survey. Data
gathered were analysed using percentage, mean item score, standard deviation and
one-sample t-test. The reliability of the questionnaire was also tested using Cron-
bach’s alpha which gave an alpha value of 0.948 which indicates the questionnaire
used was reliable. Findings of the study revealed that the most significant measures
for attaining more sustainable road constructions within the rural areas include using
quality materials that will last the expected lifespan of the road, having planned
maintenance, proper investment on road projects, and using contractors and skilled
workers with the right experience in road construction. It is believed that the findings
of this study will help increase the delivery of sustainable road projects within the
rural areas in a bid to provide better standard of living for rural dwellers.

Keywords Sustainable roads · Rural areas · Defective roads · Construction ·
South Africa

1 Introduction

Road infrastructure plays a major role in the livelihood of rural dwellers. When the
roads in rural areas are bad, it has significant negative effects that cripple rural
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dwellers activities in many ways. Unfortunately, according to [1], infrastructure
development has been the bane ofmost African countries with decay in infrastructure
being a common sight in these countries. Just like every other African country, South
Africa faces issue of poor infrastructure development. According to [2], although
the South African road infrastructure seems to be adequate in terms of quantity, the
major problem is their unacceptable quality. According to [3], the temporary bridge
between Vaalwater and Lephalale that was put in place after the road was destroyed
during floods and appears not to be able to withhold the load of all vehicles. In rural
areas, the case is worse as the movement of products and people is done over long
distances. Fungo et al. [4] noted that road infrastructure is a major element for many
rural and urban transport systems. This is because rural transport provides assurance
for the supply of agricultural inputs and facilitates the delivery of the farm outputs
to the markets in most urban centres. Equally, asset value of the rural dwellers is
increased by infrastructure facilities which create benefiting opportunities. This also
affects the social and financial growth of citizens.

When roads are defective, farmers will most likely seek better alternative routes in
order to ensure the distribution of their farmproducts.Unfortunately, these alternative
routes are in most cases longer and often lead to higher expenditure on transportation
cost. In the case of lack of alternative routes, farmers are forced to travel on defective
roads. The resultant effect of this includes damage to vehicles used, highmaintenance
costs, low profit, low earnings for workers and continuous rise of poverty among rural
dwellers [5]. In South Africa, Van Heerden et al. [6] observed that the Department
of Transport has a comprehensive plan for non-motorised transport. The department
also strives to implement a rapid public transport network so that regular transport
services can be available to the public in rural areas. Investing in roads creates more
employment, and it is an avenue to increase the knowledge of road construction,
as well as trainings are being offered. Moeketsi [7] stated that road infrastructure
has been unattended to for a long time in some provinces in South Africa, thereby
creating significant limitations in the growth and development in rural communities.
According to [2], South Africa has a better working road infrastructure network
compared to other African countries, which provides a lot in terms of economic
and social progress. However, poor quality roads are still evident particularly within
the rural settlements. This poor quality becomes more evident during heavy rainfall
where materials used on construction roads get eroded easily. Fungo et al. [4] earlier
noted that when it comes to quality standards, the roads that are constructed in Africa
are far below. Van Heerden et al. [6] noted that the majority of rural areas have no
gravel and tar roads and rural dwellers drive in unsafe conditions. It has been stated by
[8] that the condition of roads at the provincial and municipal level is disadvantaged
by the fact that data collection and management systems have not been updated for
numerous roads.

It was indicated by Moeketsi [7] that proper and effective systems must be in
place to manage infrastructure cost-effectively and efficiently. Roads authorities
should be considerate of the unsealed roads impacts during maintenance strategies
developments andmaintenance plans implementations.Maintenance of roads targets
preventing the waste of finance used in constructing roads and improving the rural
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areas. Road maintenance should be executed on a constant basis to avoid deterio-
ration that leads to the increased cost of road rehabilitation [8]. Overloading, flood,
high traffic volumes cause roads to deteriorate over timewhile the lifespan of roads is
largely determined by the weather conditions, the design of the road and the strength
of the materials deployed. Author [8] stated that maintenance of roads managed by
municipalities is neglected since most municipalities have to execute this by self-
funding. Informal roads in the provinces are usually maintained by a small commu-
nity, immediate road users who are forced to spend more on vehicle costs and group
of farmers who needs safe access to distribute their products. There must be concep-
tion, plans and designs to kick start road construction; otherwise, the project will not
be successful. Regardless of adequacy of construction and supervision, the absence
of proper planning will result in the function of the road project being unsuccessful.
There is slow movement on roads that is caused by obstacles cracks, potholes and
abandoned vehicles on the roads, resulting in traffic on the roads, and one way of
solving decongestion of roads is by removing such obstacles and diverting traffic
to other traffic modes [9]. Better road infrastructure can be achieved with the right
resources and the right knowledge of road contractors, the appropriate methods of
maintenance and constructing it with materials that are lasting and can be easily
maintained. Defective road infrastructure causes most rural residents to relocate to
the cities, in order to have access to improved infrastructure.

To ensure the improvement of sustainability in rural transportation system,
assessing issues surrounding road infrastructure with rural environment is necessary.
While this current study recognises the presence of several other existing studies
conducted on road infrastructure, the issue of defective road infrastructure is still a
major concern in most developing countries around the world and South Africa is
no exception. Thus, the motivation for this study lies in the fact that new studies are
helpful in discovering the depth of implications and the current issues that the country
is facing. Based on this notion, the study assessed themeasures needed for improving
road infrastructure in rural areas in South Africa with specific focus on Limpopo
province. The subsequent part of this paper includes the research methodology
adopted, the findings and conclusion. Based on the conclusion, recommendations
were made and the areas for further studies were suggested.

2 Research Methodology

In assessing the possiblemeasures for attaining sustainable road infrastructurewithin
rural communities, a quantitative survey approachwas adopted. Answerswere gotten
from rural dwellers and construction workers in Limpopo province of South Africa
using a questionnaire. The questionnaire was adopted due to its ease of usage and
ability to cover a wide range of respondents [10]. A total of 72 questionnaires were
conveniently distributed with 65 retrieved and 60 found fit for data analysis. The
remaining five questionnaireswere discarded as a result of inaccurate completion and
missing vital information. Some of the questionnaires were self-administered while
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others were done through the help of field agents who read the questions to some
of the rural dwellers who were unable to fully understand the questions asked. The
questionnaire used was designed in sections; the first section gathered information
on the respondent’s background. The second section sought answers regarding the
possible measures for improving road infrastructure within rural communities in
South Africa. Respondents were provided with a list of measures identified from
literature to rate based on their level of significance. A Likert scale of 1–5 was
employed, with 5 being very high, 4 being high, 3 being average, 2 being low and 1
being very low. Data analyses were done using percentage for data on the background
information of respondents.Mean item score (MIS) and standard deviation (SD)were
used to rank the identifiedmeasures based on their rating with the highest mean value
ranking first. However, where two are more measures have the same mean value, the
one with the least standard deviation is ranked first [11]. Furthermore, a one-sample
t-test was used to identify the level of significance attached to the identified measures
by the respondents. The reliability of the questions in this second section was also
tested using Cronbach’s alpha test which gave an alpha value of 0.948, thus implying
high reliability of the questionnaire used as the alpha value is closer to 1.

3 Results and Discussion

3.1 Background Information

The data gathered on the background of the respondents that 52% of population
were male while the remaining 48% were female. Forty-five per cent (45%) of these
respondents are rural dwellers that operate local businesses such as farming and
selling of farm products, petty shop owners, motorist and the likes. The remaining
55% are into construction works within these rural areas. For their academic quali-
fication, result revealed that 5% of the respondents had a below matric qualification,
18% had matric, 13% had National Certificate, 37% had a National Diploma, 20%
had a Bachelor’s degree and 7% had a Master’s degree. Following these results, it
can be said that the respondents for the study have considerable understanding of
happenings within the rural environment as they reside in these areas.

3.2 Measures for Improving Sustainable Road Infrastructure
in Rural Areas

In determining the possible measures for improving road infrastructure within rural
communities inSouthAfrica, a total of 11measureswere identified from the reviewof
literature and presented to the respondents to rate. One-sample t-test was then used
as method of data analysis to determine the significance of each of the identified
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measures as rated by the respondents. A null hypothesis which states that a measure
is unimportant when the mean value is less than or equal to the population mean (H0:
U ≤U0) was set. The alternate hypothesis set was that ameasurewas important when
the mean value is greater than the population mean (Ha: U > U0). The population
mean (U0) was fixed at 3.0 (the mid-point for the Likert scale adopted), and the
significance level set at 95% which is the conventional confidence level [12]. Thus,
a measure is said to be important if it has a mean value of above 3.0. Result in Table
1 shows a two-tailed p-value which represents the significance of each identified
measure. This significant p-value was further divided by two as shown in Table 2 to
get the significant value for a one-tailed test about the test hypothesis (i.e. Ha: U >
U0).

From Table 2, it is evident that all the assessed possible measures for improving
road infrastructure within rural communities in South Africa have a mean value of
well above the 3.0 cut-off point. The implication of this is that the respondents consid-
ered all the assessedmeasures to be important. Similarly, the second to the last column
shows the significant p-value of each of the identified measures, and this column
reveals that at 95% confidence level, all the 11 assessed measures were considered
significant, as a significant p-value of below 0.05was derived. This result implies that
if road infrastructures in rural communities are to improve, all the assessed measures
need to be put in place. Among these measures are use of the right quality materials
(MIS = 4.27, sig. = 0.000), use of materials will last the expected life span of the
road (MIS = 4.27, sig. = 0.000), planned maintenance (MIS = 4.25, sig. = 0.000),
government investing in road infrastructure (MIS = 4.22, sig. = 0.000) and using
contractors/skilled workforce with the right expertise in road construction (MIS =
4.17, sig. = 0.000).

The findings of the study revealed that in the improvement of road infrastructure in
rural areas, the deployment of the right quality material is important and these mate-
rials should be expected to last the life span of the road. This is in conformity with the
study of [9] which stated that the use of appropriate materials in road construction
leads to a longer lifespan and leads to a reduction of the cost ofmaintenance over time.
This is a clear indication that contractors handling the construction of roads should as
a matter of importance channel efforts to utilising the appropriate materials that will
be durable and long-lasting. Also revealed in the study is that when the construction
of the infrastructure is on-going, measures should be taken to accommodate planned
maintenance of the road as this is vital in ensuring the continuous improvement of
the road. This is in tandemwith [7] who stated that proper and effective systemsmust
be in place to manage infrastructure. Planned maintenance will ensure that facility
retains the purpose for which it was originally built. The government participation
in the construction of road infrastructure is vital to improving road infrastructure as
shown in the study. Van Heerden et al. [6] affirmed this by stating that government
intervention in the provision of infrastructure has helped in closing the gap in infras-
tructural deficit. Since government still remains a large financier of infrastructures
(roads inclusive) in South Africa, a necessary measure to the improvement of roads
is the continuous financial commitment of government to this course.
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Table 1 One-sample t-test statistics

Measures Test Value = 3.0

T df Sig. (2-tailed) MD 95% confidence interval
of the difference

L U

Investing in road
infrastructure

8.294 59 0.000 1.217 0.92 1.51

Adequate and
thorough planning
by municipalities

6.632 59 0.000 1.033 0.72 1.35

The use of right
quality materials

8.898 59 0.000 1.267 0.98 1.55

The use of
materials that will
last the expected
life span of the road

8.777 59 0.000 1.267 0.98 1.56

Planned
maintenance

9.503 59 0.000 1.250 0.99 1.51

Using
contractors/skilled
workforce with the
right expertise in
road construction

8.523 59 0.000 1.167 0.89 1.44

Labour-based
technology

4.696 59 0.000 0.667 0.38 0.95

Provision of
adequate and
appropriate designs

8.435 59 0.000 1.050 0.80 1.30

Decongestion of
the roads

2.944 59 0.005 0.467 0.15 0.78

Provision of
facilities, such as
drainages

7.758 59 0.000 1.050 0.78 1.32

Appropriate
sanctions for road
failures

5.538 59 0.000 0.817 0.52 1.11

Note MD mean difference,L lower,U upper

4 Conclusion

The study focused on the measures of improving road infrastructure in rural areas
with Limpopo province as the area of study. Through the review of relevant literature,
the study identified and outlined the measures for improving road infrastructure in
rural areas. Based on the findings, the study concludes that much needs to be done on
improving road infrastructure in rural areas as a result of the hindering impacts of bad
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Table 2 Summary of t-test showing rankings of the measure for improving sustainable road
infrastructure in rural areas

Measures MIS SD SE t Sig. (one–tailed) Rank

The use of right quality
materials

4.27 1.103 0.142 8.898 0.000 1

The use of materials that will
last the expected life span of
the road

4.27 1.118 0.144 8.777 0.000 2

Planned maintenance 4.25 1.019 0.132 9.503 0.000 3

Government investing in road
infrastructure

4.22 1.136 0.147 8.294 0.000 4

Using contractors/skilled
workforce with the right
expertise in road construction

4.17 1.060 0.137 8.523 0.000 5

Provision of adequate and
appropriate designs

4.05 0.964 0.124 8.435 0.000 6

Provision of facilities, such as
drainages

4.05 1.048 0.135 7.758 0.000 7

Adequate and thorough
planning by municipalities

4.03 1.207 0.156 6.632 0.000 8

Appropriate sanctions for road
failures

3.82 1.142 0.147 5.538 0.000 9

Labour-based technology 3.67 1.100 0.142 4.696 0.000 10

Decongestion of the roads 3.47 1.228 0.159 2.944 0.000 11

Note MIS mean item score,SD standard deviation,SE standard error

roads on the socio-economic well-being of rural dwellers. In achieving an improve-
ment in the state of road infrastructure in rural areas, the study makes the following
propositions: the use of quality materials that is expected to last the expected life
span of the road should be deployed when road constructions are being done. Also,
plannedmaintenance of erected road infrastructure should be consideredwith utmost
seriousness as this would go a long way in ensuring that the infrastructure retains
the purpose for which it was originally constructed. Government’s role in the provi-
sion of road infrastructure is prominent as such projects are capital intensive. Also,
construction contractors handling road projects should as a matter of importance
deploy skilled personnel or workforce with appropriate expertise when undergoing
road construction projects.

The scope of this study was limited to Limpopo province in South Africa. Since
the country is made up of nine provinces, further research can be carried out in these
other provinces. By so doing, a wider reach and a more balanced perspective from a
national point of view can be ascertained.
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Chapter 21
Optimising Offsite Manufacturing
of Timber-Frame Roof Trusses for UK
Housing

V. L. Moorhouse, John R. Littlewood, P. Wilgeroth, and E. Hale

Abstract This study has been undertaken in response to drivers from the Welsh
Government to increase the number of houses and quality and as such increase the
offsite manufacturing of modern methods of construction and also to meet Wales’
low- to zero-carbon agenda, launched inMarch 2019. The need to increase the quality
and operational energy use of buildings has been acknowledged since 2019 when
it was recognised that the UK’s climate change targets were impossible to meet
without almost 100% elimination of greenhouse gas emissions from UK buildings.
This paper discusses and presents the first of three case studies undertaking time
and motion and value stream mapping studies by one of Wales’ (UK) largest offsite
manufacturers (referred to as the company hereafter) of timber-frame construction
systems, in order to evaluate optimisation opportunities in the offsite manufacture of
the company’s modern methods of construction within roof component production,
such as trusses. A time and motion matrix to capture the live manufacturing data is
presented and discussed. The preliminary results from the time and motion and value
streammapping assessments of the company’s manufacture of a number of roof truss
case studies conducted between May and September 2019 are presented and high-
light opportunities for quick win refinement to their operational processes with the
aim to increase production efficiency, reduce waste and close the performance gap,
therefore increasing the quality and thermal performance of offsite manufactured
timber-frame buildings resulting in reduced operational energy usage and there-
fore minimising greenhouse gas emissions. This paper will be useful for academics,
timber-frame manufacturers, offsite manufacturers, building contractors, estimators,
housing developers and clients.
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Keywords Timber frame · Roof truss · Value stream mapping · Time and motion
studies · Offsite manufacturing · Dwellings ·Wales · UK

1 Introduction

This paper introduces a knowledge transfer partnership (KTP) project undertaken
between Cardiff Metropolitan University and a timber-frame manufacturer (the
company) in South Wales, UK. Context to the KTP project is given, which includes
developing innovative practices for timber-frame products, designed and manufac-
tured by the company for the UK construction market, thereby refining their oper-
ational performance and thus with a target to increase their market share in Wales
and the UK, so pioneering expansion of prefabricated components and transitioning
into modular construction. The suitability of value stream mapping including time-
motion studies, to examine the manufacturing process of roof trusses, is discussed
and illustrated, in order to identify any waste from materials or operative labour, and
opportunities for improvement to the company’s operational processes are discussed.

2 The Need for Offsite Manufacturing of Modern Methods
of Construction

2.1 Context to the KTP Project

A KTP project enables researchers to be based in a company with support from a
university and their staff (Cardiff Metropolitan University and the two-second paper
authors, in the project discussed in this paper) and managers and directors from the
company, and in this case, the project is three years in duration (February 2019 to
January 2022). The KTP is funded by Innovate UK, the Welsh Government and
part by the company. One of the aims of the KTP is to assist the transition from
a manufacturer of traditional timber-frame building fabric componentry, such as
roof trusses and floor joists to one that specialises in high-quality, high-performance
and energy-efficient prefabricated and modular buildings for different sectors, such
as residential, education, retail, fire and rescue services, medical and specialised
dwellings. The two key tools which help to achieve the KTP’s overall aim are to
embed an innovation management system, with a holistic feedback and optimisation
loop for transparent cost appraisal/reduction, and product performance enhancement,
and these tools form two golden threads throughout the three-year KTP work plan.
The main challenges for the KTP team are:

• To combine the expertise in the multi-disciplinary team (architectural engi-
neering, building performance assessment, manufacturing management and
product design) to develop a new approach for creating high-quality buildings.
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• To develop an innovation management system as a framework and a holistic
feedback loop with a toolkit of methods for costing, performance testing and
refinement to provide the most efficient processes.

• To apply to buildings ethnographic research methods and analysis for refined
manufacture and advanced product design assembly methodologies, normally
only used in the design of high-quality consumer products.

• To pioneer the expansion of prefabricated components and transitioning into
modular construction.

2.2 Context to the Need for OSM of MMC

It has been recognised since 2016 in the UK that there is an increased need to drive
efficiencies in housing supply and also performance with the current and future
skills shortages in construction, that is such encouraging a shift to offsite construc-
tion, known as offsite manufacturing (OSM) and modern methods of construction
(MMC) [1]. In 2020, the Welsh Government’s target for new affordable dwellings is
20,000 (not yet realised in January 2020), and traditional forms of construction with
brick/block exterior walls are both unsustainable from amaterials and climate change
perspective, but are also slow to construct compared with OSMMMC [2]. OSM for
housing requires the construction industry to combine design practices from both
architectural technology and manufacturing, which is less than apparent in Wales
[3]. The potential advantages of OSM over conventional construction of housing
include quicker completion, greater quality of finish, less defects and better inte-
grated building services. Therefore, the operational performance of buildings tends
to be much nearer to design aspirations than conventional construction techniques
[4].

OSMsystems in theUK typically use either timber, steel or aluminiumas the frame
for the fabric such as exterior walls, floors or roof structures. Of these materials, only
timber is a renewable and natural material. There are many organisations in the UK
that supply timber open panel and to a lesser extent closed panel exterior systems
[5]. In Wales, modern timber construction is predicted to reach 32% of new houses
in 2018 [6]. In Scotland, timber construction in 2017 accounted for over 80% of the
new-build housing market [7]. However, Wales imports at least 85% of the timber
used in construction from outside the UK, but a strong timber OSM sector in Wales
using home-grown timber would reduce dependence on imports and help to catalyse
a substantial increase in forestry planting, and there are 35 OSMs of open or closed
panel timber exterior wall systems based inWales [8]. This KTP project as discussed
in section one above is driving some of the innovation for timber-frame OSMs in
Wales.
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3 Methodology

3.1 The Company

The company is one of the largest timber-frame manufacturers in Wales and in
2019 started expanding from their existing factory circa 1000 m2 (m2) to a new
factory that they are refurbing of circa 23,000 m2. The intention for the company
is to double their workforce and triple production, to manufacture prefabricated
fabric elements such as exterior walls, roof trusses and floor cassettes and complete
modular pods and buildings for up to 3000 homes per year [9]. In addition, to creating
a dedicated research and development hubwithin the company’s new factory, to build
entire buildings in the factory to test their performance and quality standards. This
significant increase in space and equipment has allowed the company to improve
the manufacturing of their timber pre-fabricated elements used in buildings, such
as roof trusses. As such from 2019, this has enabled the company to tender for
projects to provide single components, such as roof trusses, rather thanmultiple fabric
components, so creating deeper penetration into the timber prefabricated market
in Wales. In their existing factory, pricing for single-component projects, rather
than whole buildings, such as roof trusses was impossible. This was previously
an economically inefficient process when placed in comparison with timber-frame
systems for whole buildings (this would generally include trusses, loose joists or
floor cassettes, closed or open timber-frame panels, vapour control layers, breather
membranes, insulation and in some instances factory fitted windows). When pricing
timber-frame elements for complete buildings, trusses would be manually priced on
a £/m2 figure using the company’s pricing system, as it would not be time efficient
to design an entire roof for a more accurate quote. Instead, if more complex roofs
(such as vaulted or hip style roofs or roofs that include multiple valleys or dormers)
a smaller section of the roof would be designed to base the cost (£/m2). Whereas
the company has only had the capacity to quote and manufacture for roof truss only
projects since 2019, each truss kit is fully designed within the MiTek Pamir software
[10] and consequently priced using the MiTek MBA software [11].

3.2 Ethnographic Observation During Time and Motion
and Value Stream Mapping Methods

Since one of the central foci for the KTP is to optimise costs and as a result increase
margins, it was agreed with the company that the research team would conduct both
a T&M study and VSM exercise on the roof truss manufacture, in the new factory
between May and September 2019. This was in order to identify any opportunities
for cost savings and changes to the manufacturing and design processes, as a pilot
study for the other timber-frame products that the company manufactures.
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A KTP project uses by its very nature an ethnographic approach to engaging with
the industry partner that is co-funding the project, whereby the associate (the lead
author) is immersed within an empirical setting for long periods, i.e. the company’s
offices and operational facilities [12]. During this time, the researcher’s experience,
in terms of his or her observation at the research site, is used to generate a narrative-
based interpretation of the events that took place. In the case of this paper, the
interpretation is based on a T&M study and VSM activity of 23 truss projects [ibid].

The T&Mdata collection of operative processes in themanufacture of roof trusses
from sawn timber to OSM MMC will provide a direct comparison of real-time
production output, with anticipated production output—usingMiTek’s UK industry-
standard pricing brackets [13]. This should give a good indication of expected
profit/loss margins based on the current state of production in 2019/20 and the
company’s competitiveness within the UK market. The results will also present a
comparison of the company’s pricing estimates and MiTek’s Business Application
Software (MBA) estimates (MBA is a “fully customisable, SQL database driven,
project and client management system”), and this will determine the accuracy and
appropriateness of pricing trusses on anm2 basis for complete build projects [11]. The
T&M study was undertaken at the same time as the VSM exercise to aid the develop-
ment of manufacturing processes, in order to optimise efficiency and consequently
increase competitiveness of the company’s pricing.

Value stream mapping is a lean manufacturing tool developed to track the flow
of materials and information, from customer order through to delivery [14]. Value
stream mapping illustrates value adding and non-value adding processes, allowing
informed refinement of inefficient practices[ibid]. Toyota use value stream mapping
as a means of eliminating Muda (waste) which includes ‘Over processing, rework,
transportation, inventory, waiting and motion’ [15]. Typically, maps produced by
value stream mapping are first drafted during a walkthrough of the operating space
using a pencil and paper and then refined and developed using several common value
stream mapping symbols. Once a current value stream map has been produced (not
discussed within this paper), an ideal or future state value stream map is drafted,
and steps to achieve this are mapped out and implemented [16]. The company were
invited by theWelshGovernment in 2019 to take part in training, delivered byToyota,
UK, to learn about their expertise in lean manufacturing and then apply these lessons
(with the support of Toyota) to their design and manufacturing practices [17].

The KTP’s time and motion and value stream mapping pilot activities have been
undertaken during the first stage of the company engaging with Toyota, UK [ibid].

3.3 Methodology for Value Stream Mapping Assessment
of the OSM of the Truss MMC Production Line

In order to understand, in depth, the process in question, an extensive observational
ethnographic study was conducted following Dey’s (2002) [12] recommendations,
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Fig. 1 Factory floor map highlighting the layout and route of material of the truss production
process. Image created by author 2019

whereby every step of the roof truss manufacture process was identified to create a
shopfloormap (developed by the first author). The shopfloormap highlights the route
of material/product transfer from start to finish, including inventory and machinery
placement. Themapwas used as an initial visualisation tool, which helped to identify
any waste, such as over conveyance of people and stock, see Fig. 1.

3.4 Time and Motion

Traditionally, truss pricing was determined using a board footage methodology [18],
(a board foot refers to a volume of timber 12 inches (30 centimetres (cm)) wide, 12
inches (30 cm) long and 1 inch (“) thick) [19] which used the assumption that the size
and weight of a truss had a direct correlation to manufacturing time and effort [18].
Walters et al. [20] suggest that Houlihan has since proved board footage an imperfect
practice, insteadHoulihan used the science of time andmotion studies combinedwith
the understanding that productivity and efficiency are reliant on variables related to
people and machines, which could be refined through a systemised and scientific
approach resulting in increased outputs with equal inputs [21]. Houlihan’s [20] time
and motion studies led to the development of realistic expectancies, often known as
time standards or Man Minutes [20]. Realistic expectancies were calculated using
the factory’s maximum capacity production time and deducting unavoidable human
factors that will increase production time. This approach was not only more accurate
than board footage, but also it was popular with factory operators as it set realistic
and achievable time standards [ibid].

Walters et al. [20] stated that Houlihan understood how company culture changes
and policy adoption was equally as paramount to the success of his methodology and
therefore implemented an hourly operator progress update, which allowed super-
visors to calculate live efficiency percentages. If this percentage fell below 90%,
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investigations would take place into the reasons why and then recommendations
made for improvements [ibid]. The study documented in this paper as part of the
KTP applies the theories stated above through T&M studies, designed to calculate
total realistic expectancies (or ManMinutes) in truss production in order to compare
againstMiTek’sMBA softwarewhich also reflects Houlihan’smethodology as stated
by Walter et al. [20].

3.5 Understanding MiTek’s Pricing System

With a huge array of roof trusses available to the UKmarket in different sizes, shapes
and complexities designed to fulfil a variety of structural and aesthetics require-
ments, Gang-Nail (now owned by MiTek) developed their own unique standard for
modelling truss production costs [13]. The MiTek term for modelling truss costs is
known as the Equivalent Fink (EFINK) costing system. First developed in Australia,
‘the EFINK is also known as an EqA or Equivalent A truss, where an A truss is
a Fink truss’ [13]. This pricing methodology forms the basis of MiTek’s Business
Application (MBA) software in order to predict labour costs and assist production
scheduling[ibid]. The EFINK system utilises many of Houlihan’s [20] theories on
realistic expectancies/Man Minutes; however, MiTek has adapted and refined to be
specific and unique to truss manufacture [ibid]. An EFINK is simply the amount of
work required to assemble one standard Fink truss [22]. Note, a fink roof truss is
one of several types of roof trusses known as a trussed rafter, see Fig. 2. Trussed
rafters have been used and manufactured in the UK since 1964, and Fink trusses
are a simple webbed design providing the most economical roof solution for roof
structures, where roof loads are transferred down each heel to the exterior wall plate
[23].

Fig. 2 Standard fink roof truss [24]
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The most common fink roof truss that the company designs and manufactures has
a timber length (top chord) of eight metres and manufactured at a pitch of 30°.

All other work is then valued in this EFINK unit, i.e. the number of EFINKs
required to set a truss up (prepare the materials and truss bed for assembling a truss)
is equal to the number of standard fink roof trusses that could have been assembled
during the set-up time [13]. It is claimed byMiTek [ibid] that a key element inMBA’s
success is the software’s ability to distribute set-up time across a group of trusses,
meaning 20 trusses with the same set-up time will cost less per unit than two trusses
with the same set-up time, which is reflective of the reality of manufacturing trusses
at the company.

Figure 3 shows a screenshot of theMBA software upon calculation of a Fink truss
[11]. Notice the total set-up cost (£16.37) is divided by the number of trusses in the
run (9), to give an individual set-up cost per truss (£1.82); therefore, the more trusses
produced, the more cost-effective the set-up process.

The concept of price reduction in direct correlation to quantity is far more consis-
tent and reliable than other methods which use a fixed per truss price, and it also helps
to indicate less profitable work enabling management to make informed decisions
when committing to a tender [13].

Fig. 3 Screenshot of theMBApricing software, showing the breakdown of cut, set-up and assembly
time [25]
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3.6 Methodology for Time and Motion Assessment
of the Company’s OSM Roof Truss MMC Production
Line

Following the value streammapping exercise, a thorough time and motion study was
carried out over two, two week periods, during working hours (07:45 to 16:30). The
aimof the time andmotion study conductedwas to determine the average labour costs
associated with the three main processes involved in roof truss production (cutting,
set-up and assembly) in order to compare to that of the MiTek MBA system [11],
which MiTek claim to be based on UK industry best practice, but altered to suit each
organisation [13]. The study aimed also to uncover any possible optimisation and
efficiency modifications to the current process which could result in reduced labour
costs and increased competitiveness.

3.6.1 Production Line Processes for Roof Trusses

Cutting. The cutting operation refers to the time taken for one operative to cut the
timbers needed in one truss type, such as a Fink truss, which could be as little as one
truss or as many as 80 (or more) of the same truss type. There is always one operator
on this process.

Recording cut time. In order to track this time, the truss manufacturing supervisor
was given a T&M record sheet. The start and end time of each truss type is recorded,
giving an accurate figure for the time taken to cut each element of the truss.

Set-up. This refers to the time taken between the last trusses of one set being
placed on the truss rack, to when the first truss of the next job/truss type is placed
on the truss rack (the wheeled truss rack enabled easy tying up and transportation of
finished trusses across the factory). Set-up always includes the first truss of a set and
also (Fig. 4):

– Tying up and labelling the finished set of trusses, this secures a set of trusses
together, meaning they can be transported as a pack with the appropriate
identification label;

– Moving the completed truss/set of trusses (and rack) to another part of the produc-
tion line in the factory where a gantry crane is positioned. The gantry crane is
used to lift each roof truss and place on one level below the production line, where
the transport vehicles are located;

– Collection of an empty truss rack from the transport level using the gantry crane,
ready for the next step/truss manufacture;

– Collection of connector plate drawers. These drawers (as shown in Fig. 5) were
designed andmanufactured in house to assist in the organisation and stock control
of the metal connector plates [26], and each labelled drawer contains a different
plate size and is pre-filled by stock controlwith all the plates necessary to complete
on set of trusses:
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Fig. 4 (Left)—Connector
plate drawers

Fig. 5 (Right)—Completed truss being lifted off the press bed and onto the rack
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– Clearing/cleaning the truss bed ready for the truss next set-up (removing stops
and guides);

– Setting upof the truss press bed (the surfacewhere trusses are laid out andpressed),
which includes measuring and placement of stops and sticky plate locators. Stops
are positioned using measurements from the design drawings to act as a jig for
securing the cut timbers in the correct and consistent position for each truss.
Two sticky plate locators are placed on the press bed underneath the timbers at
every join point, this acts as a jig to enable quick and accurate positioning of
each connection plate, and they also prevent the plates from moving during the
pressing process.

– Movement (by hand) of top chords from the stack of cut timber lengths for the
next project. These are moved to the ground next to the press bed in order to
access the bottom chords first;

– Movement of bottom chords to appropriate position on the truss bench;
– Positioning of all chords, webs and plates of the first truss between pre-set stops

so that the truss can be checked to ensure it meets the design drawings (please see
image below for reference), and if any issues are identified, they can be resolved;

– Pressing plates of the first truss, which secures the timber elements together;
– Movement of the first completed truss to the rack, this is shown in Fig. 5.

Assembly. This refers to the time taken between one truss within a set of trusses
being manufactured and placed on the truss rack, to the next truss of the same job
being placed on the truss rack. In essence, the time taken to assemble, press and stack
one truss. In groups of trusses, this time should be consistent. Common activities
within this time include:

– Positioning of all elements of the truss, which includes the bottom chords, top
chords, webs (see Fig. 2) and connection plates in place between the pre-set stops
(see Fig. 6);

Fig. 6 Chords being placed into position between pre-measured stops during the set-up process
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– Checking that the timber elements used in the manufacture of each truss are
straight and not twisted or buckled before securing together;

– Occasionally, webs will need trimmingmanually by an operative with a hand saw,
as they are sometimes not sized correctly after the cutting process;

– Pressing of plates;
– Movement of completed truss to the rack (please see Fig. 5).

Recording set-up and assembly time. The set-up and assembly time were recorded
using a digital stopwatch. This timewas then logged on the truss set-up and assembly
time and motion sheet, in addition to the number of operators working on the
operations at any time.

4 Results—Value Stream Mapping and Time and Motion
Assessment of the Company’s OSM of the Truss MMC
Production Line

4.1 Results of T&M of Roof Truss Manufacture

Data gathered from the time and motion study is presented in a matrix (see Fig. 7)
highlighting the actualManMinutes for the truss cut, set-up and assembly, in compar-
ison with the Man Minutes allowed in by the MiTek MBA software that was used
to price the job. In Fig. 7, the red and green colour key gives a quick indication as
to whether the company’s manufacture of roof trusses was over or under the target
hours allocated by MiTek’s MBA time standards (red is over and green is under).

Overall, throughout 23 case studies (between May and September 2019) of truss
manufacture that were observed by the authors of different sizes, the company was
under target by 352 Man Minutes which equates to +£64.55 in labour; however,
eight of the twenty-three (34.7%) studies were over target, meaning eight sets of

Fig. 7 Example of truss T&M data comparison matrix (image created by author)
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trusses took longer than the MBA software suggested they should. Initially, overall
this would be portrayed as a positive result, as the hours that were negative were
compensated by faster production in the manufacture of other trusses.

However, upon consultation with MiTek advisors (the software that is used in the
design and manufacture process for the trusses), it was noted that the company’s
design office was not using the ‘match group’ function within the software. A match
group, groups all trusses that could use the same set-up, often differences in a run
of 10 T1s and 10 T2s which is minor (a T1 would be the first type/group of trusses
in a project and a T2 would be the second type, etc.), such as there could be on
an overhang or nib detail (see Figs. 8 and 9 for reference), meaning they will use
the same jig and set-up, but as they are technically ‘different’, they are classed as
different truss types (T1 & T2) and so are given their own set-up time, which in
reality should not be used, please see figures below for an example.

MiTek states that by utilising the match group function within their software, this
will often significantly reduceManMinutes assigned to themanufacture of each truss,
which could if used by the company, and lead tomore competitive pricing, plus reduce
the target Man Minutes for each truss. This is a finding that the company’s technical

T1

Fig. 8 Combined screenshot of T1 inMiTek’s MBA software [11]. The circle on the left highlights
the set-up cost for each T1. The circle on the right highlights the nib detail which differs to T2
(below) (screenshot from MiTek MBA software)
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T2

Fig. 9 T2 which is slightly different to T1 as it has an overhang detail rather than a nib (circled);
however, the rest of the truss is the same and so uses the same set-up as T1; therefore, thematch group
function could have been utilised to reduce set-up costs (screenshot from MiTek MBA software)

team are investigating further to pass on savings to their clients. From the data
gathered, it is found that if match groupswere utilised, there could be concern that the
current state of productionwould notmeet the reduced time standards associatedwith
thematch group function (therewould be less set-up time) andwould therefore create
a loss on truss labour costs. In contrast, if match groups are not utilised, there would
be concern that the company are not manufacturing at MiTek’s perceived industry
best practice, which could impact upon their pricing of trusses. As such, following
these findings, the company’s technical team are investigating further in order to
make enhancements to their design and manufacturing processes in order to pass on
savings to their clients. The implementation of efficiencies identifiedwithin this study
will speed up the truss production process in order to meet/exceed match group and
industry standards to provide competitive truss pricing within the market. This is one
example of work from the KTP providing a benefit to the company and contributing
to meeting the project aim, which is to optimise operational performance.

Further analysis of the time and motion results emphasised another potential error
within MiTek’s MBA software for the company. The set-up and assembly allowance
withinMBA have appeared significantly too high for flat, kings post and un-standard
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trusses (such as attic trusses with a raised BC designed for a particular client), as
well as valleys. This could be due to issues within the initial set-up of the MBA
software and is undergoing investigation with MiTek software specialists. This over
prediction currently allows a ‘safety net’ should another Truss’s take longer than
planned which is not correct practice. Modification to the pricing of these truss types
will contribute to bringing overall quotation costs down and therefore placing the
company more competitively within the market.

Another issue highlighted was within the production of simpler trusses (such as
mono trusses or attic trusses), with Man Minutes consistently not meeting MiTek’s
target production hours. This could be due to a number of factors. Firstly, it is believed
to be due to the ‘over-manning’ of these simpler trusses; generally, three operators
work on the assembly bench at one time, irrespective of the size or complexity of truss
in production. This has proved an inefficient use of manpower, often leaving the 3rd
member of the team redundant, when they could be better utilised in the preparation
of the next truss or within another process in the manufacturing suit. This could also
be due to the unfamiliarity of the setting up and assembly of these less common
trusses, indicating additional operative training may be required something which
the company are investigating.

The company’s technical team are using these findings from the KTP project to
investigate the production time being outside of MiTek target hours, for these other
truss projects, and are as such implementing T&Mon a regular basis for all roof truss
manufacture to ensure that any problems are identified and solutions implemented.
So that cost savings can be realised, waste minimised and benefits passed onto their
clients.

4.2 Results of the VSM of Roof Truss Manufacture

Results from the VSM of the cutting, set-up and assembly and the design processes
for roof trusses are discussed and illustrated below.

4.2.1 Cutting

The company’s production line operatives use a Randek SP720 saw [27] to cut the
timber used in the production of roof trusses, and the saw relies on manual input
through the operator, determined from a cutting list produced by the MiTek Pamir
software. Another finding of the VSM exercise is that the lengths of the timber
specified on the cutting list by the MiTek Pamir software as a means of optimisation
to reduce timber waste are not yet routinely stocked by the company due to the
manufacture of roof trusses as a singular component being a new product offering as
a result of the company’s rapid expansion. This sometimes means that the operative
undertaking the cutting operation has to use longer timber lengths than specified, and
as consequence, this can lead to offcuts of timber that are classified as waste. The
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company are looking to start stocking all timber lengths specified by the software in
order to reach maximum operational efficiency for their clients. Currently, instead,
the company ensure offcuts of timber can be reused elsewherewithin the factory, such
as for noggins or where smaller timber elements are needed in the manufacture of a
roof truss or other timber product. The company’s technical team are investigating
this finding further, to identify which additional timber sizes could also be stocked
on the production line for roof trusses, to ensure that unnecessary waste timber is
not created and production costs could also be refined. Waste minimisation will also
reduce capital costs for truss manufacture. In addition, the company are looking into
the purchase of a semi-automated saw which receives information directly from the
design software, meaning lengths and angles would no longer require manual input
which is a time-consuming process open to error.

Other findings from the value stream mapping activity have identified that with
simple adjustments, waste reduction and cost savings can be further enhanced related
to the use of webs, offcuts, and also how materials are delivered and scheduling of
processes.

Webs (which join the top and bottom chords together–see Fig. 2 [24]) were occa-
sionally slightly too large (6–9 mm) at the assembly stage, and this resulted in oper-
ators on the truss bench re-cutting timbers using a hand saw. After investigation, the
source of the problem was partly due to the angle calibration of the Randek saw,
which could be up to one to five degrees out of alignment, depending on timber
widths, and this resulted in webs that were one to three mm too long. Investigation
into further causes of this issue is ongoing (Figs. 10 and 11).

Offcuts of timber are placed adjacent to the cutting saw ready for possible re-use,
whilst offcuts with dimensions typically less than 600 mm are placed in a recycling
bin adjacent to the operative undertaking the cutting process. Once the offcut recy-
cling bin is full, the operative transfers the offcuts and stacks them on a pallet, so that
they can be transferred by pallet vehicle to the existing factory and used as biomass

Fig. 10 (Left) Operator
cutting a web on the press
bed with a hand saw, as it is
too long for the truss set out
(authors image 2019)
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Fig. 11 (Right) Angle
inaccuracy by 3 mm (authors
image 2019)

in the boiler to generate heat (see Fig. 12). This is a temporary measure until the new
factory has its biomass boiler installed.

This finding related to offcuts has led the company to improve its processing,
by considering how offcuts could be minimised or reduced through improvements
in design management, design to manufacture and manufacturing management,
particularly bearing in mind the Toyota philosophy to minimise waste [15].

Delivery of timber to operative cutting. The operative is sometimes left waiting
for up to 30 min for the pallet truck operator to deliver the correct lengths of timbers
to correlate with the optimisation of the cutting list, and this is often due to the

Fig. 12 Offcuts/waste timber neatly stacked ready to be burnt in the biomass boiler (authors
image 2019)
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driver already being occupied with another task. One option which the company
are evaluating (following this finding from the VSM exercise) is to provide project
scheduling for all production line operators via smartphone or tablet, which would
allow pallet truck drivers to anticipate areas due for re-stocking and plan their day
accordingly and avoid bottleneck areas so that other operatives are not waiting. In
addition, the company are also investigating RFID tagging on components used in
the manufacture of each timber product, such as roof trusses, as one way of tracking
and ensuring just-in-time delivery to the production line process. RFID tagging has
been used since 2019 to track felled trees in the USA, and as such, the company are
exploring whether the same technology can be used on processed timber members
that they stock/use in their factories and production lines [28].

4.2.2 Set-up and Processing

The operative cutting the timber for use in each roof truss stacks all timbers in neat
piles after cutting, with the longer timbers such as the bottom and top chords at the
bottom of the stack and smaller timbers (webs) on top of the stack for stability, and
these stacks are usually 0.6–1.2 m high. Figure 13 shows these stacks of cut timber
lengths. However, when assembling a truss, the assembly operatives position the
bottom and top chords first on the truss bench. This requires each timber stack to be
unpacked in order to access the bottom and top chords. One minor change to this
stacking operation would be to stack the bottom and top chords in one stack and the
webs in another stack. This is also an improvement to the production line process
that the company’s production team are investigating, to save time and any resulting
impact on production costs.

End of shift operative activity. It was noted that some of the operatives working on
the roof truss production line were consistently finishing 20 min early at the end of
their shift to dispose of waste or recycle materials. The VSM exercise also identified

Fig. 13 Stacks of cut
timbers arranged into truss
types ready for assembly.
The smaller timbers (webs)
can be seen on the top of the
stack, whereas the larger
timbers (TCs and BCs)
which are accessed first can
be seen on the bottom of the
stack (authors image 2019)
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an alternative period during the production cycle that could save these 20 min each
day. The process of pressing the connector plates to join timber members creates a
few minutes wait time for two operators on every truss, whilst a third operative is
operating the plate press. If this time was utilised for tidying/waste disposal/material
recycling throughout each shift, then it would not be necessary to finish 20min early;
a couple of minutes should be sufficient.

Operative idleness. Similar to operative cutting timber wasting time waiting for
timber to be delivered for procession, other operatives on the truss production line
are sometimes idle.

Due to nature of construction industry, occasionally the company have to prioritise
a particular project over their production schedule in order to prevent late charges or to
accommodate for their clients’ urgent requirements. This disruption to the production
schedule can cause truss assembly operators to be left idle whilst waiting for a high
priority job to finish being cut on the Randek saw, despite there being a surplus of cut
jobs ready for assembly. This is something currently out of the company’s control
due to the unpredictability of the construction industry. But, this issue is something
the company hope to work on with the assistance of Toyota beginning from the 5th
February 2020, to streamline the production process, which will be of benefit to them
and their clients.

4.2.3 Timber Element Fixing

The VSM exercise has also highlighted opportunities for refinement to the fixing
process for timber elements used as part of roof trusses. Occasionally, the metal
plates used to secure together the different timber elements in a roof truss are too
large for purpose, which requires additional timber components to be cut specifically
for this purpose and pressed into the plate overhang (known as ‘packers’), see Fig. 14.

Fig. 14 Highlighted dashed
box illustrates the timber
packers to compensate for
the plate which is too large
for fixing timber elements
together on the roof truss
(author image 2019)
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Incorrect sized plates that are larger than required for joining the truss components are
more expensive than correctly sized plate; labour time is increased as the operative
cutting timber has to process the timber for the packers, and other operatives have to fit
and secure the packers in place. The company are investigating the reasonwhy overly
large plates are specified occasionally, and once the error is identified, the necessary
refinement will be made to the design and production processes. Therefore, reducing
the labour and material costs further for their roof truss manufacture could lead to
further optimisation of production costs and ultimately product costs for the market.

5 Discussion

This paper set out to discuss the context and main aims of the KTP between Cardiff
MetropolitanUniversity and the company. The focus for the paper has been to discuss
and illustrate one of the first KTP targets, which aim to optimise production of roof
components (such as trusses, gable ladders and valleys) though VSM exercises and
T&M studies in order to increase the quality of components and also create a cost
saving for both the company and their clients.

The findings of the time and motion study and value stream mapping exercise
on 23 case studies of roof truss manufacture between May and September 2019
have proved extremely valuable for the company. In particular, the findings have
identified ways in which materials, processes and labour hours can be optimised,
and software can be tailored to the company’s individual requirements. This has
already resulted in faster production, reduced waste and consequently increased the
company’s competitiveness within the industry, with further changes still planned.

Thekeyfindings from theT&Mstudy,which the company are investigating further
and refining their processes to reduce material waste and labour costs, include the
refinement and correct use ofMiTek’s MBA software that the company currently use
as part of the design and manufacture of roof trusses. This includes the realisation
and implementation of the match group function, as well as alterations to some pre-
set units within the software set-up, and a reduction in labour time allocated to flat,
kings post and unique trusses (such as the attic truss with raised BC) and also valleys.
Results highlighted issues within the production of mono trusses and attic trusses
taking longer than targeted hours. It was determined that this is likely due to the
over-manning of less complex and sometimes smaller trusses.

The key findings from the VSM exercise, which the company are also investi-
gating further and refining their processes to reduce material waste and labour costs,
include ensuring that the most appropriate materials for purpose are stocked for
use (such as correct timber lengths and connecting plates) meaning reduced waste
from components that are larger than necessary. If possible, any unavoidable waste
produced should be utilised within other manufacturing processes within the factory;
if unavoidable, smaller offcuts should be recycled or disposed of efficiently through
well-thought-out conveyance, minimising distance travelled (and therefore time) or
people and vehicles.
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Additionally, production scheduling should be streamlined yet accommodating
for the unpredictability of the construction industry preventing unnecessary operator
wait times.

The limitations of the study documented in this paper are that only 23 case study
projects were observed (345 trusses), out of an estimated 7500 roof trusses manufac-
tured per annumby the company. The time of year and subsequent temperaturewould
likely have had an effect on the speed of work. This study was undertaken throughout
the summer months when the production facility was very hot due to external air
temperature combined with the facilities largely glass roof which amplifies the sun’s
rays. For more accurate results, if possible future studies should be carried out during
alternate seasons as a true reflection of annual productivity. Finally, it is likely that
the factory-based observational methodology could have had inaccurate results due
to operators feeling under pressure and therefore working faster or in a way that is
not reflective of a ‘normal’ day. If possible, in future observational studies should
be done without operators knowing, such as through CCTV footage to ensure work
patterns are not altered as a result of the presence of an individual collecting data.
This study was conducted on one UK timber-frame manufacturer out of hundreds
and so is not reflective of the industry as a whole. Some UKmanufacturers currently
use less sophisticated technology, and others use more sophisticated/state-of-the-art
equipment, and therefore, this study will only be useful either for those utilising the
same of similar MMC or for companies looking to upscale to MMCwhere they have
previously not.

The next steps in the KTP project and with support of the company’s technical
teamanddirectors are to undertake a time andmotion study andvalue streammapping
exercise on the production lines for their exterior timber closedwall panel systems and
floor cassettes, where the former studies will be documented in a paper for the 12th
Sustainability in Energy and Buildings International Conference [29]. Furthermore,
following the findings presented in this paper time and motion and value stream
mapping are being regularly included in activities by the company’s production
manager in order to improve the company’s quality control, waste minimisation,
operational costs and savings to their clients and also identifywhenmachinery should
be improved and additional training provided to their staff.

6 Conclusion

As populations increase and housing demands grow in unity with theWelsh Govern-
ments low- to zero-carbon agenda, the construction industry is experiencing a drive
towards offsite timber-frame manufacture utilising MMC as an efficient and low
carbon alternative to traditional buildings. Whilst giving context to the KTP project,
this paper documents and compares methods for optimising MMC within timber-
frame truss manufacture through results from time and motions studies and value
stream mapping, as well as investigating the best methods for accurate costing of
such a complex and versatile process.
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Through investigation into the use ofMiTek’sMBA software supporting evidence
suggests the Equivalent Fink theory behind MiTek’s pricing system is the most
appropriate methodology for accurate truss labour costing, however the importance
of tailoring and thoroughly checking the software’s algorithms against individual
companies requirements is priceless, and ensuring match groups which are being
utilised will reduce consumer costs significantly, and it is particularly important to
check the pricing strategy produced byMBA for non-standard truss types that may be
unique to a specific project or company as the software sometimes overcompensates
for these. As standard, the MBA software displays cut and set-up time as one item
and then assembly time as another, and this created a challenge when converting
and comparing the time and motion data from the cut and set-up time as separate
items. After consultation with MiTek, the company was able to split the cut and
set-up times, meaning future time and motion study data will be faster and simpler
to compare.

Low-cost and easily implemented alterations to the company’s current manufac-
turing processes have been identified to reduce waste in relation to Man Minutes,
materials and, therefore, money. These include solutions for minimising the over
conveyance of waste such as timber offcuts through alternative disposal methods
and reducing unnecessary movement during the cutting and set-up process, such as
altering the method for stacking cut top and bottom chords. The benefit of ensuring
initial designs is checked to ensure the correct products/materials which are used
were highlighted through the observation that incorrect plate sizes are often used,
causing time, material and monetary wastes.

Limitations including the appropriateness of physical observational study have
been discussed. Further studies should look to conduct observations in a non-intrusive
manor, such as through CCTV to prevent affecting workflow and therefore impacting
the reliability of results. If possible, studies should take place throughout the year to
represent the pace of work in relation to the internal environmental conditions of the
workplace.

The next steps have been discussed which are related to implementing time and
motion and value stream mapping of the company’s closed panel timber-frame exte-
rior wall system and floor cassettes. Identified process efficiency changes will first
be trialled on a low cost and low-risk basis, and if trials are successful, full imple-
mentation will take place. After every change made to production, new time and
motion studies will be performed in order to understand the impact, the change has
had on production speed and cost, and this should then be reflected directly into the
company’s pricing system. Therefore, the findings of the time andmotion studies and
value streammapping exercises undertakenwill be significant and invaluablemoving
forward, to the company and their clients (existing and new), the wider timber-frame
market in the UK and also the academic and scientific community.
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