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PREFACE )Y

Preface

Topics such as material depletion, the growing garbage mountains and the e ects of air,
water, and soil pollution are indispensable in our current society. One of the main con-
tributors to these environmental issues is the building sector. Therefore, it is important
that we, as future engineer-architects, endeavor for a shift from the traditional to a more
sustainable building industry. Currently, di erent sustainable building strategies are being
studied and developed for practical use. One of the strategies is the use of circular building
elements. In this master’s thesis, | was given the opportunity to research this topic. | hope
that the results of this master’s thesis can contribute to the shift to a more sustainable
building sector in the future.

First and foremost, | would like to thank my research supervisor, dr. ir.-arch Marijke
Steeman, to stir up my interest in sustainable building techniques and Life Cycle Analysis
during her college classes and to allow me to extend this knowledge in this master’s thesis.
In my future career, | will expand my knowledge about this topic and strive for a more
sustainable building industry. Thanks for the guidance and support during last year.
| would like to extend my sincere thanks to my counselor, drs. ir-arch Lisa Van Gulck.
She was always there for me whenever | ran into a trouble spot or had a question about
my research. Additionally, she consistently allowed this master’s thesis to be my own work
but was there to guide me in the right direction whenever she thought | needed it. Thanks
for all the valuable assistance and insights leading to this nal result.

Then, | would like to express my deepest appreciation to architect and project manager
Gwen Verlinden. Her passion and belief in a circular and sustainable building industry are
endless. Although, her passion goes further than just a belief. She tries to contribute
to the sustainable shift in Belgium by participating in research projects such as 'Circular
Building, A ordable Housing’. Thank you, Gwen, for all your enthusiasm and valuable



discussions about my research and to expand my knowledge about circular building strate-
gies with the CBBW project in Berchem. But most of all, for giving me the opportunity

to present my research together with your project in Ghent and Hasselt. | hope that our
paths will cross again in the future.

Also special thanks to Xavier Huyghe from JUUNOO for the interview, all the received
information and the quick responses to all my questions about JUUNOO.

Furthermore, | would like to express my endless gratitude to my dearest partner and
friend, Jarne Verhaeghe. He listened endless hours to my enthusiasm and struggles about
my research topic. He has been my support and refuge when | lost courage in my research.
He was the rst one who saw my results and with whom | discussed them. His critical
view, his feedback on my research, and our endless discussions, widened my view on this
topic and brought my master dissertation e ectively to a higher level. Thanks, Jarne, for
being such a lovely person and to make my life much easier with your support!

Of course, | would also like to thank my parents for their constant support throughout
my ve years at the University of Ghent, especially during this crowning achievement of
my studies. | will never truly be able to express my sincere appreciation to both of them.
They have inspired me to continue to strive to become the best version of myself every
day and to pursue my dreams. A special thanks to my father for proofreading my master’s
thesis. It is not obvious to proofread a master thesis on a topic where you don’t have
expertise in. Last but not least, | must also thank my friend, Arne Decadt. His door
was always open when | had problems with my software packages, such as Excel and the
text editor Overleaf. Thank you for the support, Arne! With this, I'm immortalizing our
agreement.

Thank you very much to everyone, and also to you reader. | hope that this master’'s
thesis provides you new insights.

Jade Claes, 3 June 2022
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Summary

The construction industry puts an enormous pressure on the environment. The transition
towards a circular economy (CE) is essential to reduce emissions, resource consumption,
and waste generation. Nevertheless, an insu cient number of quantitative studies currently
exists to prove the potential ‘positive’ environmental e ect and cost of circular building
elements. Furthermore a consistent and governmental recognised CE-assessment frame-
work is also non-existent. Therefore, this study proposes the R-LCA method, based on
the Life Cycle Analysis framework in the European standard NBN EN 15804(2019). In
this method, the reuse bene ts of the circular building elements within the same building
are evaluated by adding a refurbishment module to this standard. Supplementary, the
R-LCC method is proposed for the nancial assessment. The suggested CE-framework
is then applied to the case house of ‘Circular Building, A ordable Housing’ in Berchem
to compare the environmental impact and nancial cost of the circular JUUNOO walls
to the traditional wall assemblies considering future refurbishment scenarios. The analy-
sis shows that the circular JUUNOO walls have in general a slightly lower nancial cost
and environmental impact than the traditional walls when refurbishment scenarios take
place. However, the traditional metal stud wall is a better environmental alternative in
the situation without refurbishments. In other words, the added value of using circular
instead of traditional building elements is in uenced by the refurbishment frequency, the
refurbished wall surface, and the assumptions in both methods. The case study shows that
the proposed CE-framework can be used to compare the results of circular with traditional
building elements with the chosen material properties for any assumed future refurbishment
scenario.
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Can circular building solutions provide a positive
Impact? Determining the environmental and
financial impact of internal walls.

Jade Claes
Supervisors: prof. dr. ir. Marijke Steeman, Lisa Van Gulck

Abstract— The construction industry puts an enormous
pressure on the environment. The transition towards a cir-
cular economy (CE) is essential to reduce emissions, re-
source consumption, and waste generation. Nevertheless,
an insu Lcieht number of quantitative studies currently ex-
ists to prove the potential ‘positive’ environmental e [edt
and cost of circular building elements. Furthermore a con-
sistent and governmental recognised CE-assessment frame-
work is also non-existent. Therefore, this study proposes
the R-LCA method, based on the Life Cycle Analysis frame-
work in the European standard NBN EN 15804(2019). In
this method, the reuse benefits of the circular building el-
ements within the same building are evaluated by adding
a refurbishment module to this standard. Supplementary,
the R-LCC method is proposed for the financial assessment.
The suggested CE-framework is then applied to the case
house of ‘Circular Building, A [addable Housing’ in Berchem
to compare the environmental impact and financial cost of
the circular JUUNOO walls to the traditional wall assem-
blies considering future refurbishment scenarios. The anal-
ysis shows that the circular JUUNOO walls have in gen-
eral a slightly lower financial cost and environmental impact
than the traditional walls when refurbishment scenarios take
place. However, the traditional metal stud wall is a better
environmental alternative in the situation without refurbish-
ments. In other words, the added value of using circular in-
stead of traditional building elements is influenced by the re-
furbishment frequency, the refurbished wall surface, and the
assumptions in both methods. The case study shows that
the proposed CE-framework can be used to compare the
results of circular with traditional building elements with
the chosen material properties for any assumed future re-
furbishment scenario.

Keywords—Circular building elements, circularity metrics,
LCA & LCC, JUUNOO walls

I. Introduction

Currently, the building sector is responsible for 40 per-
cent of the energy consumption, 36 percent for the emis-
sions of greenhouse gasses, 40 percent for the extracted raw
materials, and 60 percent for the waste streams in Europe
[3] [7] [10]. To reduce the negative impact of the construc-
tion industry on the natural environment, it is necessary to
develop a more sustainable built environment with higher
resource e [ciehcy, less waste generation, and lower carbon
emissions. One strategy is to shift from a linear to a circu-
lar building practice with the focus on the reuse of building
materials and elements [11]. The long-term improvement
in environmental impact by using circular instead of tradi-
tional building elements should be researched to stimulate
and accelerate this shift in the current society [19]. Ad-
ditionally, the financial aspect regarding the adoption of
circular building elements may not be disregarded [14].

An insu [cieht number of quantitative studies currently ex-
ists to prove the potential ‘positive’ environmental e [edt
and cost of circular building elements [6]. Furthermore, to
prove the benefits of the reuse potential of building ele-
ments in the same building, clear decision support to as-
sess the total environmental performance and financial cost
is required. However, the literature lacks a consistent and
governmental recognized method to credit the reuse poten-
tial [12]. Previous studies identified the Life Cycle Analy-
sis (LCA) framework as an important methodology for the
assessment of the environmental performance of a circu-
lar building element [16] [17]. Additionally, the Life Cycle
Costing (LCC) framework, using the same assumptions and
boundary conditions as the LCA framework, can be used to
assess the total cost. Nevertheless, the current European
standards NBN EN 15804(2019) and 159785(2011) for the
LCA of building products focus on assessing the impact of
a product system for a single life cycle, from raw material
acquisition through production, use, and end-of-life pro-
cesses [9]. As a result, questions arise about how to use this
framework to model and calculate the impact of reusable
building elements over multiple life cycles [12]. The end-
of-life stage for reusable building elements is by nature a
multi-output process: it delivers the waste management of
a product, but also creates the new reused product. Ac-
cording to the cut-o[Callocation approach used in the Eu-
ropean standards, the reuse benefits fall outside the system
boundaries. This is known as a methodological issue in the
conventional LCA framework for assessing circularity [4].

The European standard NBN EN 15804(2019) proposes
to quantify the reuse benefits at the end of the systems
lifespan in module D [5]. However, the method described
in the standard is not easy to interpret and leaves room
for multiple hypotheses and scenarios. Additionally, the
determination of the end-of-waste stage of building prod-
ucts is debatable and the functional equivalence is not easy
to define by the uncertainty of reuse scenarios [22]. Fur-
thermore, a CE-assessment tool is investigated to asses the
circular benefits and burdens of reusable building elements
during the life cycle of the building. Therefore, the ob-
jective of this paper is twofold. In the first part, a consis-
tent and simplified CE-assessment framework is developed,
based on the conventional LCA and LCC method, to com-
pare the environmental impact and financial cost of circular
to traditional building elements during a buildings lifespan.
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Chapter 1

Introduction

1.1 Context

1.1.1 Environmental challenges

“There is no planet B' (Berners-Lee, 2019). The rising needs and demands of more than 7.9
billion people have transformed land and water use signi cantly, generated unprecedented
levels of pollution, and a ected biodiversity. Humanity is consuming more resources than
the earth can regenerate and the ecological footprint of the world population increases
dramatically (Barn, 2017). The actual topics such as climate change, the depletion of
resources, and the growing garbage mountains, are indispensable in our current society.

The current world population reaches 7.9 billion people. The upward trend in the pop-
ulation size, as illustrated in gure 1.1, is expected to continue according to the United
Nations report: it will reach 8.5 billion in 2030, 9.8 billion in 2050, and 12.2 billion in
2100 (UNEP, 2021). Accordingly, the world economy is expected to be four times larger
by 2050 than today with a demand for more energy and natural resources, growing waste
production, and a corresponding pollution degree (OECD, 2012).

The overpopulation and the associated environmental impact resulted in the agreement
between 195 countries, signed at the United Nations Climate Change Conference in Paris
in 2015, to keep global warming ideally below 1°6 but at least below 2C. However, the
Emission Gap Report 2021 demonstrated that the world is on track for a global temper-
ature rise of 2.7C by the end of this century. To achieve the ambitious goal of the Paris
agreement, the annual greenhouse gas emissions need to be halved in the next eight years
(UNEP, 2021).
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Other current environmental challenges are the depletion of resources and the grow-
ing waste mountains. Nowadays, the world population produces 2.01 billion tons of solid
waste. The dramatic increase in waste production is expected to continue reaching 3.40
billion tons of waste annually in 2050 (Kaza et al., 2018). In addition, the extraction of
material resources reached 88.6 billion tonnes in 2017 and is trending towards the double
by 2050, as shown in gure 1.1 (Barn, 2017).

The report of the club of Rome warned that if the present growth trends continue un-
changed, the limits of the growth of this planet will be reached within the next hundred
years. Industrial growth will deplete the world's minerals and bathe the world's biosphere
in fatal levels of pollution (Meadows et al., 1972). Nowadays, the environment is a hot
topic in Europe, literally and guratively. 94% of the Europeans state that the environ-
ment is important for them (European Commission, 2019). The transformation to a more
sustainable society will be one of the most important challenges of this century.

Figure 1.1: The current and future environmental challenges, based on Barn's report
(2017), Kaza's report (2018) and the United Nations report (2021).
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1.1.2 From a linear to a circular building industry

The building sector plays a vital role in decreasing the environmental impact. Currently,

the building industry is responsible for 40 percent of the European energy consumption,

60 percent of the waste streams, 36 percent of the emission of greenhouse gasses, and 40
percent of the extracted raw materials in Europe (European Commission, 2020; Kaza et
al., 2018; Barn, 2017).

One of the main reasons for this large environmental impact by the construction sector
is the use of a linear economic model based on a \take, make, use and dispose of" princi-
ple. The linear construction economy starts with the extraction of raw materials, which are
then processed to become construction materials. Then these materials are transported to
the construction site, where they are assembled such that they can not be deconstructed.
At the end of the buildings' lifespan, the materials are demolished and land lled or in-
cinerated (Benachio et al., 2020). Therefore it is urgent to develop a more sustainable
built environment with higher resource e ciency, less waste generation, and lower carbon
emissions.

The circular economy (CE) is a potential solution for lowering the environmental im-
pact of the building industry (Lei et al., 2021). It enables economic growth without an
ever-increasing pressure on the environment (Pomponi & Moncaster, 2017). There is a
wide range of de nitions for CE in the literature, which all mention reusing, reducing, and
recycling activities (Kirchherr et al., 2017). Geissdoerfer (2017) provides an example of
such a de nition: ‘the circular economy is a regenerative system, in which the resource
input and waste, emission, and energy leakage are minimized, done by three strategies:
closing, narrowing, or slowing material and energy loops'. Integrating these CE principles
into the building industry will require fundamental changes in the way of designing, the
development of new business models, and rethinking of the current supply chains (Bocken
et al., 2016; Minunno et al., 2018).

In the current traditional mindset, the idea prevails that circular construction is more
expensive than traditional construction, mostly because the initial investment costs of
circular building elements can be higher. It has been proven that it is possible to earn
back the initial higher investment costs with pro ts during the prolonged life cycle of the
element (Paduart, 2012; Hart et al., 2019). Also, the initial environmental impact of circu-
lar construction methods can be higher. Reversible connections are mostly made of steel
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and additional independent material layers are needed. By taking into account the whole
life cycle, the environmental impact can decrease in comparison to traditional building
methods (Paduart, 2012). Yet, to prove these long-term returns, quantitative assessment
methods are needed (Hossain & Ng, 2018).

Currently, there is no government-recognized framework to assess the environmental im-
pact and nancial cost of circular building elements during their service life. Furthermore,
in the literature, there is a huge variety of quantitative circularity assessment methods
focusing on di erent criteria. Of these methods, Life Cycle Analysis (LCA) and Life Cycle
Costing (LCC) prove potential for CE assessment with certain adoptions in their method-
ological framework (van Stijn et al., 2021; De Wolf et al., 2020; Pomponi & Moncaster,
2017; Buyle et al., 2019; Lei et al., 2021; Corona et al., 2019; Rajagopalan et al., 2021).

1.2 The objectives and research questions

In literature, the circular construction industry is seen as an important strategy to reduce
the environmental impact of the building sector (Lei et al., 2021). In practice however, it is
still in its infancy. Building clients are not implementing the circular building principles on

a large scale because of some barriers: the many-sided and fragmented information network
of circular strategies, the current potentially higher investment costs of circular building
materials and elements, a limited number of case studies that prove the long-term nancial
and environmental returns, and the lack of a consistent framework to assess the nancial
and environmental impact during the life cycle of circular building elements (Hossain &
Ng, 2018; Kirchherr et al., 2017; Hart et al., 2019; Romree & Vrijders, 2018).

This research addresses and attempts to alleviate these barriers. Consequently, the
objectives of this research are multi-layered. Nevertheless, the main objective is to de-
velop a quantitative methodology, based on the existing LCA framework, to assess the
environmental impact of a reusable building element during the building's service life. Ad-
ditionally, a methodology, based on the LCC framework, is investigated to quantify the
nancial life cycle costs. Thereafter, both methodologies are applied to the case study of
“Circular Building, A ordable Housing' in Berchem to compare the environmental impact
and nancial costs of traditional wall assemblies to circular wall assemblies.
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The master dissertation consists of two parts, answering the two main research ques-
tions. The research question of the rst part (chapters 1 to 5) is 'How do current LCA and
LCC methods need to be adapted to be able to determine the environmental and nancial
impact of a circular building element during the building's life span?’. The second main
research question, “In which refurbishment scenario is it bene cial in terms of environ-
mental impact and nancial cost to use circular interior walls in the residential project in
Berchem?', is answered in the second part (chapter 6). To elaborate upon these two main
research questions, a set of sub-questions are developed and answered in each chapter.

Chapter 1 "Introduction: Why is the circular building economy a hot topic nowadays,
but not implemented on large scale in the building industry?

Chapter 2 "The circular building industry': What is the de nition of the circular
economy and what is the di erence with the traditional linear economy in the building
industry? What are typical theoretical and practical strategies in the circular building
industry?

Chapter 3 "Assessing the circular building industry': Are there currently assessment
frameworks to map the environmental and additional nancial bene ts of circular
building elements during the building's lifetime?

Chapter 4 "Life Cycle Analysis meets the circular economy': Can we use the conven-
tional LCA assessment framework to map the environmental bene ts over the whole
life cycle of a circular building element? Which assumptions and transformations are
required in the traditional LCA assessment framework for implementing these CE
strategies?

Chapter 5 "Life Cycle Costing meets the circular economy': Is there an assessment
framework to map the nancial bene ts over the whole life cycle of a circular building
element? Which assumptions and transformations are required in the traditional
LCC assessment framework for implementing these CE strategies?

Chapter 6 "Evaluation of the case study in Berchem': Have the circular JUUNOO
interior walls a lower initial and/or total environmental impact and nancial cost in
comparison with traditional walls in the residential project in Mechelen? In which
refurbishment scenarios is it bene cial in terms of environmental impact and nancial
cost to use circular interior walls in the residential project in Berchem?
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Chapter 2
The circular building industry

The rst hurdles towards the large-scale implementation of circular building principles are
the many-faceted and fragmented information network, and the wide variety of de nitions
that engage in di erent aspects of circularity (Kirchherr et al., 2017; Romree & Vrijders,
2018). Therefore, the following chapter sketches a global overview of the circular build-
ing industry. First, the de nitions of sustainable development and the circular building
economy are stated. Then, the adjusted de nition for reusable building elements will be
discussed. Finally, a number of theoretical and practical circular design strategies serve as
illustrations to concretize the de nition.

2.1 Adoption of circularity in the building industry

2.1.1 Sustainable development in the construction sector

As discussed in the introduction section, a more sustainable development of the construc-
tion sector is needed to combat the current global environmental challenges (Kaza et al.,
2018; Barn, 2017). A rst de nition of sustainable development is formulated by the UN
Commission of Environment and Development in the Brundtland report in 1987 as "the
development that meets the needs of the present without compromising the ability of fu-
ture generations to meet their own needs' (Brundtland, 1987). This de nition promotes a
holistic sustainability approach based on three pillars: people (social development), planet
(environmental issues), and pro t (economic growth) (Elkington, 2008).



2.1 Adoption of circularity in the building industry 7

The de nition of sustainable development in the Brundtland report can be interpreted
in the construction industry as "the development of building strategies and techniques to
meet the needs of current clients, in such a way that future generations can still build with-
out hampering, due to the scarcity of raw materials and energy sources'. The three pillars
of sustainability can have their counterpart in the building industry. The social aspect can
be addressed by building aesthetics, comfort, and safety, while the environmental impact
is covered by the use of eco-friendly building materials, fuel-e cient transport, and green
energy. The economical aspects are associated with longevity, exibility, and pro tability
(Vlaamse Overheid, 2019).

In the last decades, lowering the environmental impact of buildings received increasing
attention from researchers, policy-makers, and companies (Buyle et al., 2019). However,
the focus is often limited to reducing energy consumption and minimizing carbon emis-
sions, without considering the burden-shift between di erent kinds of environmental impact
(Pomponi & Moncaster, 2017). For instance, increasing the thickness of an insulation layer
in a wall assembly reduces the energy consumption but increases the amount of material
used. Therefore, it is important to consider the total impact over the complete life cycle
of the materials (Rajagopalan et al., 2021). Nowadays, the concept of life cycle thinking is
gaining more importance in the construction industry. Signi cant environmental impacts
are directly related to waste generation from refurbishment, demolition, and construction.
These can be avoided by applying the circular economy strategy to buildings (Hossain &
Ng, 2018).

2.1.2 De nition of the circular building industry

For the development of a sustainable building environment, a paradigm shift from the
linear \take, make, use, and dispose of" approach to the circular \reduce, recycle, reuse"
model is required, as visualized in gure 2.1 (Kirchherr et al., 2017). In this research,
the circular economy is de ned as "a regenerative system, in which the resource input and
waste, emission, and energy leakage are minimized' (Geissdoerfer et al., 2017). This can
be accomplished by three strategies: closing, narrowing, or slowing the material and en-
ergy loops. In closing loops, the main goal is to recycle the materials at their end of life.
Slowing loops focus on prolonging the use of building elements, extending their life spans,
and introducing multiple life cycles by exibility and reversibility. Finally, narrowing the
loops is achieved by a reduction of resource use (Bocken et al., 2016).
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Figure 2.1: The linear versus the circular economy

The material life cycle can be divided into technical and biological cycles. In the
biological cycle, renewable bio-based materials are returned to Earth at the end of their
life cycle, through processes like composting and anaerobic digestion. Meanwhile, in the
technical life cycle, the life cycles of the manufactured materials are prolonged by circular
strategies such as repair, remanufacturing, and recycling (Macarthur Foundation, 2016).
In this research, the focus lies on slowing the loops, addressing the technical life cycles of
building elements.

2.1.3 A conceptual framework for the circular building industry

There are three main strategies to implement the circular economy in the building industry.
The rst strategy is urban mining based on the reuse of resources from existing buildings.
The second strategy is the realization of more transformable buildings by reversible build-
ing elements and exible building lay-outs. The nal strategy is the development of new
business models aiming to create added value during the whole life span of the building
(Beauclerque, 2020). This research focuses on the development and assessment of trans-
formable buildings.
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To conceptualize the idea of circularity in the building industry, Vermeulen (2019) de-
veloped the 10R-framework. It is a detailed version of the waste hierarchy of Lansink,
which clari ed how waste should be used and disposed of in multiple life cycles. The ten
strategies are hierarchically ordered, RO being the highest and R9 the lowest level of cir-
cularity. They are represented in gure 2.2 (Vermeulen et al., 2019).

Figure 2.2: A visual representation of the CE conceptual framework, based on the theory
of Vermeulen (2019)

The ten conceptual strategies can be categorized by three di erent goals: smarter
product use and manufacture (RO and R1), extended lifespan of building products (R2,
R3, R4, R5, and R6), and the useful application of materials (R7, R8, and R9) (Vermeulen
et al., 2019).
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2.2 Design guidelines for circular buildings

For the adoption of the circular philosophy in the building practice, need for design guide-
lines exists. Many di erent circular strategies are developed in the CE literature but are
not always accessible for architects, clients, builders, and contractors (Benachio et al.,
2020; Vandenbroucke, 2016). The following practical framework, based on the circular de-
sign principles of OVAM (2015) and the lea ets of Vandenbroucke (2016), clari es twelve
design principles to strive for a more sustainable and circular construction industry.

In the practical framework shown in gure 2.3, two levels are distinguished: the building
and the element level. Each level is partitioned in three sub-levels: components, interfaces,
and composition. The subcategory ‘components' represents the smallest elements of the
assembly. Next, ‘interfaces' revolves around the interaction between the di erent compo-
nents, while ‘composition' contains strategies about their composition. The twelve design
principles are arranged in the framework.

Figure 2.3: Practical design principles for implementing circularity in the building sector,
based on the circular design principles of OVAM (2015) and Vandenbroucke (2016).
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2.2.1 Components

There are three practical objectives on the element level for components: durability, reuse,
and compatibility. Durability means choosing materials with a long lifespan and a good
resistance against damage and wear. Some examples are masonry, ceramics, and cellular
glass (Pater & Cristea, 2016). The second objective is reuse, promoted by second-hand
material databases, such as "Rotor DC' and "Proremat’ in Belgium. By using standard ele-
ments, better interchangeability within and between di erent building systems is possible,
stimulating reuse (Beauclerque, 2020). Compatibility is achieved by following a dimen-
sional standard, such as the Belgian modular sizing system of OpenStructures, illustrated

in gure 2.4.

On the building level, there are also three goals: disassembly, reuse, and expansion.
Disassembly is a principle where building elements are used in such a way that they can be
easily removed without any damage. An example is the timber construction method with
tongue and groove joints of Lignature (OVAM, 2015). Another guideline is expansion. A
change in function or volume of a building may require a change in technical requirements,
such as a su cient bearing capacity and adequate technical installations, and in functional
requirements, such as the layout of spaces (Beauclerque, 2020). To account for probable
function changes during designing, the bearing construction can be over-dimensioned and
the storey height can be larger modeled (Romree & Vrijders, 2018).

Figure 2.4. The modular sizing system of OpenStructures (2014), based on fractals
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2.2.2 Interfaces

There are three guidelines for interfaces between components: reversibility, simplicity, and
speed. The reuse of elements is dependent upon the reversibility of the connections be-
tween the di erent components (Romree & Vrijders, 2018). Good reversible connections
are bolts, screws, and Velcro straps, while irreversible connections are glue, welding, and
mortar (Paduart, 2012). The guideline of simplicity emphasizes the use of simple, com-
monly used connection methods, such as screws and nails (Vandenbroucke, 2016). The
speed of the (dis)assembly is in uenced by the number of xings and the visual, physi-
cal, and ergonomic accessibility of joints. The principle "speed' is illustrated in gure 2.5
(Paduart et al., 2013).

Figure 2.5: The in uence of the accessibility and the number of connections on the speed
of (dis)assembly, based on Vandenbrouckes lea ets (2017)
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2.2.3 Composition

For the aspect composition, four guidelines are important: independence, pace-layering,
prefabrication, and exibility. Independence revolves around the possibility to remove a
building component without removing adjacent components (Vandenbroucke, 2016). Pace-
layering is based on the principle of organizing the di erent components of the building
element into di erent layers according to their technical and functional lifespan (Romree

& Vrijders, 2018). The technical lifespan is de ned as the maximum period in which a
component can physically carry out its function (van Stijn et al., 2021). The functional life
span of a building element is in uenced by regulations and the change in the user's needs
(Brandt, 1995). Figure 2.6 illustrates the gradation in pace-layering, ranging from a total
integration to a total separation of the various layers.

Another guideline is the prefabrication of building elements. Prefabricated building
elements are assemblies manufactured o site, generally in a factory, and then transported
to construction sites for incorporation into the building. This strategy is used to gain
more quality control, reduction of construction waste, and increased building speed in the
construction process (OVAM, 2015). In the last guideline, " exibility' plays a major role
in the easy adaptation of the building to respond to all the needs of various uses during its
lifetime (Romree & Vrijders, 2018). An example strategy to realize exibility in buildings
is the use of open oor plans.

Figure 2.6: The graduation in pace-layering, based on the gures of Durmisevic (2006).
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Chapter 3

Assessing the circular building
iIndustry

Another obstacle for the implementation of the circular building industry is the lack of a
governmental recognized assessment framework to quantify the impact and bene ts of cir-
cular building materials and elements during a building's lifespan (Lei et al., 2021). There-
fore, the following chapter gives a global overview of regularly used assessment methods
in literature. At the end, an assessment method that can be used with or without appro-
priate modi cations for the evaluation of reusable building elements during the building's
life span is discussed.

3.1 Introduction

In the previous chapter, the circular economy (CE) is de ned as "a regenerative sys-
tem, in which the resource input and waste, emission, and energy leakage are minimized'
(Geissdoerfer et al., 2017). This de nition connects circularity with sustainability and
serves as a benchmark for exploring CE-assessment methods to quantify circular building
elements. At this moment, a huge amount of circular assessment methods of di erent
dimensions and levels can be found in the CE literature (Lei et al., 2021; Corona et al.,
2019; De Wolf et al., 2020; Hossain & Ng, 2018; Pomponi & Moncaster, 2017; Ghisellini
et al., 2016).

The most frequently assessed CE dimensions are the economic, environmental, behav-
ioral, societal, technological, and governmental ones. Furthermore, the assessment methods
can be partitioned into three levels for the construction industry: the micro-level (buildings
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and infrastructure), the meso-level (districts), and the macro-level (cities, regions or na-
tions). The micro-level can be divided into three sub-levels: the material, the component,
and the system-level (Ghisellini et al., 2016). In this research, the focus lies on the micro-
level and the economic and environmental dimensions of the circular building industry.

In the following section, a general overview of CE assessment methodologies is given.
This list is not exhaustive and only discusses the most frequently used methods in the
current CE literature and practice. The di erent assessment methods address three main
categories: circularity indicators, sustainability indicators, and sustainability frameworks,
as illustrated in gure 3.1 (Lei et al., 2021; Corona et al., 2019). The indicators focus on a
single aspect of circularity or sustainability. The circularity indicators concentrate on the
fraction of waste being recycled or reused, while the sustainability indicators zoom in on a
speci ¢ environmental e ect of a circular strategy, such as the depletion of resources or the
emission of greenhouse gasses. In contrast to the indicators, the sustainability frameworks
focus on mapping various environmental e ects of the circular building elements in relation
to each other (Lei et al., 2021).

Figure 3.1: Schematic of the current frequent used CE assessment methods in the building
industry
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3.2 Circularity indicators

Circularity indicators measure the intrinsic circularity degree, such as the amount of re-
circulated materials in a product, represented by a value between 0 and 100 percent. A
limited number of circularity indicators are used in the current building industry, namely
the recycling rate, the substitution rate, and the reuse rate. These indicators cover a
speci ¢ scope. In contrast, other indicators address a broader context of the reuse and re-
cycling activities, but lack corresponding practices, such as the Material Circularity Index
and the Building Circularity Index (Macarthur Foundation, 2016; Lei et al., 2021). The
de nitions and formulas of the di erent circularity indicators can be found below.

3.2.1 Recycling rate, substitution rate and reuse rate

The recycling rate is the fraction of wasted materials reprocessed at the end of their life
stage. The percentage of recycled or composted municipal solid waste (MSW) is calculated
by the following formula (SWRA, 2016; Lei et al., 2021):

RECR[%] — mMSW;recycled=composted 100 (31)

My SW;landilled=incinerated=recycled=composted

with:

A

MM sw.recycled=composted = Mass of the recycled and composted municipal solid waste
[tons]

A

mMSW;Iand‘iIIed=incineratedzrecycled:composted = mass of the reCyC|ed1 land ”ed1 incinerated
and composted municipal solid waste [tons]

The second circularity indicator used in practice ighe reuse rate . This rate is the
percentage of reused wasted materials at the end of their life stage, calculated by the
following formula (Lei et al., 2021):

m .
ReUSGH%] — MSW:reused

100 (3.2)

Mm sw:landilled=incinerated=reused
with:

A

Muswreused = Mass of the reused municipal solid waste [tons]

A

My swereused=incinerated=landiled = Mass of the land lled, incinerated and reused mu-
nicipal solid waste [tons]
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The last circularity indicator "the substitution rate ' directs attention to the prod-
uct stage, where primary materials are replaced by recycled or reused materials, and is
calculated by the following formula (Lei et al., 2021):

S UbSH%] — mprimarymaterials;reused:recycled 100 (3-3)

primarymaterials;new=reused=recycled

with:
" Mprimarymaterials;reused=recycled = Mass of the reused and recycled primary materials
[tons]
" Mprimarymaterialsreused=recycled=new = Mass of the reused, new and recycled primary

materials [tons]

3.2.2 Material Circularity Indicator

The Material Circularity Indicator (MCI) measures the restorative fraction of the material
ows of a product. The MCI is described as "an indicator which measures the extent to
which linear ow has been minimized and the restorative ow maximized for its component
material, and how long and intensively it is used compared to a similar industry-average
product' (Macarthur Foundation, 2016).

The MCI formula 3.4 contains various product characteristics: the mass of the nished
product M, the mass of the virgin material V, the unrecoverable waste W, expressed in kg,
and the utility factor , described by the lifetime and the intensity of the product use.

MCI =1 LFI F() (3.4)
The LFI is the Linear Flow Index, calculated by
LFp = YW (3.5)
The F( ) is the function of the utility factor, calculated by
F(y= 29 (3.6)

However, the MCI is a mass weighting method. This means that the material with the
most mass will dominate the results. In addition, due to the uncertainties of end-of-life
material treatments, the output of the unrecoverable waste is hard to de ne. Further-
more, the accuracy is limited when evaluating complex building systems (Verberne, 2016;
Macarthur Foundation, 2016).
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3.2.3 Building Circularity Indicator

The Building Circularity Indicator (BCI) measures the restorative fraction of the mate-
rial ows in a building. It combines the results of the Material Circularity Indicator, the

Product Circularity Indicator, and the System Circularity Indicator in consecutive steps
(Macarthur Foundation, 2016).

The Product Circularity Indicator (PCI) merges the MCI of all the di erent materials,
including the interfaces and connections between them. The PCI is calculated by the
summation of each material in the product, multiplied by 17 di erent disassembly factors
F; ranging from O (no reversibility) to 1 (completely reversible), as shown in the following

formula:
1 X . X
PCI=Z= MCI F with Fg= F (3.7)

d =1 i=1

The System Circularity Indicator (SCI) measures the circularity of the products in a
system. The SCl is calculated by the summation of each product, multiplied by the factors
W, . The factorsW; take the di erent lifetimes of the di erent products, based on Brandt's
shearing layers concept, and the weight of sales revenues of the product into account, by
the following formula:

1 X X0
SCI = We PCI W, with Wg= W, (3.8)

Sj=1 j=1

The Building Circularity Indicator (BCI) assesses the di erent systems as a complete
assembly, for example a building, by multiplying them with factord.K . These factors take
the system dependencies and the system importance into account. The BCI is calculated
by following formula (Verberne, 2016):

1 X X

BCIl = K SClI LKy with LK = LK (3.9
k=1 k=1

As such, it is a mass weighting method, because it is an extension of the MCI, tak-
ing the connections, interfaces, product lifetimes, weight of sales revenues, and system
dependencies into account with certain subjective factors (Macarthur Foundation, 2016).
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3.3 Sustainability indicators

The current sustainability indicators and frameworks are used to quantify the environmen-
tal, social and economic impact in society. As mentioned in the introduction, sustainability
indicators are used to measure the e ect of a circular strategy on a speci c impact category,
like the emission of carbon gasses. Two frequently used indicators “material longevity' and
“Value-based Resource e ciency' are described below (Corona et al., 2019).

3.3.1 Value-based Resource E ciency

The Value-based Resource E ciency (VRE) is a mass-based sustainability indicator, aligned
with environmental, economic, and social policies. It measures resource e ciency and cir-
cularity, by linking those to the market value of natural resources. The VRE formula 3.10
contains the output value of a product Y, the volume of natural resourceX;, and the
weight factorsw;. The weight factors represent the environmental and societal impact and

relate to the market prices.

VRE[]= P (3.10)
i=1 WiXi

The output value Y is measured by the value added to the product after manufacturing
and is based on market prices. It is equal to the di erence between the total product's
value and the input values of the materials, energy, and services, as shown in the following
formula (Di Maio et al., 2017):

Y [e ] = OUtpUtT otal I npUt Material I npUt Energy I npUt services (3- 11)

3.3.2 Longevity

Longevity can be de ned as "the length of time for which a material is retained in a product
system.' It depends on the initial, refurbished, and recycled lifetime of the building product.
The rstis associated with the lifetime of use as a new product, the second with the reused
and refurbished lifetime, and the last with the recycling and returning rate to a construct
for another new product. The formula can be stated as (Franklin-Johnson et al., 2016):

Longevity[M onths] = Tlnitial + TRefurbishment + TRecycled (3-12)
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3.4 Sustainability frameworks

Sustainability frameworks assess the value or burden created by implementing circular
building strategies. They take into account a broader scope of impact categories to avoid
burden-shifting between the di erent kinds of impact. The three often used frameworks
in literature: Life Cycle Analysis (LCA) and/or Life Cycle Costing (LCC), material Flow
Analysis (MFA), and Input-Output Analysis, are described below (Lei et al., 2021).

3.4.1 Input-Output Analysis

Input-Output Analysis or inter-industry analysis is an important branch in current eco-
nomics. The original goal was to develop a quanti cation tool to assess the economic
interdependence between di erent sectors within a regional, national, and international
economy (Miernyk, 1966). However, it is often used to analyze the environmental and
socio-economic impact associated with the activities of the di erent sectors (Corona et al.,
2019). Then, the Input-Output Analysis is done by mapping the ows and goods, and
the associated pollution, raw material use, and costs, between the di erent sectors. Itis a
top-down approach that assesses the whole elements, and not the individual components.
As such, it is mostly used to compensate for the shortcomings in process and material
information in other sustainability frameworks (Corona et al., 2019).

3.4.2 Life Cycle Analysis & Life Cycle Costing

In the past decades, Life Cycle Analysis (LCA) is used for the evaluation of the inputs,
outputs and potential impact of a product system throughout its life cycle (Lei et al., 2021,
ISO 14040, 2006). Di erent indicators to assess the environmental impact are implemented
to avoid the risk of environmental burden-shifting between di erent impact categories, such

as global warming, depletion of resources and ozone depletion (Pomponi & Moncaster,
2017; Jannsens, 2013). Therefore, the sustainability assessment framework is based on the
modeling of cause-e ect relationships in the environment induced by resource extraction,
pollution, and emissions (Hellweg & Mika i Canals, 2014). The LCA framework, based
on the international standards 1SO 14040 and ISO 14044, contains four steps, which are
illustrated in gure 3.2 and further discussed in chapter 4.
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Figure 3.2: The four steps of the LCA framework, based on ISO 14040 and 14044.

The results of the environmental impact, determined by the LCA framework, can be
supplemented with the nancial costs, calculated with the Life Cycle Costing (LCC) frame-
work. Nowadays, it is a popular method for evaluating the economic sustainability based
on the life cycle of a product or process (Balanay & Halog, 2019). This quanti cation
method adds up all the nancial costs associated with the asset, starting from its initial
cost to its end of life cost (Waldo, 2016). The LCC framework aligns with the framework
of the LCA analysis and is further discussed in chapter 5.

3.4.3 Material Flow Analysis

To provide product information regarding resource use and losses of materials in the envi-
ronment, Material Flow Analysis (MFA) is widely applied (Laner & Rechberger, 2016). It

is a bottom-up evaluation method to analyze the stocks and ows of materials or energy
and to estimate the environmental load, with speci ¢ space and time constraints (Farjana

& Li, 2021). The physical ows of materials or energy in and out a given system, ex-

pressed in physical units, and the material transactions among actors within the system,
are mapped, monitored, and analyzed at di erent scale-levels according to the goal of the
study (Graedel, 2019; Ohnishi et al., 2017).
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The assessment method estimates and adjusts mass balances, based on the fundamental
principle of mass conservation (Farjana & Li, 2021). The basic idea is that raw materials,
water, and air are extracted from the natural system as inputs, then transformed into
manufactured products, and nally re-transferred to the natural system as waste and
emissions (OECD, 2012). The MFA assessment is done in four steps, as shown in gure
3.3 (Laner & Rechberger, 2016).

Figure 3.3: The four steps of the MFA methodology, based on the theory of Brunner and
Rechberger (2004).
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3.5 Discussion

A guantitative assessment methodology for the evaluation of the overall environmental im-

pact and nancial cost of circular building elements is explored. For that purpose, circular-

ity indicators, which measure the intrinsic degree of circularity or the recycling potential,

are not appropriate. The sustainability indicators assess the environmental impact for a
single impact category, which can cause environmental burden-shifting (Pomponi & Mon-
caster, 2017). Therefore, a sustainability framework assessing multiple impact categories,
such as the depletion of resources and the emissions of greenhouses gasses, is proposed for
the assessment of circular building elements during building's lifespan.

Input-Output analysis is based on national static values, which lack detail for single
products and processes (Corona et al., 2019). Consequently, MFA and LCA are most fre-
quently used to assess the bene ts of the CE in the building industry (van Stijn et al.,
2021). However, due to the use of material masses in MFA, information is missing on the
corresponding environmental impact (Laner & Rechberger, 2016; Lei et al., 2021). MFA
is a valuable tool for waste and resource management, since it is suitable for studying the
route of materials owing into recycling sites and stocks in space and time (Withanage &
Habib, 2021). On the other hand, LCA tries to consider all the relevant ows of mate-
rials and energy associated with the provisioning of the function of the product. There,
cause-e ect relationships are used to determine the relative contribution of the ows to
the di erent environmental impact categories (Haupt et al., 2018). Additionally, the LCC
framework, using the same assumptions and system boundaries as the LCA framework,
can be used to assess the total nancial costs.

For those reasons, the LCA and LCC framework are chosen as a base to consequently
develop an assessment framework to evaluate the environmental impact and nancial cost
of reusable building elements during a buildings' lifespan.
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Chapter 4

Life Cycle Analysis meets the
circular economy

Life Cycle Analysis (LCA) has the potential to rate the environmental impact of circular
building elements, as discussed in the previous chapter. However, there are no current rec-
ognized European and international LCA standards to evaluate the circular construction
industry (van Stijn et al., 2021). In the following chapter, the limitations of the conven-
tional LCA methodology and the adaptions in the framework to evaluate circularity are
discussed. Also, di erent circular LCA frameworks in the literature are reviewed. Finally,
an own developed method based on the conventional LCA framework is proposed for the
assessment of reusable building elements during the building's life span.

4.1 Fom a conventional to a circular LCA

The conventional LCA methodology, according to the international standards 1SO 14040
and ISO 14044, and the European standard NBN EN 15804, focuses on estimating the
impact of a product system for a single life cycle. In the circular construction industry
however, especially in the case of reuse strategies, materials and building elements po-
tentially go through multiple use cycles within the building's life cycle. Therefore, the
assumptions in certain stages in the conventional LCA framework need to be adapted
(ISO 14040, 2006; Lei et al., 2021). In the following section, the conventional LCA frame-
work and the modi ed stages, as represented in gure 4.1, are discussed. Thereafter, the
challenges of implementing the CE in the conventional LCA framework are highlighted.
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Figure 4.1: The assumptions of the coloured stages: service life, system boundaries, speci c
and generic data collection, and allocation, need to be modi ed for the integration of CE
in the conventional LCA framework.
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4.1.1 Step 1: goal and scope de nition

In the step "goal and scope de nition’, the intended use and subject need to be de ned,
determing the level of detail and the system boundaries of the study (Allacker, 2010). The
di erent steps to complete this goal and scope de nition are described below.

Goal de nition

Initially, the application, the reason, the research question, and the intended target audi-
ence of the study have to be described to de ne the scope of the study (ISO 14044, 2006;
Desmyter, 2001). The goal of this research is to elaborate a framework to prove the envi-
ronmental and nancial bene ts of using reusable instead of traditional building elements
during the building's life span. The target audience is the building industry.

Scope de nition

In the subsequent step, it is important to describe the system boundaries by methodolog-
ical choices, assumptions, and limitations as described in the section below. LCA is an
iterative process, implying that it starts with a set of choices and requirements, but may
be adapted later when more information becomes available (Allacker, 2010).

The main elements to establish arthe functional unit  andthe reference ow . The
functional unit unambiguously speci es the function, the properties and/or technical per-
formances and serves as a reference unit to compare the environmental impact of materials,
building components, and buildings (Jannsens, 2013; Allacker et al., 2018). For instance,
the functional unit for the comparison of two di erent paint systems can be de ned as
the unit surface protected for ten years. Next, the reference ow is the quanti ed amount
of input and output ows of materials and energy that are necessary for the element or
building to deliver the performance and function, described by the functional unit (ISO
14044, 2006).

Besides the de nition of the functional unit, the providedservice life of building(elements)
also plays an important role (Jannsens, 2013). The service life is determined by the techni-
cal, economical, and/or functional life span. The technical lifespan is the maximum period
during which a component can physically handle its function, while the economic lifespan
is the period where the bene ts outweigh the costs of a building. For the evaluation of the
reuse potential of circular building elements by means of the conventional LCA method,
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the functional life span needs to be included into the framework. The functional life span

is in uenced by changes in the users' needs and regulations. By analyzing the interplay of
the di erent life spans, the overall service life can be determined (Brandt, 1995; van Stijn

et al., 2021).

Moreover, the service life can be decided on three levels: the building level, the building
layer level, and the component and material level, as shown in gure 4.2. The smallest
units of a building, the materials, each have an economic and technical service life. Then,
the materials are combined into building elements interacting dynamically in space and
time (Pomponi & Moncaster, 2017). The service life of these building elements is often
determined by the economic and technical life span of the materials and joining techniques.
However, the functional service life may also play an important role in the determination
of the life span of a building element (van Stijn et al., 2021; Brandt, 1995). It is often
disregarded because it contains an inherent uncertainty of the change in needs by the
various users during the long life span of the building. Nevertheless, it is important to take
into account future refurbishment scenarios in the estimation of the environmental impact
of circular building elements. This is indispensable to determine the real and long-term
savings due to the reuse of the elements (Pomponi & Moncaster, 2017).

Figure 4.2: The service life can be determined on three levels in the LCA framework.
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