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EDITORIAL

You are reading the Proceedings of the first ever Circular Building Sector Conference, held in Lund,
Sweden in the early days of June 2025. The conference, and consequently these proceedings,
encompass a wide array of circularity. The papers presented at the conference cover circularity on all
scales, from materials and components to whole buildings to the neighborhood and city scale. Circular
strategies covered comprise a spectrum of the R strategies from recycling of building materials to
reducing the need for new construction. Conference participants hail from the host country Sweden,
Norway, Finland, Denmark, Italy, the Netherlands, Singapore, and Taiwan. Their fields of research
range from building physics to business and economics.

The proceedings comprise 23 papers, which are organized thematically. The first three papers discuss
circular design. The following five papers consider the reuse of elements, components, and materials.
Six papers focus on lifecycle assessments, and assessments of reusability and adaptability potential.
Seven papers focus on different circular use strategies, and business models aligned with circularity
principles. Finally, two papers focus on circularity in higher education. We wish to thank all authors
for their contribution to advancing knowledge in the field of circular building.

An additional eight brilliant presentations at the conference were based on abstracts, which are not
included in these proceedings but deserve recognition as a valuable contribution to the conference.
Most importantly, the proceedings would not have been possible without the altruistic work of
academics who joined the scientific committee and contributed with reviews. Our scientific
committee comprises 24 scholars from Sweden, Norway, Finland, Denmark, the Netherlands, and the
UK. Our warmest thanks for your invaluable contribution to the scientific quality of the conference.

The proceedings present the state-of-the-art research in circularity in the building sector. The research
emphasizes the urgency to act, highlights challenges, proposes solutions, and gives hope for the
future. We wish you insightful and enjoyable moments reading!

Lund, June 2025

Riikka Kyro Erik Serrano
Proceedings Editor Chair of Scientific Committee
Co-chair of Scientific Committee Proceedings Co-editor
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The European Commission (2018), in the document
entitled European Strategy for Plastics in a Circular
Economy, emphasizes that the low reuse and recycling
rates of plastics at the end of their life cycle is a key
challenge that must be addressed (Chatziparaskeva et al.,
2022). Another black spot to recycling FRPs is the lack of
effective separation techniques for composites during
demolition, which could complicates their reuse.
Deconstruction and reuse must be kept in mind when
designing, constructing, and using FRP components for
intended future reuse. Generally, automatic processes
result in less waste than manual methods, but the initial
cost and technological complexity of automated systems
remain another black point to investigate. The use of
different pre-impregnated recycled materials, different in
their viscosity and stream characterized by mechanical
testing and microscopy analysis - represent another
possible option to transform a waste into a product with
high added value, reducing the carbon footprint (Asensio
et al., 2020). The aim for recycling/up cycling should be
the conversion into new materials and products used in the
manufacture of new composite products, enabling a
circular approach within the composite sector. However,
achieving this level of circularity requires overcoming
challenges related to the integration of recycling systems
and product design that anticipates end-of-life
considerations. Assessing the carbon footprint of
materials involves considering the emissions associated
with their entire life cycle, including raw material
extraction, manufacturing, transportation, installation,
use, and end-of-life management.

It is important to note that specific values may vary based
on factors such as production methods, energy sources,
and transportation distances that must be weighted on the
base of a detailed holistic evaluation. The approach for
new recycling solutions has to be technology-open to
identify the most suitable approach for all composite use
industries. Generally speaking the recycling/disposal
options about FRP products can be classified into five
types: incineration, landfilling, thermal recycling,
mechanical recycling, microwave and chemical recycling
(figure 13). Incineration causes air pollution, CO,
emission, and acidification of the disposal of composite
products waste. Although landfills tend to have low air
pollution, they can cause soil and groundwater pollution.
Each of these methods comes with its own environmental
and economic implications, and a careful, case-by-case
evaluation is needed to determine the most sustainable
approach for different types of FRP waste (also according
to the waste material origin and possible contamination).
Noted that a significant proportion of FRP products are
thermally recycled or used as fillers in the cement
industry. Microwave-assisted pyrolysis emerges as a
technology with high potential to deal with the problem
of recycling composite materials, since it solves
traditional limitations of the pyrolysis process. The
solvolysis process, or thermo-chemical recycling process,
consists of the decomposition of the polymer matrix by a
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solution of acids, bases and/or solvent. Finally the
mechanical recycling involves collection/segregation,
cleaning and drying, chipping/sizing,
colouring/agglomeration, palletisation/extrusion, and
manufacturing the end product (Julian et al., 2022).
During this process, the final new mix is composed of the
same particles but in a different mixed recipe and a
varying percentage of glass fibres. It is important to
consider the potential fibre length reduction after the
grinding process, which will affect the final properties of
the recovered fibre. The new mix must be weighed, and
recipe eventually modified with a minimum percentage of
virgin raw materials and additives (e.g., glue primers).
The variation in colour represent an opportunity
(figure 14).

5 CONCLUSIONS AND FUTURE
PROSPECTS

In general, pultrusion technology is innovating at a rapid
pace and driving growth in the global market. One of the
key driving factors for the global market growth for
pultruded profiles is the rising demand for lightweight
structural ~ composite ~ with  high  performance
characteristics. The exploration of pultruded profiles
revealed their unique characteristics, including high
strength-to-weight ratio, corrosion resistance, and design
flexibility, positioning them as a sustainable alternative to
traditional facade materials.

Even if composite materials offer great engineering
opportunities, their integration in the circular economy
remains challenging. By systematically managing
material flows in the circular economy framework, the
application of pultruded profiles can contribute to
resource efficiency, waste reduction, and sustainable
practices in the construction industry. This approach
aligns with the broader goals of promoting circularity,
reducing environmental impact, and fostering a more
sustainable and resilient economy.

7

Figure 14: Panel and furniture obtained from the recycling of
fibreglass and rigid expanded thermosets — source [Gees
Recycling Srl]

Exploring innovative building materials has become a
priority to reduce the overall footprint of construction
activities. Nowadays, the adoption of circular economy
principles in the construction sector, has garnered
attention from researchers, designer and practitioners
worldwide.

https://doi.org/10.52202/080684-0003



Regarding the composites, the development of a general
circular business model is necessary, but also quality
protocols concerning end-of-waste strategies of each
individual mix of materials are needed. Ongoing research
and development efforts aim to enhance the efficiency and
precision of pultrusion, reducing energy consumption and
expanding the range of design possibilities. Innovations
may include new process to pursue the R-Strategy in
composite materials. Furthermore, the LCA analysis is
currently in progress to assess the environmental impacts
of specific pultruded profiles, with additional results to be
incorporated in future work. Other suggestions for future
work could include research into the long-term durability
and performance of pultruded profiles under diverse
environmental conditions, exploration of Thybrid
composite systems to unlock new opportunities for
optimizing performance and sustainability, and the
integration of smart technologies into pultrusion
processes, which could lead to improvements in
efficiency, precision, and product quality. In conclusion,
the transition to a circular economy for FRP materials
requires overcoming significant technological and
economic challenges, but there are viable strategies and
growing opportunities that can help mitigate these
barriers. Policymakers can play a crucial role in
facilitating a supportive regulatory environment by
offering incentives, subsidies, or tax breaks for projects
that incorporate innovative and environmentally friendly
materials like FRP profiles. As the construction industry
continues to evolve, embracing innovative materials
becomes imperative for achieving an harmonious balance
between environmental responsibility, economic
viability, and social progress.
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ABSTRACT

Background and aim. The paper aims to collect background information about the production of glued laminated timber
(GLT) in Norway and to suggest content for usage specific product documentation for GLT intended for reuse based on
laboratory work combined with practical experience from two case studies.

Methods and Data. Bond line quality in reclaimed GLT was assessed by testing the resistance of delamination. Adhesive
systems were tentatively identified using stained microscopy sections and FTIR spectroscopy.

Findings. The paper illustrates the consequences of the youngest industrial history from the wood working industry in
Norway for the reuse of glued laminated timber in load bearing applications. It shows difficulties with on-site evaluation
of building products and points out the conflict between desired comprehensive knowledge of properties of reclaimed
building elements and the need to keep destructive testing at a minimum.

Theoretical / Practical / Societal implications. The authors consider the findings of the paper practically relevant as
they show the complexity of evaluating the reuse potential of a relatively simple building product. At the same time, they
propose a solution for how this complexity can be overcome by suggesting test methods and deriving categories for usage
specific product documentation.

KEYWORDS: Glued laminated timber, delamination, adhesives, casein, documentation

1 INTRODUCTION map based holistic approach described by Yahmi et al.

] ) ] ) (2023), the current study breaks down the considerable
Glued-laminated timber (GLT) is a type of engineered list of material-related barriers for reuse into a clear list of
wood made by bonding together finger-jointed lamellae criteria tailored to the specific situation in Norway,

under pressure to form a large structural component. GLT
is widely used in building applications such as columns, 1.1 BACKGROUND
beams, and arches in mid to high-rise public, private and
commercial structures. Due to the high added value
compared to structural timber, sophisticated design, the
high adhesive costs and the amount of stored carbon, GLT
is considered highly relevant for reuse. However,
architects and planners will need product documentation
to include reused GLT in new structures. This paper
describes specific criteria and methods to investigate
reclaimed GLT with the aim of collecting information as
a basis for issuing usage specific product documentation.
A comprehensive outline of the history of adhesive
utilization in Norway is compiled as framework for the
investigations, which include state-of-the-art laboratory
methods and practical experience. Compared to the mind

GLT consists of strength-graded according to NS-
EN 14081, finger-jointed lamellae, typically made of
spruce in the Nordic countries, and can be produced in
various shapes and sizes. It can be adapted to all types of
load-bearing structures due to its variable cross-section
and good formability. The requirements to timber used in
the production of GLT, to adhesives and overall quality of
GLT are defined in NS-EN 14080.

From a production standpoint, it is easier to manufacture
GLT from spruce than from pine, which has a lower resin
content. Impregnated pine lamellae are used in structures
expected to be exposed to significant moisture variations.
These lamellae undergo a moisture increase during the

https://doi.org/10.52202/080684-0004 36



impregnation process, followed by drying, which can
affect the bonding quality. A distinction is made between
homogeneous GLT (where all lamellae have the same
strength class) and combined GLT (where the best-quality
lamellae are placed in the outer parts of the cross-section).
Combined GLT optimizes the yield from the timber
resource and is therefore the most common type. The
product standard NS-EN 14080 requires that the moisture
content of all lamellae in a GLT cross-section be within
6-15% at the time of production, with a maximum 5%
moisture variation between lamellae being bonded
together. This ensures optimal bonding conditions and
minimizes stresses that could lead to cracks. Some small
cracks are expected, but they rarely affect the load-bearing
capacity of GLT.

Reusing GLT can be expected to significantly contribute
to both environmental sustainability and societal well-
being by reducing the demand for virgin materials and
minimizing construction waste. While research
specifically focused on glulam reuse is not available yet,
more general studies on timber reuse list environmental
benefits—such as lower greenhouse gas emissions,
reduced energy consumption, and prolonged material life
cycles. For example, the deconstruction and reuse of
timber elements in buildings can result in nearly zero CO2
emissions, largely due to wood’s carbon sequestration
capabilities and optimized end-of-life strategies (Di
Ruocco et al., 2023).

1.2 ASSESSMENT OF GLT PRIOR TO
DISASSEMBLY OF CONSTRUCTION

1.2.1 Lamellae in GLT

Lamellae used in the production of GLT are usually
strength graded. It is not possible to assess the strength
class of the lamellae in a beam because only the sides of
all lamellae are visible. If there is uncertainty regarding
the strength classification of the lamellae, it is advisable
to grade conservatively and assume a lower quality than
what was standard at the time of production if the visual
impression implies this.

Cracks in lamellae due to drying or internal stresses are
not considered to affect the load-bearing capacity of the
GLT. However, mechanical damage of lamellae should be
considered as reducing the GLT's capacity and must be
deducted from the cross-section used as a basis for
evaluating its strength class.

1.2.2 Finger joints
A comprehensive inspection of finger joints is not
practically possible. However, the finger joints in the top
and bottom lamellae of the GLT can provide an indication
of the quality of the finger joints throughout the entire
GLT structure. General requirements to finger joints
according to NS-EN 14080 are:

e Finger joints must not contain knots with a

diameter greater than 6 mm or grain deviation
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e The distance between knots larger than 6 mm in
diameter and the finger joint must be at least
three times the knot diameter.

e  There should be no gaps between the fingers that
are not filled with adhesive.

1.2.3 Bond lines

The bond lines must be tight to ensure the proper transfer
of stress between the lamellae. Open bond lines indicate
ageing of the adhesive and/or high internal stresses in the
GLT. Open bond lines in newly produced GLT are
obvious production failures, and a GLT beam with open
bond lines would not pass the producers’ quality control.
Therefore, open bond lines disqualify reclaimed GLT for
the use in load-bearing constructions. Thus, they must be
repaired before the GLT can be used again.

1.2.4 Other criteria

For surface-treated GLT, the ability to inspect the material
before and after disassembly is reduced. Still, it is unlikely
that the surface treatment itself would prevent the reuse of
GLT. Lead paint is the only surface treatment hazardous
to health that has been used in Norway. However, it has
been banned in 1929 (Lovdata, 2025) — about 29 years
before the first production of GLT in Norway in 1958
(NLF, 2015). Therefore, this type of paint is considered
unlikely to be found on GLT potentially available for
reuse in Norway today.

If the GLT is made from impregnated wood, a chemical
analysis of the lamellae must be performed to determine
whether they were treated with a preservative containing
chromium or arsenic.

The emissions from cured adhesive, regardless of
adhesive type, are not harmful to health.

1.3 EVALUATION FOR RE-USE

GLT consists of lamellae made from finger-jointed
lumber. Wood is known to react to moisture through
dimensional changes. Such changes can create a dynamic
stress pattern in the GLT, where the extent of the stress
depends on indoor climate conditions and how they
fluctuate throughout the year. If the movements become
too large, joints, connections, and bond lines may be
affected over time.

Climatic stresses such as temperature, rain, wind, and
snow will influence the GLT and can reduce its capacity
over time. Additionally, design rules and snow load
requirements might have changed compared to those valid
when the original structure was designed. This must be
considered when assessing GLT for reuse. Thus, it should
be assumed that the product would need reinforcement to
fully utilize its span, even if it is in good condition.

For untreated GLT, fire resistance can be assumed to be
equivalent to untreated wood (D-s2, d0). If the GLT is
impregnated or surface-treated, the type of impregnation
and/or treatment must be identified to obtain information
on its fire resistance.

Cracks that weaken the GLT's capacity can be repaired
using approved adhesives. Currently, epoxy or
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polyurethane adhesives are commonly used for on-site
repair of timber structures. Requirements for these
adhesive types are specified in NS-EN 17418.

1.3.1 Original documentation

Original labelling facilitates the most efficient reuse since
the properties of the specific GLT are either included in
the label or can be relatively easily obtained by contacting
the manufacturer or institutions involved in the relevant
control scheme during the production period.

1.3.2 Assessment of load history

The load history of a structure is important to determine
the probability that the construction has been exposed to
loads exceeding its designed capacity. Potential
overloading, such as heavy snow loads, may weaken
joints or the GLT itself, which could reduce the residual
capacity compared to the originally designed capacity.
This assessment is the least reliable, as it is difficult to get
a complete picture of the structure's load exposure over
time.

1.3.3 Identification of the adhesive

The type of adhesive used in the production of a GLT
beam is crucial to determine whether the beam can be
reused in a load-bearing structure. This is because some
adhesives that were commonly used in Norway in the
early days of GLT production are no longer permitted for
use in modern GLT manufacturing.

If this information is not part of the labelling or available
from other sources, the color of the bond line becomes an
important criterion.

Dark brown/black glue lines indicate the use of phenol-
resorcinol (PF) or phenol-formaldehyde-resorcinol (PRF)
adhesives (Hunt et al. 2018), which are known for their
durable bond lines and thus high value for the reusability
of GLT. This type of adhesive is approved for the
production of load-bearing GLT according to current
standards.

Light-colored bond lines may indicate the use of casein
adhesive, which is protein-based and derived from milk.
Casein adhesive was the only adhesive system available
for GLT production in the Nordic region until World War
II. Since casein adhesive is not moisture-resistant, it was
only used in GLT constructions for indoor applications. It
is not approved for the production of load-bearing GLT
structures today.

Urea-formaldehyde (UF) adhesive also results in light-
colored bond lines and is covered by NS-EN 14080.
Currently, there is no UF adhesive approved for load-
bearing GLT structures, but UF adhesive was previously
commonly used in GLT for climate classes I and II.
Other adhesives that produce light-colored glue lines,
such as MF (melamine-formaldehyde), MUF (melamine-
urea-formaldehyde), polyurethane (PUR), and emulsion-
polymer isocyanate (EPI), are approved under NS-EN
14080 and can be assumed to have met the requirements
for adhesives approved for GLT at the time of production.
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1.3.4 Suggestions for characterizing reclaimed GLT
by testing

The testing requirements should depend on the available
documentation for the product. CE-certified GLT is
assumed applicable for load-bearing structures without
further testing if the load history assessment does not
indicate that the GLT's capacity was overutilized in
previous use.
For older GLT or GLT that is believed to have been
overutilized in a previous application, testing of the bond
lines should be mandatory.
Testing the capacity of finger joints requires the removal
of large sections from a beam, making it impractical.
Instead, a visual assessment of the visible finger joints as
outlined above should be decisive.
The capacity of the glue joints between lamellae,
however, can be tested with a relatively small sample
extraction. NS-EN 14080 specifies different testing
requirements depending on the service class in which the
GLT beam will be used:

e For service classes | and 2, the shear strength of

the glue joint under compression is required.

e For service class 3, the resistance to
delamination must be tested within the limits
defined by the standard.

A scaled test program consisting of shear strength testing
and assessing the resistance to delamination, depending
on intended future use of the GLT, is assumed to provide
necessary information for the classification of GLT for
reuse.

2 MATERIAL AND METHODS

Two sets of sections from glued-laminated timber (GLT)
beams, I and II, both recovered during the deconstruction
of public buildings in the vicinity of Oslo, were used in
this work. All samples were cut from full sized GLT
beams which had been transported to intermediate storage
locations in the Oslo region.

2.1 MATERIAL

The first set of sections (I) consisted of 19 GLT samples
(A-S) from beams presumably produced in 1967-1969
used in the roof of the old Aker hospital. The beams had
cross sections of GLT 450-650 mm x 120-200 mm
(hxw) consisting of 14, 21 or 18 lamellae with
corresponding 13, 20 or 17 light-coloured bond lines.

The second set of sections (II) consisted of four GLT
samples (A-D) from beams produced in 1963, used in the
roof of the old gymnasium "Rykkinnhallen". The beams
had a cross-section of 90x 633 mm (hxw), each
consisting of 19 lamellae and corresponding 18 dark-
coloured bond lines. The two upper lamellae in section A
had been damaged during the deconstruction of the
building, the corresponding bond lines were therefore
excluded from the investigations.



2.2 METHODS

2.2.1 Assessment of bond line quality

The bond line quality of the samples was investigated by
assessing the resistance to delamination of the bond lines
according to NS-EN 14080, method B. For this, a 75 mm
wide sample was taken from each section. The number
and total length of the bond lines per sample was recorded
before the samples were impregnated with water and
subsequently dried to approximately their original mass.
Immediately after reaching the final mass, the length of
the openings per bond line was recorded and the
delamination calculated as percentage of the total bond
line length.

2.2.2 Identification of adhesives

The identification of the light-coloured adhesive present
in set I was important to find out if the GLT was bonded
with UF or casein adhesive. MUF would have also
resulted in a light-coloured bond line but this adhesive
type was first used in the production of GLT in Norway
in the 1980's (Treteknisk, 1999) and is therefore not an
alternative for the beams of set I produced before 1970.
UF adhesives are covered by NS-EN 14080 and would
potentially allow the re-use of the GLT in load-bearing
application in service class 1 and 2 (NS-EN 1995-1-1),
casein has never been covered by EN 14080 and would
exclude the GLT for any load-bearing application. FTIR-
spectroscopy was applied to identify the adhesive type
used.

Samples from the hardened adhesives from set I and 11, a
UF- and a PRF reference were ground with mortar and
pestle. The samples were analyzed with a FTIR
spectrometer (Cary 630 FTIR spectrometer (Agilent
Technologies, Inc., USA)) with a diamond ATR (Agilent
Technologies, Inc., USA). The results were analysed with
the software MicrolabExpert (Agilent Technologies, Inc.,
USA). An ATR correction was conducted prior to a 2-
point base line correction for all spectra.

FTIR is a widely available technology frequently applied
for the identification and investigation of wood adhesives
and their curing reactions. However, the results of the
FTIR-analysis did not allow a clear identification of the
adhesive sample from the light bond line as either UF or
casein. Therefore, ninhydrin was applied to indicate
amino acid components (Lennart, 2005) present in casein
adhesives but absent in UF-adhesives. A 70 pm thick
section of a light-coloured bond line from section set [ was
prepared on a sliding microtome, stained with an aqueous
solution of ninhydrin and dried at room climate for 16
hours. Light microscopy at 10x magnification was
conducted on an Olympus BX60 (Olympus Europa SE &
Co. KG, Germany).

Given the background information in this study, ninhydrin
staining would have been sufficient to distinguish
between the two relevant types of adhesive.
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3 RESULTS

3.1 BOND LINE QUALITY

The bond line quality of set I (average delamination of
14.8 %) was significantly lower than the bond line quality
of set II (average delamination of 3.1 %) (Table 1).

For set I, only samples J, R and S fulfilled the
delamination requirement of maximum 4 % delamination
after one test cycle, and maximum of 8 % delamination
after two test cycles given in NS-EN 14080. The
resistance to delamination for all samples from set II was
better than the requirement of maximum 4 %
delamination after one test cycle given in NS-EN 14080.

Table 1: Results from testing the bond lines' resistance to
delamination

Number Total
Set Sample of bond -
. delamination
lines

[mm]  [%]

A 13 793 24.4

B 13 234 7.2

C 13 421 13.0

D 13 356 11.0

E 13 229 7.0

F 13 277 8.5

G 13 281 8.6

H 13 528 16.2

1 13 503 15.5

I J 13 106 33
K 20 496 16.5
L 20 1101 36.7

M 20 714 23.8
N 20 882 29.4

O 20 263 8.8

P 20 722 24.1
Q 20 582 19.4

R 17 267 3.9

S* 17 445 6.5

A 16 50 3.0

I B 18 63 39
C 18 38 2.3

D 18 51 3.1

3.2 IDENTIFICATION OF ADHESIVE
3.2.1 FTIR spectroscopy

The FTIR-spectra for the light-coloured adhesive from
set] and a reference UF-sample are shown in Figure 1.
The black line for the spectra of setl shows the
characteristic vibrational bands and 2920 and 2850 cm"!
linked to the higher concentrations of CH,-groups in
amino acids (Pti¢ek and Siroci¢, 2017). As expected the
vibration peak of carbonyl groups was found between
1300 and 1100 cm™ and at 1652 cm™' (Pti¢ek and Siro¢ié,
2017). Typical casein peaks, according to Pticek and
Siro¢i¢ (2017), that were absent in our spectra are those
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linked to amide stretching at 1585 cm™ and the ones
resulting from carbonyl groups (C=0) in the range of
1725-1750 cm™,

The spectra of the UF-adhesive show the band of N-H
stretching of secondary amines around 3300 to 3350 cm”
I. The stretching of carbonyl groups (C=0) and C-N-
stretching of secondary amines are represented by the
peaks at 1632 and 1550 cm’!, respectively (Liu, 2017).
The band at 1380 to 1330 cm™' is assigned to -CH,OH
groups in UF resins, the peak at 1130 cm! illustrates the
C-O aliphatic ether (Singh et al., 2014).

The spectrum of the adhesive from set I suggests that the
adhesive is based on casein rather than UF. To invalidate
the uncertainties linked to the described absences of some
typical casein peaks, the bond line will be investigated
using a staining solution and light microscopy.
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Figure 1: FTIR-spectra of adhesive sample from set I (assumed
casein) and of reference UF-sample.

The dark-coloured bond lines in the samples from set II
indicate a phenolic adhesive. The FTIR-spectra from the
adhesive found in the bond line from set II (black line)
and the spectra of the PRF-reference are shown in
Figure 2. Both profiles show peaks at the characteristic
bandwidths of 1595 cm™ and 1500 ¢cm™ which are
assigned to the C=C aromatic rings that are embodied
into the cured adhesive (Ozparpucu et al., 2022). The
peaks in the spectral range between 1500 to 1310 cm’!
are related to the methylene and methyl groups of the
adhesive (Alpert et al., 2012) which are a part of the
methylene bridges between phenol-resorcinols
(Poljansek and Krajnc,2005). The peak at 1085 cm™! has
been described by Poljansek and Krajnc (2005) and
Bobrowski and Grabowska (2015) as linked to the ether
bridges between methylol groups developed during
condensation reactions. Thus, the adhesive used in set 11
is identified as PRF.
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Figure 2: FTIR-spectra of adhesive sample from set 11
(assumed PRF) and of reference PRF-sample.

3.2.2 Light microscopy

The light-coloured bond-lines in the samples from set I
indicate a casein or UF type adhesives. The color reaction
of the bond line stained with ninhydrin (Figure 3) proved
the presence of proteins, confirming the use of a protein-
based adhesive, in this case casein, and excludes an UF
adhesive which does not contain proteins.

Figure 3: Microscopy images (10x magnification) of a light-
coloured bond line in a sample from set I before (left) and after
staining with ninhydrin (right). Scale bar 200 pum.

Taking into consideration the widespread application of
casein adhesives in the GLT during the relevant period
(Treteknisk, 1999), we assume that the GLT beams in
set [ are bonded with a casein adhesive.

3.3 DISCUSSION

The investigations of samples from set [ showed low
resistance to delamination for the samples from set I and
proved that the GLT was bonded with a casein adhesive.
Samples from set II showed high resistance to
delamination, the relevant adhesive was identified as
PRF.

Casein adhesives are also known to fail in the presence
of water. Thus, the high delamination values for set I can
most likely be explained by the use of a casein adhesive.
PRF adhesives on the contrary are known for their
excellent water resistance. Thus, the low delamination
values for the samples from set II is characteristic for
this type of adhesive.




Besides the diverging moisture resistance of the two
adhesive types, intense tensions in one of the sample sets
due to pronounced changes in moisture content during the
service life or weakening of the timber close to the bond
line by wood destroying organisms could explain the
difference in resistance to delamination (Yahmi et
al., 2023). The former would manifest itself in widespread
cracking in the lamellae which would have been detected
during preparation of the samples. The latter requires
wetting of the GLT over elongated periods of time,
accompanied by obvious discoloration of the lamellae and
macroscopic alterations in the wood structure. Also these
signs of damage would have been visible during sample
preparation.

Another reason could be ageing of the bond lines. Still,
both adhesive types have shown high reliability in
application and long-term investigations (Deppe and
Schmidt, 1994, Raknes, 1997).

Therefore, the differences in resistance to delamination
between set and II can be explained by the inherent
difference in moisture resistance of casein and PRF
adhesives.

3.4 SUGGESTIONS FOR A USAGE SPECIFIC
PRODUCT DOCUMENTATION FOR
RECLAIMED GLT

The reuse of GLT beams in load bearing applications
requires the structural integrity of the beams, reliable
bonding and sufficient capacity to carry the loads in the
future applications.

A usage specific product documentation should show
relevant national building codes and product standards
applicable to the actual material, e.g. NS-EN 14080 for
GLT beams. Furthermore, essential conditions and
properties for the intended use should be listed (service
class, cross-section, strength class and outer appearance).

The fulfillment of these usage-specific requirements
should be documented by the seller, based on test reports
from experts.
In this context it is important that destructive testing
should be reduced to a minimum, of course within the
limits of responsibility.
As mechanical testing will lead to the destruction of
entire beams, the focus of an assessment should be on
e visual evaluation of the general condition of the
beam and the quality of the lamellae and finger
joints.
e conservative reduction of load bearing capacity
in case of mechanical damage.
e scaled extend of service class specific testing of
bond lines according to standard tests defined in
NS-EN 14080.
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Since the beams of sets I and II were produced before
the product standard for GLT, NS-EN 14080 was in
place, all three requirements need to be fulfilled. The
investigations in the current paper address the aspect of
reliable bonding only. The bonding of beams of set I is
found not to fulfil today’s requirements, the bond lines
of samples from beams of set II, however, yielded
sufficient resistance against delamination to allow the
reuse of the GLT in load bearing applications in all
service classes.

4 CONCLUSIONS

This paper compiles background information relevant for
the assessment of reclaimed glued laminated timber
(GLT) for reuse. It gives an overview over adhesive
systems applied in the production of GLT in Norway,
gives examples for the analysis of bond line quality and
identification of relevant adhesive systems based on two
national  case  studies and  concludes  with
recommendations for a usage specific product
documentation for the reuse of GLT.
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ABSTRACT

Background and aim. The four-year project SirkTRE aims to advance circularity in the timber industry, achieving key
milestones in standardization, reuse, and market expansion through cooperation, innovation and targeted research.
Historically, circular timber construction was common, and modern efforts, like Norway's SirkTRE, work towards
reintroducing wood reuse and recycling. SirkTRE is targeting an 8% reduction in CO, emissions aligned with Norway’s
commitments under the Paris Climate Agreement by repurposing 50% of Norway’s annual 800,000 tons of counted wood
waste by 2030.

Methods and sata. Regulatory frameworks, including the Waste Framework Directive, Construction Products
Regulation, and EU Taxonomy, drive towards circularity. Norwegian building regulations (TEK17) also promote climate
accounting and reuse mapping. Overcoming market and logistical barriers is crucial. Coordinated efforts across regions,
regulations, and industry standards will determine the success of circular timber construction. A new Norwegian standard
(NS 3691) facilitates quality assurance for reclaimed wood. In contrast, practical projects—such as circular prefabricated
housing, SirkBO, post-consumer wood from demolition and barns, and modular timber skeleton buildings—demonstrate
scalable reuse models.

Findings. Studies confirm consumer readiness for recycled wood and highlight significant climate benefits from reuse
over incineration. Research on digital product passports (DPPs) emphasizes their role in material tracking and lifecycle
management.

Theoretical / Practical / Societal implications. SirkTRE has shown the viability of large-scale timber reuse, yet
regulatory, logistical, and technological barriers remain. Future efforts must focus on policy adaptation, industry
incentives, and scaling innovative reuse solutions.

KEYWORDS: circular economy, design for disassembly, innovation, post-consumer wood, regulations.

1 INTRODUCTION reused, i.e. log buildings. Thus, the non-circular, linear
use of building materials has been in the period from
1.1 BACKGROUND industrialization up until our times. Our resources are
limited, and our society of increased waste production

Timber is an important contributor to the strategy of
decarbonization in the EU. The building sector has major
challenges, i.e. climate adaptation of buildings, vast
maintenance needs, limited resources, and increasing
costs. On the other hand, the building sector has major
possibilities and potential in achieving climate, nature,
and resource goals in our transition to a more circular
economy.

Timber buildings, fit for reuse, were common a century
ago in the Nordics; the components could most often be

must end.

In Norway, around 12 million m? of certified timber is
harvested yearly (SSB 1, 2024). If our society is to
succeed in reducing its greenhouse gas emissions, it is
expected that the need for bioresources will be
significantly greater. Recycled wood can be a crucial
input factor through new reuse and material recycling
solutions.

The Norwegian Green platform project SirkTRE aims to
enhance longevity and reuse in timber construction.
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SirkTRE targeting an 8% reduction in Norwegian CO>
emissions aligned with Norway’s commitments under the
Paris Climate Agreement (United Nations, 2015). Figure
1 shows Norway’s annually collected wood waste,
averaging 800.000 tons. Launched in 2021, SirkTRE
seeks to repurpose half the wood waste into building
products by 2030.
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Figure 1 Collected wood waste in Norway from 2012 to 2023
(SSB B, 2024)

1.2 DESCRIPTION OF METHODS

The ambition is to prevent 1 million tons of CO: emissions
by avoiding incineration of wood waste, while
simultaneously sequestering nearly the same amount of in
buildings through the reuse and recycling into wooden
components.

SirkTRE includes a larger research project, CircWOOD,
and five business-driven projects: INN — an innovation
center, HELTRE — reuse of solid wood-based solutions,
RESSURS - reduced resource use, REAL - realization of
circular wood projects and TEK - new technology & new
digital production.

SirkTRE ends in June 2025, and the research project
CircWOOD ends in June 2026. The funding bodies are
the Research Council of Norway, Innovation Norway, and
the Industrial Development Corporation of Norway
(SIVA), together with 23 business partners that contribute
with in-kind hours or cash.

The research project CircWOOD is investigating aspects
of wood use in the Norwegian economy, with particular
emphasis on the reuse of wood in construction projects,
and recycled wood as raw material in today's wood
industry. Research results, especially related to resource
access and material flows, are linked to the facilitation of
the circular flow of goods, handling, environmental
impact, design, and production of wood in, and towards,
relevant markets in Norway and abroad. The project
analyses the sustainability and environmental footprint of
the wood-value chain based on strategies and new
technologies that contribute to circularity. Furthermore,
CircWOOD identifies and investigates ways in which
processes can be simplified by using methods for digital
collection, analysis, and sharing of data and at the same
time addresses the underlying political frameworks and
the economic impact cascading of wood. Scientific
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competence building is one of the main outcomes of the
completion of 4 PhD candidates covering material flow
and quality of wood resources, policy and governance,
socio-economic impacts, and digital tracking and tracing
of wood.

1.3 WHY IS THE USE OF WOOD NOT
CIRCULAR?

Despite wood’s potential as a renewable and sustainable
material, its value chains remain among the largest
sources of bioenergy incineration (Ellen MacArthur
Foundation, 2021). The principles of circularity—
extending lifespan, enabling cascade use, and facilitating
reuse—have not yet been fully integrated into the wood
sector. Several barriers that hinder the transition to
circular wood use are collected in SirkTRE:

e Logistical challenges: The distribution and
storage of reclaimed building materials pose
significant  logistical  difficulties, require
efficient collection systems and storage solutions
to prevent material degradation (European
Commission, 2020).

e  Underdeveloped market: The market for reused
building materials remains immature, with
limited demand, supply-chain inefficiencies, and

a lack of established business models
(Gorgolewski, 2017).
e Technological and processing limitations:

Current technology and handling systems for
returning, sorting, and reprocessing used
materials into high-quality, reusable building
components are insufficient or underdeveloped
(Ellen MacArthur Foundation, 2021).

e Quality assurance and regulatory concerns:
There is uncertainty regarding the quality and
structural integrity of reused materials, requiring
extensive documentation and testing to meet
building regulations and standards
(Anastasiades, 2021).

e Design-phase constraints: The potential for reuse
is often determined early in a product’s life
cycle, particularly through material selection and

construction techniques that may hinder
disassembly and repurposing (European
Commission, 2020). Delayed time of

involvement and thus, not time to influence and
plan circular built, neither design, nor use of
reclaimed materials (Deloitte, 2022).

e Economic barriers: Virgin raw materials are
often more cost-competitive than secondary
materials, reducing financial incentives for reuse
and making circular alternatives less attractive in
the market (OECD, 2024).

e Traditional LCA does not always fully account
for circular construction, multiple use, or
increased robustness for prolonged lifetime, but
extended LCA methodologies and circular



economy-integrated LCA approaches can
include these aspects (van Stijn, 2021).

These barriers underscore the need for systemic changes
in policy, technology, and market structures — challenges
that SirkTRE addresses.

14 AIM

As SirkTRE wraps up, the transition to a circular use of
wood is complex, however, the relatively low-hanging
fruit of the reuse of waste wood is analyzed and more
clearly defined.

This paper sums up the upcoming legislation, technology,
and needs to ensure that waste wood becomes a valuable
source for the timber industry in the future. Furthermore,
it also gives insight into innovations and new solutions
that have been produced within SirkTRE together with
some of the scientific findings that can have a direct
impact on the transition to a more circular use of wood.

2 EMERGING FRAMEWORK

Adapting to a more circular approach requires targeted
developments and concerted efforts to overcome the
barriers outlined in Chapter 1.3. Regulatory frameworks
play a crucial role in facilitating this transition.

First, the Paris Agreement (United Nations, 2015)
establishes the overarching global ambitions for
sustainable development, aiming to ensure that human
activities remain within planetary boundaries.

Second, the European building sector is subject to
evolving EU regulations designed to promote circularity.
Through the European Economic Area (EEA) Agreement,
these regulations also apply to Norway, requiring national
adaptation to align with European sustainability goals.
Third, each EEA member state integrates EU regulations
into its national legal and policy frameworks. In Norway,
regulatory developments increasingly reflect principles of
the circular economy, including within the building
sector.

Beyond regulatory adaptation, the establishment and
implementation of standardized guidelines are essential.
Industry standards must be developed to provide clear
directives, ensuring that the construction sector
effectively interprets and complies with new regulatory
frameworks, thereby achieving the intended sustainability
objectives.

2.1 EU REGULATIONS

Since the EU’s launch of the Green Deal in 2019, massive
developments in EU regulations have been notified and
implemented. The reasoning behind the Green Deal is
growth and competition, self-sufficiency, and climate and
environment (European Green Deal, 2020).

Below is an excerpt of already ratified regulations
relevant to improving the circular activities concerning
the transformation of waste wood into a source for the
timber industry.
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New regulations on the circular economy are notified. An
Action Plan for Circular Construction and a Circular
Economy Act are upcoming (CEAP, 2020).

2.1.1 Waste Framework Directive

This Waste Framework Directive (WFD, 2019)
establishes a waste hierarchy where reuse and recycling
are given priority over recovery and disposal. EU
countries are obliged to facilitate the separate collection,
sorting, and material recovery of waste, including wood.

The EU Waste Framework Directive set a 70% material
recovery target for construction and demolition waste by
2020. As of 2023, Norway had achieved 46% material
recovery, falling short of this goal (SSB B, 2024).

2.1.2 Construction Products Regulation

The Construction Products Regulations (CPR) set
requirements for construction materials, including reused
and recycled wood materials (CPR, 2024). This revised
version of the CPR strengthens the requirements for
circular economy, digital tracking, and market watch and
includes more products and a wider scope compared to the
former CPR (CPR, 2011).

2.1.3 EU Taxonomy and Sustainable Finance

EU Taxonomy and Sustainable Finance supports the
transition to a circular economy, including design for
disassembly and reuse of wood materials (EU Taxonomy,
2020). The reuse of wood in construction qualifies as a
sustainable investment.

2.1.4 Energy Performance of Buildings Directive
and the revised Energy Efficiency Directive
The EU aims for all new buildings to be zero-emission by
2030 and for all existing homes to achieve zero-emission
status by 2050 (EPBD, 2024). These energy directives
mandate the calculation of life cycle carbon emissions for
buildings. Incorporating reused and recycled wood
materials can significantly reduce a building’s carbon
footprint, offering a competitive advantage to developers.

2.1.5 Deforestation-free products regulation

The EU Timber Regulation (EUDR, 2023) applies to
imports of wood and wood products, requiring proof that
they have not contributed to deforestation. This regulation
may incentivize the increased use of recycled and reused
wood as an alternative to virgin timber, thereby reducing
compliance challenges.

2.1.6 The Ecodesign for Sustainable Products
Regulation

The EU has established a framework to enhance the

sustainability of products on the European market (ESPR,

2024). The ESPR outlines requirements for the durability,

reparability, and reuse of wood materials in sectors such

as furniture, construction, and others.

2.1.7 Carbon Capture and Storage

The Carbon Removal Certification Framework (CRCF,
2024) sets rules for carbon sequestration in buildings and
the reuse of wood. It has been established to certify carbon
sequestration, including bio-based carbon sequestration in
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construction. Reusing wood in buildings can contribute to
long-term carbon sequestration, qualifying for carbon
credits. As such, the CRCF aims to create incentives for
the conservation and reuse of wood, encouraging
alternatives to incineration or landfilling.

2.2 NORWEGIAN REGULATIONS VALID AND
EMERGING

Norwegian building regulations (TEK17, 2023), latest
adaptations, valid from July 1%, 2023, are towards
improving the built environment's climate footprint, and
circular construction. These changes include:

1. Climate accounts for materials in building
projects

2. Reuse mapping of buildings prior to demounting

3. Construction work shall be designed and
prepared for later dismantling when this can be
carried out within a practical and economically
justifiable framework.

For these regulations to have an impact, all these changes
need supplementary legal requirements and standards:

1. Boundary lines are allowed for climate gas
emissions.

2. Mapped used materials, fit for reuse, should be
made available in an open information flow. The
digital passport development of CPR provides
the basis for this development.

3. Design for disassembly must become regulatory.
Thus, further standardization in this field is
required to define the future design of the
different materials and building categories.

2.3 CIRCULAR CONSTRUCTION CEN/TC
350/SC 1

The CEN/TC 350/SC 1 refers to the standardization
committee under the European Committee for
Standardization (CEN), specifically focused on
sustainability in construction, with a subcommittee
dedicated to circular construction practices.

The standardization committee will specify circular
principles, guidelines, and requirements to support more
sustainable practices. The entire life cycle of construction
works is covered, from design and construction to
dismantling and end-of-life, including both new and
existing buildings and structures.

2.4 IMPACT ON THE CIRCULAR BUILDING
SECTOR

The construction sector is increasingly incentivized to
incorporate reused wood, driven by evolving regulations
and market dynamics. The European Union (EU) has
implemented several measures to promote the use of
recycled and reused materials, including wood, in
construction projects.

EU Regulations and Incentives:
e Cascading Use of Biomass:
Renewable Energy Directive
effective from November 2023,

The revised
(RED 1II),
introduces
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principles and rules for Member States to
prioritize the use of woody biomass in material
applications before burning wood for energy.
This approach encourages the use of wood in
construction and other material applications,
potentially reducing the availability of wood for
energy purposes and thereby increasing its value
in the construction sector (ECOS, 2024).

National Initiatives:

e  Germany: The Investment and Support Bank of
Hamburg (IFBHH) offers financial support for
the use of wood in construction. For residential
buildings, the bank provides 30 cents EUR per
kg of wood, amounting to approximately 5,000-
6,000 EUR for a 140m? apartment. This initiative
serves as a strong incentive for builders to
incorporate  wood into  their  projects.

(Interregeurope, 2021).

Implications for Norway:

While specific national incentives in Norway are not
detailed in the provided sources, the EU's overarching
policies and frameworks are likely to influence
Norwegian construction practices. The emphasis on
carbon storage in buildings and the promotion of reused
materials, including wood, aligns with Norway's
sustainability goals. As EU regulations often set
precedents, similar incentives and requirements may be
adopted or adapted within Norway's regulatory
framework, encouraging the use of reused wood in
construction projects.

In summary, both EU-level regulations and national
initiatives are creating a conducive environment for the
increased use of reused wood in the construction sector.
These developments are expected to play a significant role
in promoting sustainable building practices in Norway
and across the EU.

3 RESULTS FROM SIRKTRE

The SirkTRE project aimed to make the timber industry
more circular over four years. Though its scope was broad
and several key actions have advanced the circular timber
sector, including: the development of standards for
evaluating reclaimed wood, reducing the carbon footprint
of reuse, and potentially expanding the timber industry's
market share through larger sourcing volumes. The
different initiatives test the way of the transition to a fully
circular, green shift in the timber and construction
industries. Some examples from the SirkTRE are
highlighted.

3.1 STANDARDIZATION - REUSE OF WOOD

As part of SirkTRE, the new Norwegian Standard series
for recycled wood aims to simplify the evaluation and
quality assurance of used wood and wood-based materials
for reuse in new construction products. NS 3691,
'Evaluation of Reclaimed Wood,' (NS 3691, 2025) defines
reclaimed wood as material sourced from dismantled



structures, packaging, or offcuts, including surplus
materials from construction activities. It does not include
surplus materials or by-products from sawmills or forestry
operations. A standard method for evaluating reclaimed
wood can streamline quality assurance and potentially
reduce the costs of reused wood.
The standard series consists of three parts:
e NS 3691-1 Evaluation of reclaimed wood — Part
1: Terminology and general rules
e NS 3691-2 Evaluation of reclaimed wood — Part
2: Impurity
e NS 3691-3 Evaluation of reclaimed wood — Part
3: Visual strength sorting
The goal is to support the transition to a more circular
wood products industry and reduce valuable waste. In
addition to the three existing standards, two more are
being developed: one for composite timber components,
such as nail-plate frames or glulam, and another for the
competencies required to evaluate reclaimed wood.
The Norwegian mirror committee is active in the CEN and
ISO development of circular standards.

3.2 NEW SOLUTIONS

The SirtkTRE project is driving innovation to make the
timber industry more circular, focusing on sustainability
and waste reduction. Through various initiatives and
activities, SitkTRE is developing new technologies,
products and practices, as well as building necessary
scientific knowledge, to support the reuse and recycling
of wood materials. Each project and activity within
SirkTRE has its unique focus and ambition, and short
films highlighting their work are available to explore. For
more details, visit www.sirktre.no. Below are some
selected outcomes presented.

3.2.1 Circular prefabricated house

SirkTRE partner Haugen/Zohar Architects has developed
a circular housing series, offering innovative solutions for
sustainable housing. The SirkBO concept, see Figure 2,
focuses on designing recyclable and reusable components
to enter new cycles, reducing environmental impacts. The
use of modular and standardized elements simplifies
construction and shortens assembly time significantly.
(*retracted for peer-review*).
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Figure 2. Circular building components of the prefabricated
house. Credits: Haugen/Zohar Arkitekter.

3.2.2 Cattle barn built in post-consumer wood

The first SirkTRE case project, a barn in Noresund,
Norway, was the first and largest modern agricultural
building built in solid wood with a large proportion of
recycled wood, see Figure 3. The recycled wood is
exposed in the walls on the inside of the barn. The
screwed solid timber wall elements consist of 75%
recycled wood of 48x98 mm, edge-set, and screwed
together in vertical lengths. The initial desire was 100%
recycled wood, but to ensure structural safety, every
fourth lamella is continuous and made of virgin wood.

Figure 3. Barn raised with 75% reused lamellas in screwed
solid timber wall elements. Photo: Authors

3.2.3 Sirkulzr Ressurssentral — Circular Resource
Hub

Located in a 4,500 m? tent at @kern, Oslo, Sirkuler
Ressurssentral has created one of Europe's largest
recycling hubs. As part of SirkTRE, Sirkulaer
Ressurssentral processes reclaimed wood from building
projects, reintegrating it as a raw material in the wood
industry or into new building projects. Reuse requires
value creation in an upcoming market. Regions like Oslo
show prosperous solutions for such initiatives.

3.2.4 Flexible building in timber

Rammeverk is a new, modular building model, shown in
Figure 4, of an apartment building, a so-called "open
building", which allows for resident participation in the
planning and gives both the developer and residents great
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flexibility throughout the life of the building. This timber
frame house is an apartment building that can be ordered
flat-packed from a glulam factory.

Figure 4. Frame house for flexible housing. Photo rendering:
Fragment

3.2.5 Aanesland Treindustri — production facility in
timber

Aanesland Treindustri's new steel-free production
building in Lillesand is 1,900 m? and was completed in
2022 (Figure 5). The facility was designed by the timber
architects at Helen and Hard, Stavanger, Norway. The
load-bearing systems for the building were supplied by
Aaneslands glulam-production, Serlaminering, and self-
produced oak dowels. Thus, the use of steel was reduced
to a minimum. In the SitkTRE -project of Aanesland has
been to further develop moment-stiff timber frame
connections with oak or beech dowel connections. The
use of this technology is available for design in the
software for timber engineering TimberTech (2024).
https://en.timbertech.eu/.
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Figure 5. Timber frame from Aanesland Treindustri production
facility during assembly, before installing oak dowels, built in
2022. Photo: Aanesland Treindustri.

3.2.6 Circular interior wall system

Today, interior office sectioning walls are often changed
every seventh year in Oslo, Norway. Thus, a reusable
interior wall system using timber, suitable for use in both
rehabilitation and new building projects, is developed by
the architect's office Grape. This wall system offers the
flexibility to be disassembled, moved within the same
building, or reused in other contexts. The design aims to
achieve strict sound insulation, targeting a reduction of
approximately 48-49 dB. A wall with an open lock system
is shown in Figure 6.

Figure 6. Circular wall system with reused wood. Photo
rendering: Grape Architects

3.2.7 Reblikk
Reblakk is a patented building block system based on
CLT off-cuts (Figure 7). With the increasing CLT



production capacity, the cut-off lacks refined use.
Rebldkk is optimized for mass production, where a
compact production can be attached to an existing CLT
production. The development of Rebldkk is currently a
scale-up, defining its potential for re-use and in a circular
business strategy. Reblakk fulfils the Safe and Sustainable
by Design framework (SSbD) (European Commission,
2022)

Figure 7. Mounting Rebldkk. Photo: Authors

3.3 CONSUMER ATTITUDE

The construction sector has a significant environmental
impact, which can be reduced by increasing the use of
recycled materials. This has been the backdrop for a study
that explored Norwegian consumers’ willingness to use
recycled wood in houses and cabins, applying the
Diffusion of Innovations theory (Khatri et al, 2025).
Surveys of 913 homeowners revealed strong consumer
readiness, with Relative Advantage and Compatibility as
key adoption drivers. Perceived Risk had minimal impact,
while Green Values influenced adoption indirectly. These
insights can help businesses design appealing recycled
products and inform policies that promote circular
practices in construction.

3.4 CLIMATIC IMPACT

Reusing waste wood can be a better climate solution than
incinerating it for energy recovery, and Hansen et al.
(2023) showed that a scenario involving reusing waste
wood without processing and distributing it through a
reuse center near new construction activities had the
highest avoided greenhouse gas emissions. Another reuse
scenario, where waste wood is sorted at waste facilities
and requires cutting and additional machinery, also results
in significantly greater avoided emissions than the
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reference scenario. A sensitivity analysis, based on reuse
through a dedicated station, indicated that increasing the
reuse rate from 20% to 80% could lead to approximately
50% higher avoided emissions.

3.5 DIGITAL PRODUCT PASSPORTS

Lyse (2024) explored the role of digital product passports
(DPPs) in promoting the reuse, recycling, and recovery of
building materials, thereby reducing the need for new raw
material extraction. DPPs can help consumers and
manufacturers make sustainable choices by providing
essential product information and minimizing waste. The
study focuses on how DPPs can effectively track and
manage building materials at the end of their life cycle to
support a circular economy in the construction industry.
The research identified a lack of existing studies on how
DPPs should be structured, what information they should
contain, and how they should be validated. A literature
review and a survey of 51 respondents from different
sectors (reuse, recycling, repurposing, research, and
education) were conducted to fill this gap. Findings
highlight five key information categories for DPPs: 1)
Product information, 2) Manufacturer details, 3)
Installation and assembly data, 4) Maintenance
guidelines, and 5) End-of-life information. Additionally,
Lyse (2024) proposed a framework for DPPs, outlining
necessary validation procedures. Several information
models were developed to support the implementation of
DPPs in the construction sector. This research provides
insights into how digital tracking systems can improve
resource efficiency and circularity in the industry. XX had
from the start ambitions to show the practical effect of the
reuse of large volumes of timber. Lack of investment due
to weak construction activity has, however, led to low
demand.

4 CONCLUDING REMARKS

The circular timber building sector is within reach. The
results show a multitude of examples of how circularity
can develop. SirkTRE recommends further development
of standardization on all levels, from products and
materials to material sourcing and building operations.
The analysis indicates substantial potential for carbon
savings through SirkTRE initiatives. Initial calculations
supporting the 8% reduction target are currently critically
reviewed and compared with updated data from ongoing
activities, suggesting a promising trajectory toward
achieving these climate goals and emphasizing the
effectiveness of circular strategies in timber construction.
The results enhance theoretical frameworks on circular
economies while providing practical insights for
policymakers and industry stakeholders. It underscores
the importance of innovative resource management in
mitigating climate change, fostering sustainable practices
in the construction sector, and promoting a circular
economy in Norway and beyond.
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4.1 INCREASING INTEREST

SirkTRE has drawn inspiration from previous projects
and has also served as a catalyst and initiator for numerous
consortiums, leading to funded projects. A selection is
listed below.

4.1.1 Basajaun, Horizon 2020, 2020-24

Basajaun focused on demonstrating how sustainable
wood construction can contribute to a circular
bioeconomy. It developed innovative wooden building
systems using locally sourced materials, optimizing the
entire value chain from forest management to
construction. The project showcased two full-scale
demonstrators in France and Spain, proving the feasibility
of high-performance, low-carbon timber buildings. By
integrating digital tools and sustainable practices,
Basajaun aimed to enhance resource efficiency and
promote the use of wood in European construction.

4.1.2 InnoTLT, Bioeconomy in the North, 2023-2026
InnoTLT aims to advance cross-laminated timber (CLT)
into Tailored Laminated Timber (TLT). The project
focuses on developing innovative TLT panels for walls
and floors, enhancing structural performance, stiffness,
and load-bearing capacity. InnoTLT seeks to
revolutionize the timber industry by promoting a circular
economy and sustainable construction practices.

4.1.3 DRASTIC, Horizon Europe, 2023-2027
DRASTIC aims to reduce whole life cycle GHG
emissions in new construction and deep-energy retrofits
by demonstrating affordable, innovative circular solutions
across five geographical zones and multiple building
layers. The project will develop and apply a multi-cyclic
performance assessment framework, integrating multi-
cycle LCA, multi-cycle LCC, circularity, and sufficiency
for construction and building-related products. It will also
demonstrate the feasibility of promising, cost-effective
technologies, processes, and business models to
accelerate market adoption. This will contribute to more
sustainable buildings with lower life-cycle carbon
emissions, enhanced performance, and reduced costs.

4.1.4 Woodcircles, Horizon Europe, 2023-2027
Transforming sustainability in the construction industry,
Woodcircles pioneers’ circular solutions for sustainable
wood construction. By reducing Europe's reliance on non-
renewable resources, the initiative lowers greenhouse gas
emissions and minimizes waste. Key innovations include
the eco-friendly and efficient construction of an 'urban
sawmill' and the use of digital twins. Through integrated,
circular, and digitally supported solutions, Woodcircles
advances waste reduction and carbon capture in buildings,
ushering in a new era of eco-conscious construction that
benefits both the environment and the economy.

4.1.5 CIRCULess, Horizon Europe, 2024-2027

CIRCULess aims for a circular solution for construction
and manufacturing waste. The process industry needs to
embrace a circular economy and restorative feedback
loops to optimize resource use and reduce supply costs.
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The construction sector is expected to benefit
significantly from these models. However, reclaimed
materials must meet the same standards as new materials.
The goal is to promote circularity in the construction and
manufacturing industries by reducing construction,
demolition, and manufacturing waste, focusing on
mineral and timber-based material streams. The project
will develop new circular products and processing
techniques to improve the quality and performance of
secondary materials.

4.1.6 RAW project, EIC Pathfinder, 2024-2027

The full name of the project is ‘Computation For A New
Age Of Resource Aware Architecture: Waste-Sourced
And Fast-Growing Bio-Based Materials’. The project
aims for a paradigm-shifting new digital infrastructure
that combines non-destructive material sensing
technologies with adaptive design and fabrication. This
will allow the building industry for the first time to assess
and use natural materials in the variability with which they
are grown or have been reclaimed, minimizing the current
energy consumption and wasteful practices of material
homogenization. With a focus on reclaimed timber,
biopolymers from agricultural waste, and composites
from fast-growing hemp fibers the project will help to
reduce CO; emissions, support the circular economy, and
create new aesthetic possibilities for architecture.

4.1.7 WoodStock, Horizon Europe, 2024-2028

The WoodStock project aims to promote climate-smart,
circular, and zero-waste utilization of underutilized wood
from forests and existing buildings in the construction
sector, supporting the New European Bauhaus initiative.
The project focuses on quantifying and mapping wood
resources, including underutilized streams, using
Harvested Wood Products accounting, dynamic Material
Flow Analysis and LCA to assess wood utilization
potential, climate mitigation impacts, and resource
availability. Through six Living Labs across different
European regions, WoodStock develops zero-waste and
circular building designs, leveraging digital twins and co-
creation activities to enhance human health and well-
being. The project also establishes the European Wood
Construction Observatory, an Al-powered hub for best
practices and innovative solutions, ensuring long-term
impact beyond its duration. Empowering climate-smart,
circular, and zero-waste use of underutilized wood from
the forest and building stock in the construction sector.

4.2 TRANSITION TO A CIRCULAR ECONOMY
IN THE EU AND THE NORDIC COUNTRIES

EU’s Circular Economy Action Plan (CEAP) (European
Commission, 2020) challenges the member states to test
out incentives to promote a circular economy.
In the Nordics, Sweden responded to this challenge in
2024, with two incentives for the built environment
(Soderholm et al., 2024).
1) Incentives for reuse, collection, and material
recycling. Thus, increasing the producer's



responsibility for building products. Proposals
that lead to increased collection and recycling
should be analyzed further.

2) Incentives for  economically  motivated
renovations and efficient use of outer building
elements. Several regulations and regulations
should be reviewed based on how they provide
incentives for socially and economically
motivated renovations and efficient use of space.

Norway has a panel of government-appointed experts
who are writing a report planned for May 2025 that will
cover incentives to increase circularity, proposed new and
simplified regulations, tax and different support schemes.
This will be the start of a follow-up mission of holistic
implementation of the circular economy in Norway.
SirkTRE and CircWOOD are represented in both the
expert group and the reference group.
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ABSTRACT

Background and aim. Circular economy (CE) practices in the built environment require integrating strategies such as
life cycle assessment (LCA), cradle-to-cradle (C2C) principles, stakeholder collaboration, and the 10R framework to
enhance resource efficiency and minimize environmental impacts across the entire building. However, existing research
lacks a comprehensive framework that systematically combines these elements while demonstrating their practical
application and addressing stakeholder alignment in real-world scenarios. The aim of this study is to propose a novel
framework that integrates LCA, C2C principles, the 10R framework, and stakeholder engagement to advance CE practices
in building renovation.

Methods and Data. By applying a mixed-methods approach, this study combines qualitative and quantitative analyses
to evaluate CE strategies. The qualitative analysis involves material suitability for reuse, refurbishment, or storage, and
explores stakeholder roles within the 10R and C2C frameworks. The quantitative analysis, based on LCA, measures GHG
emissions comparing two scenarios using new and reused materials, highlighting potential carbon savings. A case study
of a single-family building renovation from Sweden illustrates the practical application of these strategies and emphasizes
the importance of stakeholder collaboration in overcoming barriers.

Findings. The findings underscore the importance of strategic material selection and the transformative role of material
reuse in achieving long-term carbon savings and minimizing GHG emissions. Incorporating reused materials into building
renovation practices can lead to a substantial 94% reduction in GHG emissions compared to using newly produced
materials.

Theoretical / Practical / Societal implications. The study demonstrates how circular economy strategies can drive a
low-emission building sector, offering practical insights and replicable method for real building projects.

KEYWORDS: Circular economy, Cradle-to-cradle, Life cycle assessment, Reuse, Stakeholder engagement

1 INTRODUCTION AND RESEARCH largest waste producer and a significant consumer of
CONTEXT resources (Giorgi et al., 2022). Both the European
Commission and EU member states actively support the

The built environment plays a crucial role in the global adoption of circular strategies, with a goal of full
push toward sustainability, as it is responsible for a implementation by 2050 (Al-Obaidy, Courard, & Attia,
significant portion of resource consumption, waste 2022). As such, the transition from a linear economy,
generation, and greenhouse gas (GHG) emissions characterized by a "take, make, dispose" model, to a CE
(Joensuu et al., 2020). The European Union (EU) has has become essential for mitigating environmental
introduced various programs and initiatives to encourage impacts in this sector (Illankoon & Vithanage, 2023). CE
stakeholders to transition from a linear to a circular principles aim to optimize the use of resources by
economy (CE), acknowledging the building sector as the designing systems that minimize waste and allow for the
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continuous reuse and recycling of materials. This
transition is especially urgent in the building sector, which
accounts for nearly 42% of final energy use and
approximately 36% of EU-wide GHG emissions (Fabbri
et al.,, 2023). While the potential of CE principles to
transform the built environment 1is increasingly
recognized, their practical implementation remains
limited, especially to addressing the entire lifecycle of
buildings (AlJaber et al., 2023).

To illustrate the practical application of CE strategies, this
study focuses on a single-family house building as a case
study. Single-family houses represent a significant share
of the built environment, contributing notably to resource
consumption, energy use, and GHG emissions due to their
prevalence and specific design and material requirements
(Arceo, 2023; Soust-Verdaguer et al., 2016).

Central to advancing circular practices in the built
environment is the application of Life Cycle Assessment
(LCA), a widely used methodology that evaluates the
environmental impacts of buildings throughout their
lifecycle—from material extraction and construction to
operation and eventual demolition. LCA provides a
comprehensive  understanding of a  building's
environmental footprint, helping stakeholders identify
opportunities to reduce resource consumption and
minimize negative environmental impacts (Yadav et al.,
2024). However, traditional LCA approaches have
focused primarily on new buildings and often fail to
account for CE principles such as material reuse and
recycling (Larsen et al., 2022). Furthermore, LCA is
typically confined to system boundaries that do not
capture long-term environmental benefits, such as the
effects of material recovery and reprocessing (Xing et al.,
2022). Consequently, there is a need to expand LCA
methodologies to fully integrate CE strategies,
particularly in assessing the environmental performance
of buildings under circular scenarios.

In fact, the LCA of building materials serves as a valuable
tool for addressing this issue and can be applied within
different system boundaries (Silvestre et al., 2014). First,
"Cradle-to-Gate" focuses on the impacts associated with
the production process of building materials. Second,
"Cradle-to-Grave" encompasses the impacts of
production, the transportation, the operational phase, and
the disposal. Finally, "Cradle-to-Cradle" extends to
include all impacts from production to the end-of-life,
involving avoided emissions beyond the system
boundary, as captured in the D module (Petrovic et al.,
2024).

Minunno et al. (2020) conducted a study comparing the
environmental benefits of reusing and recycling building
components, revealing that reused components can reduce
GHG emissions by up to 88% compared to recycling.
While the recycling of materials such as steel, concrete,
and plasterboard is well-established and regulated by
policies in several countries, reuse practices offer even
greater contributions to a CE. It can be noticed that
components designed for disassembly can achieve reuse
rates of up to 95%, allowing these products to be restored
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and reintroduced to the market at the end of their previous
service life (Galvez-Martos et al., 2018). Recent LCA
studies highlight the critical role of building materials in
the overall life cycle of buildings. Consequently, the end-
of-life (EOL) phase has gained prominence in the building
industry, as currently only 20-30% of construction and
demolition waste is reused or recycled (Honic et al.,
2021).

A promising framework for supporting the CE transition
in buildings is Cradle-to-Cradle (C2C) design, which
emphasizes the continuous reuse of materials without
degradation (Futas et al., 2019). While C2C principles
have been applied to individual building materials and
products, their integration into the entire building
lifecycle—covering design, construction, and material
recovery—remains undiscovered (Allam & Nik-Bakht,
2023). C2C principles could significantly enhance the
environmental performance of buildings by ensuring that
all materials are reclaimed, reused, or recycled at the end
of their service life, thus supporting the broader goals of
circularity in construction.

Another critical factor in driving the transition to a CE is
effective stakeholder engagement (Munaro & Tavares,
2023). The built environment is inherently fragmented,
involving multiple stakeholders, including architects,
engineers, contractors, suppliers, policymakers, and
building owners. Each stakeholder has distinct interests,
expertise, and incentives, which can create barriers to
collaboration and hinder the implementation of circular
practices (Kaewunruen et al., 2024; Lee et al., 2024).
While stakeholder engagement is widely recognized as
essential for promoting sustainability, research on
integrating diverse perspectives into decision-making—
particularly in LCA and C2C contexts—is limited (Larsen
etal., 2022; Lee et al., 2024).

Despite the growing emphasis on stakeholder
engagement, there is a lack of research on structured
methodologies that integrate stakeholder input with
established CE assessment tools. Specifically, limited
studies explore how stakeholder-driven decision-making
can be systematically embedded within LCA and C2C
frameworks to facilitate circularity in the built
environment.

This paper addresses these gaps by proposing a novel
framework that integrates LCA, C2C principles,
stakeholder engagement, and the 10R framework to
advance CE practices in the built environment. Unlike
previous studies, which typically focus on either technical
assessments or stakeholder perspectives separately, this
research bridges the two by embedding stakeholder
collaboration directly into the LCA process, ensuring that
decision-making aligns with both environmental
performance and practical feasibility.

To demonstrate the framework’s applicability, this study
evaluates GHG emissions in a real-world case building
renovation project, comparing scenarios that utilize new
versus reused building materials. Using LCA , the study
assesses carbon savings and resource efficiency achieved
through material reuse across different lifecycle stages. A



real-world case study of a single-family house renovation
demonstrates the practical application of this integrated
approach, presenting how circular strategies—such as
refuse, reduce, reuse, refurbish, and recycle—can be
implemented in building practices. Furthermore, the study
emphasizes the critical role of stakeholder collaboration
in overcoming practical barriers and aligning diverse
interests, offering actionable insights toward achieving a
sustainable, low-carbon built environment.

2 METHODOLOGICAL APPROACH

This study involves a mixed-methods approach,
integrating both qualitative and quantitative analyses to
evaluate circular strategies for the built environment. The
qualitative aspect focuses on assessing the suitability of
materials for reuse, refurbishment, or long-term storage
within circular scenarios. It also considers the roles of key
stakeholders and broader frameworks such as the 10R and
C2C principles to provide contextual insights. The
quantitative aspect, driven by LCA, offers measurable
data on environmental impacts such as GHG emissions
and material efficiency. Combining these approaches
ensures a comprehensive understanding of the potential
environmental, practical, and strategic benefits of
transitioning to circular practices in the building sector.
This integrated methodology enables a holistic evaluation
of the case study, emphasizing both the technical
feasibility and the broader implications of circular
strategies. This study adopts a multi-faceted approach to
evaluate the environmental benefits of integrating circular
economy (CE) principles into building renovation
processes. A combination of quantitative and qualitative
methods is used to analyze greenhouse gas (GHG)
emissions and stakeholder roles across the building
lifecycle. The methodology includes LCA, application of
the 10R framework, and stakeholder mapping to
comprehensively assess circular renovation strategies.

2.1 CASE STUDY OVERVIEW

The methodology is demonstrated through a case study of
a single-family building with a gross floor area (GFA) of
182 m?, constructed in the 1970s, located in the city of
Vixjo, Sweden. The house is of generic classification and
has been selected as a representative example of common
residential typologies of that era. The building (Figure 1)
is currently inhabited and features bearing and non-
bearing elements such as partitions, finishes, and
cladding, which present significant opportunities for
reuse, refurbishment, or recycling.
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Figure 1: Exterior view of the case study building.

Comprehensive data, including the building’s blueprints
in Figure 2 and a draft material quantity in Table 1,
provides a foundation for evaluating its material
composition and identifying circular strategies.

2.2 SCENARIO DEFINITION

A cradle-to-cradle (C2C) system boundary is used to
quantify GHG emissions across all stages of the building
lifecycle. Two renovation scenarios are defined for
comparative analysis:
e Scenario 1 (Conventional): Utilizes all newly
produced materials except concrete.
e Scenario 2 (Circular): Assumes the building is

composed of all reused materials, aligning with

CE principles.
This approach allows for a comparison of the
environmental impacts of new versus reused materials in
the building following the C2C approach. Further,
Scenario 1 explores how the GHG emissions from newly
produced building materials vary between different
lifecycle stages. In Scenario 2, the study evaluates GHG
emissions from reused materials across different lifecycle
stages. This scenario incorporates CE principles and the
10R framework to explore strategies that minimize waste
and extend material lifecycles. The environmental
impacts of these circular strategies are analyzed using
LCA, comparing them to conventional renovation
practices in Scenario 1 to highlight the potential benefits
in reducing GHG emissions. Both scenarios are developed
to align with C2C design principles, emphasizing the
circularity of materials without degradation.

https://doi.org/10.52202/080684-0006



ATTIC
| = 07
| BATHROPH| | '
25 myr { BEDROOM 2.2 -]
07 95 &
LIVINGROOM L o7 =
210 m?

we

BEDROOM 2.1

W12

Woxi2

ATTIC

LIVINGROOM
260 m?
BEQROOM 12

— 15m

7 = r LAUNDARYROOM
L 85m? ,
BATHROOM

19.0 m? Lo m

KITCHEN | ‘

09 wWaskzt L

Figure 2: Drawings including first floor and ground floor.

The analysis is conducted using One Click LCA software
following the C2C system boundary, assess GHG
emissions across all life cycle stages, including
production (A1-A3), transport (A4), construction waste
(AS), material replacement and refurbishment (B4-B5),
end-of-life processes (C2-C4), and avoided emissions
(D).

The lifespan chosen for assessment is 50 years. Only
windows (40 years), asphalt layer (30 years) and PE layer
(20 years) were assumed to be replaced during the
building’s lifetime. Further, the construction waste
percentage and the end-of-life waste treatment for each
material is based on Swedish market practices, including
energy recovery scenario for all materials that were
incinerated (Table 1).

2.3 MATERIAL ANALYSIS

A detailed material inventory is created by analyzing the
draft material quantities shown in Table 1. This inventory
identifies non-bearing elements by type—such as brick,
wood, gypsum, concrete and metal—and evaluates their
condition and suitability during the end-of-life processes.
Each material is assessed against the 10R framework,
prioritizing strategies such as reuse, refurbishment, and
recycling to maximize circularity. Factors such as the ease
of disassembly, material durability, and the potential for
repurposing are considered to determine their viability
within the two scenarios. This material analysis serves as
a critical input for both the environmental impact
evaluation and the proposed circular strategies.

https://doi.org/10.52202/080684-0006
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Table 1: Input materials and waste processing.

Building Volume Mass Construction End of life
material (m®) (kg) Waste process
%
Brick 12,36 24712 5.0 Crushed to
aggregate
Particle 1,77 1219 16,7  Incineration
board
Concrete Crushed to
(foundation) ILI0 26633 0 aggregate
Windows 0,04 93 Not available . Not
available
Gypsum 13,44 10753 12,5 Recycling
Metal stairs 0,04 287 7,5 Recycling
Glass wool 78,12 10156 8,0  Landfilling
insulation
PE Layer 0,28 252 10,0 Landfilling
Roof o 3,73 7464 5.0 Crushed to
ceramic tiles aggregate
Asphalt 093 970  Notavailable  Not
layer available
Timber 22,11 12379 17,9 Incineration
Wood Board 24,92 16694 17,9 Incineration

2.4 INTEGRATION OF LCA, C2C, AND THE 10R
FRAMEWORK

LCA method is used to quantify the environmental
impacts of the two scenarios, with system boundaries
extending from cradle-to-grave to cradle-to-cradle. The
analysis emphasizes GHG emissions, resource efficiency,
and waste generation, providing a quantitative basis for
comparing circular renovation strategies with traditional
practices. C2C principles guide the design of these
strategies, ensuring that materials are reused or recycled
in a manner that avoids degradation and reduces reliance
on virgin resources. The 10R framework further informs
the analysis by mapping circular strategies—such as
refusal, reduction, reuse, refurbishment, and recycling—
across each stage of the building lifecycle. Together, these
frameworks enable a comprehensive evaluation of CE
potential within the case study.

2.5 STAKEHOLDER CONSIDERATION IN
SCENARIOS

Although this study does not engage stakeholders directly,
it identifies key participants and their roles are essential
for implementing circular strategies. Key stakeholders are
identified and their roles are analyzed across lifecycle
phases: production, transport, construction, use, and end-
of-life. Stakeholders include architects, designers,
contractors, deconstruction specialists, homeowners,
material banks, and policymakers. Their contributions are
evaluated based on their influence on material choices,
resource  management, and emissions  control.
Collaborative strategies are proposed to align stakeholder
actions with CE objectives.

In the renovation scenario, architects and designers are
responsible for incorporating reused or refurbished
materials into the renovation plan while maintaining the



building’s functional and aesthetic quality (Passoni et al.,
2021). Contractors play a critical role in disassembling
and preparing materials for reuse (Dams et al., 2021),
while homeowners influence the adoption of circular
practices as the primary decision-makers (Kaewunruen et
al., 2024). In the future renovation scenario,
deconstruction specialists ensure the careful recovery of
materials to preserve their quality, and material banks
facilitate long-term storage and tracking of reusable
components (Oliveira et al., 2024). Policymakers and
regulators are also highlighted as pivotal in creating
standards and incentives to support material reuse
(NuBholz et al., 2019). These considerations provide a
framework for understanding the collaborative nature of
circular practices in the building sector, even without
direct engagement.

2.6 EVALUATION METRICS

The evaluation of the two scenarios is based on a
combination of quantitative and qualitative analysis,
derived from a structured analysis of material use,
environmental impact, and circularity potential. The
quantitative analysis evaluates GHG emissions and
explores their reduction potential by comparing two
renovation scenarios. Using the LCA method, the study
provides a comprehensive, data-driven evaluation of
positive (released) and negative (avoided) impacts.
Qualitative metrics, informed by literature and established
frameworks such as the 10R and C2C principles, assess
the practicality and circularity potential of the proposed
strategies. This includes evaluating factors such as the
feasibility of material recovery, storage, and reuse based
on typical practices in the building sector, as well as
alignment with industry standards and policy trends. By
integrating these perspectives, the analysis provides a
comprehensive evaluation of the scenarios, highlighting
their technical, environmental, and strategic implications
without relying on direct stakeholder input.

3 FINDINGS

3.1 ANALYSIS OF SELECTED SCENARIOS

The results presented in Figure 3 compare GHG emissions
across LCA stages using new materials (Scenario 1)
versus reused materials (Scenario 2). The production
process (A1-A3) significantly contributes to emissions in
Scenario 1, while Scenario 2 demonstrates a significant
reduction in this stage due to the use of reused materials
and used cut-off method. The transport emissions and
construction waste emissions are zero as the Scenario 2
assumes that all materials from the existing building are
reused. Thus, the total impact is substantially lower in
Scenario 2, representing 94% reduction and highlighting
the environmental benefits of material reuse.
Additionally, the D module (avoided emissions) offsets
emissions in Scenario 1 (new materials) by accounting for
the avoided impacts of future material recycling, reusing

57

and using as energy substitution in district heating after
incineration process. However, in Scenario 2 (reused
materials), the D module does not account for additional
avoided emissions, as the credits are already allocated
during for primarily used materials. This underscores the
long-term carbon savings potential of material reuse
compared to the reliance on newly produced materials.

kg CO,e/m?
-50 0 50 100 150

A1-A3 Production process 00—
A4 Transport to the building |14
site 0.0
A5 Construction site waste i ?)%
B4-B5 Material replacement |14
and refurbishment 14
C2-C4 End of life | 48

: '986
Total impact I'6.2
D module (avoided 34500

emissions) 0.0

® Scenario 1-new materials ™ Scenario 2- reused materials

Figure 3: Comparison of GHG emissions between new and
reused materials across different LCA stages.

Figure 4 shows GHG emissions across LCA stages for
new materials in Scenario 1. The production stage (Al-
A3) is the largest contributor, especially for brick,
gypsum, and roof ceramic tiles. The only material that is
not changed during renovation is concrete installed in the
foundation. Transport (A4), construction waste (AS),
replacement (B4-B5) and end-of-life (C2-C4) stages have
relatively minor emissions. The D module indicates
avoided emissions for materials such as timber, wood
board and metals, highlighting potential future benefits
through recycling or energy recovery. This emphasizes
the importance of material choice in minimizing GHG
impacts.
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Figure 4: Scenario 1 - GHG emissions across LCA stages for
new materials.

Figure 5 presents GHG emissions across LCA stages for
all reused materials in Scenario 2. The production stage
(A1-A3) has zero emission contribution as the cut-off
method is used. Further, the transport emissions (A4) and
construction waste emissions (A5) remain zero as the
reused materials are inserted from the existing building.
The highest emissions are noticed at the end of life (C2-
C4) for gypsum, timber, and wood board during the waste
processing stage, followed by the replacement of
materials (B4-B5). The D module remains zero as the
benefits during recycling/reusing/energy recovery
processes are counted in the newly produced products.

3.2 INTEGRATION OF THE 10R FRAMEWORK
AND STAKEHOLDER CONSIDERATION IN
SCENARIOS

To assess the environmental impacts across the building
lifecycle in our different scenarios, we have analysed the
application of circular strategies, framed within the 10R
principles. The primary objective was to identify and map
theoretically how different stakeholders contribute to
achieving the environmental benefits of material reuse, as
opposed to new material use, while integrating the
principles of Refuse, Rethink, Reduce, Reuse, Repair,
Refurbish, Remanufacture, Repurpose, Recycle, and
Recover. Each stakeholder’s role is aligned with specific
stages of the building lifecycle, ensuring that the
implementation of these strategies is both practical and
effective.

https://doi.org/10.52202/080684-0006

58

kg CO,e
300

S
W
(=}
—_
(=3
(=}
—
wn
S

200 250
Brick

Particleboard
Concrete

Windows

Gypsum

Metal stairs

Glass wool insulation
PE Layer

Roof ceramic tiles

Asphalt layer

Timber

Wood board

HAI-A3 mA4 ©A5 EB4-B5 mC2-C4 ED module

Figure 5: Scenario 2 - GHG emissions across LCA stages for
reused materials.

The identification of relevant stakeholders was informed
by insights gained from the literature review and an
understanding of common practices in the building
industry. The focus was on stakeholders typically
involved in the design, construction, operation, and
demolition of a single-family house. These include
architects,  designers, contractors, deconstruction
specialists, homeowners, material banks, and
policymakers. The selection of these stakeholders was
based on their established influence over material choices,
resource management, waste reduction, and emissions
control at each lifecycle stage, as identified in previous
studies and industry reports. By considering their roles, it
was possible to link specific circular strategies to each
stakeholder's influence on the project's environmental
outcomes.

3.2.1 Production Phase

Including the principles of Reduce, Reuse, and Repair, the
industry can significantly lower energy consumption,
minimize waste, and cut GHG emissions, fostering a more
sustainable and efficient construction process. Table 2
summarizes these principles, compares emissions across
two scenarios, and highlights key stakeholders in
sustainable material production. It emphasizes the
significant impact of material choices on emissions and
underscores the role of stakeholders in promoting
practices that reduce the environmental footprint of the
building industry.



Table 2: Production phase strategies and impacts.

Element
Principles

Description

Reduce: Minimize the need for new materials by
choosing alternatives such as reused materials.
Reuse: Use materials that are still in good condition,
recovered from demolition or deconstruction.
Repair: Restore damaged or deteriorated materials
instead of replacing them, extending the life of
existing materials.

Relies on new materials, leading to high emissions
due to energy-intensive manufacturing processes
and raw material extraction.

Significant emissions from material production (A1-
A3) and raw material extraction, contributing to a
large environmental footprint.

Utilizes reused materials, reducing the need for new
production and lowering emissions.

Major reduction in emissions from material
production.

Scenario 1

Emissions
Impact
(Scenario 1)
Scenario 2

Emissions
Impact
(Scenario 2)
Stakeholders

Architects and designers: Incorporate reused and
refurbished materials into designs.

Contractors: Reuse materials locally to minimize
transport emissions and contribute to disassembling
buildings for reuse.

Deconstruction specialists: Recover reusable
materials from existing structures.

Policymakers: Support circular production
processes and incentivize the use of reused
materials to reduce emissions.

3.2.2 Transport Phase

By adopting the principle of Reduce, the industry can
lower  transportation  emissions and  enhance
sustainability. Table 3 compares the emissions of sourcing
materials locally versus long-distance transportation. It
also identifies key stakeholders involved in reducing
transportation emissions, emphasizing the optimization of
logistics and the promotion of local sourcing to minimize
the overall carbon footprint of construction projects.

Table 3: Transport phase strategies and impacts.

Element Description

Principle Reduce: Minimize transportation emissions by
sourcing materials locally and optimizing logistics,
reducing the need for long-distance transportation.

Impact of Reduces emissions associated with material

Reduce transport, lowers the carbon footprint of
construction projects, and minimizes inefficiencies
in logistics.

Scenario 1 Sourcing materials locally, reducing the need for

and 2 long-distance transport and improving logistics to
lower emissions.

Emissions Substantial reduction in transportation emissions

Impact through localized sourcing and improved logistics

(Scenario 1 efficiency.

and 2)

Stakeholders | Contractors: Optimize logistics and coordinate
local sourcing to minimize transportation
emissions.

Logistics managers: Ensure efficient delivery and
minimize fuel consumption.

Policymakers: Introduce policies that incentivize
local sourcing and transportation efficiency to
reduce emissions.
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Architects & Designers: Source local reused
products/materials to incorporate in their projects
to minimize transportation needs.

3.2.3 Construction Phase

By applying the principles of Reuse, Repair, and
Refurbish, emissions and resource consumption can be
significantly minimized. Table 4 identifies key
stakeholders involved in implementing these principles to
reduce waste and resource use. Focusing on reusing
materials, repairing components, and refurbishing of
materials allows the building industry to lower its impacts
and contribute to a CE.

Table 4: Construction phase strategies and impacts-integration.

Element
Principles

Description

Reuse: Saves materials from previous projects to
reduce demand for new resources and prevent
waste.

Repair: Restores or fix building components to
extend their lifespan.

Refurbish: Updates outdated materials to avoid
full replacement.

Reuse: Reduces emissions from material
production by avoiding new manufacturing.
Repair: Saves resources and minimizes waste by
extending material lifespans.

Refurbish: Promotes resource efficiency and
reduces the need for new material production.
Relies on new materials and potential waste during
construction phase

High emissions from material production (A1-A3)
and significant contributions from waste generation
during construction (A5).

Impact of
Principles

Scenario 1

Emissions
Impact
(Scenario 1)
Scenario 2

Integrates reused materials, repairs, and
refurbishments to reduce the need for new
production, thereby lowering emissions to zero.
Zero emissions from production phase due to cut-off
method, and no waste in (A5) as the all materials are
sourced from existing building.

Contractors: Execute repairs and integrate
salvaged materials.

Deconstruction specialists: Salvage and prepare
materials for reuse.

Material banks: Store and track reusable
materials.

3.2.4 Use Phase

Using the principles of Reuse, Repair, Refurbish, and
Remanufacture, the building industry can significantly
reduce the need for new resources, lower emissions, and
minimize waste. These practices ensure that materials are
maintained, repurposed, and extended in their lifecycle,
contributing to sustainability and the promotion of a CE.
Table 5 summarizes these principles, outlines their
impacts on emissions, compares different scenarios in
terms of sustainability, and identifies the stakeholders
involved in maintaining and extending the lifecycle of
materials.

Emissions
Impact
(Scenario 2)
Stakeholders
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Table 5: Use phase strategies and impacts.

Element

Description

Principles

Reuse: Ongoing reuse of materials to extend their
lifecycle and reduce the need for new resources.
Repair: Regular repair and maintenance to
preserve the functionality of materials.

Refurbish: Upgrading or improving existing
materials to meet modern standards with minimum
replacement.

Remanufacture: Processing old materials into new
components to reduce waste and demand for raw
materials.

Impact of
Principles

Reuse: Reduces the need for new material
production, lowers emissions and conserves
resources by extending the lifecycle of building
materials.

Repair: Minimizes resource consumption and waste
generation by repairing rather than replacing.
Refurbish: Extends the life of existing systems
materials, reducing the demand for new materials
and if necessary, replacing them with reused
options.

Remanufacture: Supports a CE by converting old
materials into usable new products, reducing raw
material extraction.

Scenario 1
and 2

Relies on new materials for repairs and
replacements, leading to emissions from material
production and resource extraction.

Emissions
Impact
(Scenario 1
and 2)

Emissions due to the production of new replaced
materials (B4-B5). Uncertain which materials will
be replaced-depending on occupant preferences and
the nature of building materials.

Stakeholders

Homeowners: Make decisions regarding the
replacement, repair, and refurbishment of materials
to extend their lifecycle.

Contractors: Offer consultancy on which materials
can be repaired, refurbished, or replaced. They
provide technical expertise on how to maintain or
upgrade materials to meet modern standards while
minimizing waste and emissions. Additionally, they
execute repairs and refurbishments to extend the
lifespan of materials, contributing to sustainability
and efficient resource use.

Deconstruction Specialists: Provide consultancy
on which materials can be salvaged for reuse or
remanufacture. They evaluate building elements for
potential repurposing, contributing to the circular
economy by minimizing waste during demolition
and renovation projects. Additionally, they facilitate
material recovery at the end of the building's life,
ensuring materials are available for reuse or

remanufacturing.

3.2.5 End-of-Life Phase

By applying the principles of Repurpose, Recycle, and
Recover, construction projects can effectively reduce
waste, minimize the demand for new resources, and
contribute to a CE. Table 6 summarizes these key

principles, their impacts on emissions, and the
stakeholders involved in managing materials at the end of
their lifecycle.

Table 6: End-of-life strategies and impacts.

Element

Description

Principles

Repurpose: Find new uses for building (adaptive
reuse) components that are no longer serving their
original function, reducing waste.

Recycle: Process materials into new products to
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reduce the need for virgin materials.

Recover: Extract energy or materials from waste to
be used in other industries, reducing overall
environmental impact.

Repurposing extends the life of materials, reducing
disposal waste.

Recycling reduces the demand for raw materials
and conserves resources.

Recovery minimizes the environmental footprint by
extracting useful energy or materials from waste.
Focuses on recycling (C2-C4) and energy recovery
processes (D module). Wooden materials are firstly
incinerated, then used as energy recovery in district
heating. While metals are recycled.

Recycling and energy recovery in Scenario 1 show
potential benefits for long-term carbon savings,
although it doesn't account for the carbon savings of
material reuse.

Impact of
Principles

Scenario 1

Emissions
Impact
(Scenario 1)

Scenario 2 Emphasizes the reuse of materials, with some waste
processing required for materials such as gypsum,
timber, and wood boards.

Emissions Reuse in Scenario 2 reduces the need for new

Impact production, contributing to carbon savings.

(Scenario 2)

Stakeholders | Deconstruction specialists: Disassemble

buildings, recover materials for repurposing,
recycling, or energy recovery.

Contractors: Manage disposal, recycling, or
recovery at the end of the lifecycle.

Material banks: Store and repurpose materials for
future use.

Policymakers: Set standards and offer incentives
to support adaptive reuse, recycling, and energy
recovery.

Architects and Designers: Design to adapt
existing spaces to new functions and repurpose
materials in existing buildings for new design
projects.

4 DISCUSSION AND CONCLUSIONS

This study critically evaluated the environmental impacts
of materials in building renovation by comparing two
scenarios: new materials (Scenario 1) and reused
materials (Scenario 2) in a building. The results illustrate
the environmental benefits of material reuse, with
Scenario 2 demonstrating a significant reduction in GHG
emissions, primarily due to the cut-off method applied to
reused materials. By incorporating reused materials,
Scenario 2 achieved an approximate 94% reduction in
GHG emissions compared to Scenario 1, which relies on
newly produced materials. This reduction was most
evident in the production phase (A1-A3), where new
materials, particularly resource-intensive ones contribute
substantially to the overall carbon footprint. In contrast,
the emissions in Scenario 2 during this phase were zero,
as the cut-off method is used.

While the production phase reveals the most significant
differences between the two scenarios, other lifecycle
stages—A4, A5, B4-BS, and C2-C4 show relatively low
GHG emissions. These stages are influenced by various
factors, such as transport distances, the choice of waste
management practices, and the extent to which materials
are replaced or refurbished.

When deciding to use reused materials instead of newly
produced ones, several uncertainties arise over the



building's lifecycle. For example, the replacement rate is
influenced by the nature of materials used (new or reused)
during the use phase, as well as by the occupant
preferences. Furthermore, transport distances for new
materials (Scenario 1) are based on distances by using
generic Nordic data. While the transport distance for
reused materials is not applied as all materials are derived
from the existing building. The construction waste was
only calculated for newly produced materials, while for
reused materials it remains zero due to utilized materials
from the existing building. Thus, prioritizing Scenario 2
over Scenario 1, presents a great potential to prolong the
service life of building materials.

The avoided emissions in the D module, accounting for
the future recycling, reuse, or energy recovery of
materials, further highlight the long-term carbon savings
potential of material reuse. For Scenario 1 (new
materials), the D module captures the avoided emissions
from future material recycling and energy recovery, but
these benefits do not exist in Scenario 2, where material
reuse has already been credited for the new products.
These findings highlight the importance of strategic
material selection of reducing the environmental impact
in renovation projects. The choice of materials, whether
new or reused, directly influences the GHG emissions
associated with a building's lifecycle.

To achieve the full environmental benefits of material
reuse, collaborative efforts among stakeholders are
essential. The integration of CE principles, such as reuse,
repair, and refurbishment, into building renovation
requires the active involvement of a diverse group of
stakeholders, each with a unique role in influencing
material choices and construction practices. Architects
and designers, for instance, play a crucial role in
specifying and integrating reused materials into building
designs, ensuring that the potential environmental
benefits of these materials are fully realized. Their
decisions during the design phase have a direct impact on
the feasibility and effectiveness of material reuse
strategies in the construction phase. Furthermore,
contractors and deconstruction specialists are vital in
sourcing, disassembling, and salvaging materials for
reuse, ensuring that valuable materials are not wasted but
rather reincorporated into the building cycle. These
professionals must also address the technical challenges
associated with material reuse, such as ensuring that
reused materials meet the required performance standards
for safety and durability.

In addition to these industry stakeholders, policymakers
play a key role in shaping the broader framework within
which material reuse can increase. The development of
supportive regulations and financial incentives is essential
for encouraging the adoption of reused materials and CE
practices across the building sector. Policymakers can
foster an environment where the use of reused materials
is not only encouraged but made economically viable
through incentives such as tax credits, subsidies, or grants.
Furthermore, the establishment of regulations that require
or incentivize the reuse of materials, as well as the
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recycling and recovery of materials at the end of their life,
will drive the industry towards more sustainable and
circular practices. This includes setting standards for
material recovery, creating certification systems for
reused materials, and promoting the development of
material banks to store and track reusable resources.

In conclusion, this study confirms that material reuse is a
powerful strategy for reducing the carbon footprint of
building renovation projects and advancing the principles
of the CE. The integration of reused materials into
construction practices offers substantial GHG reductions,
particularly in the production phase. However, the
potential of material reuse can only be fully realized
through collaborative action across all sectors of the
building industry, supported by strong policy frameworks
that incentivize sustainable practices. By aligning the
efforts of  architects, designers, contractors,
deconstruction specialists, and policymakers, the building
industry can significantly contribute to reducing GHG
emissions and promoting a more sustainable built
environment.
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ABSTRACT

Background and aim. Adaptive reuse enhances circularity by repurposing buildings, reducing carbon emissions, and
preserving heritage. However, decision-making is complex due to stakeholder conflicts, regulations, and uncertainties.
This study introduces an integrated framework combining Cross-Impact Balance (CIB) analysis, the Analytic Hierarchy
Process (AHP), and Fuzzy-TOPSIS to support structured, participatory decision-making.

Methods and Data. A mixed-method approach integrates CIB for scenario development, AHP for stakeholder-driven
prioritization, and Fuzzy-TOPSIS for ranking reuse scenarios. A hypothetical case study demonstrates the framework’s
applicability.

Findings. The integration of CIB, AHP, and Fuzzy-TOPSIS provides a structured decision-making approach that
enhances scenario coherence, aligns decisions with stakeholder priorities, and improves scenario ranking robustness. The
framework enables systematic exploration of adaptive reuse scenarios, ensuring alignment with stakeholder objectives.

Theoretical / Practical / Societal implications. Theoretically, this study advances scenario-based decision-making by
integrating scenario development and decision-making approaches, addressing gaps in adaptive reuse decision
frameworks. Practically, it provides policymakers, urban planners, and developers with a structured tool to navigate
complex decision-making in adaptive reuse projects. Societally, it supports sustainable and inclusive urban development
by fostering consistent, long-term strategies that balance environmental, economic, and social considerations.

KEYWORDS: Adaptive Reuse, Circularity, Cross-Impact Balance (CIB) Analysis, Multi-criteria Decision-Making,
Scenario Planning,

1 INTRODUCTION perspectives and a narrow set of options, hindering their
) o potential to achieve long-term sustainability and
The adaptive reuse of buildings has become a cornerstone circularity (Greco et al., 2024; Vardopoulos et al., 2021).

strategy for promoting circularity in the built environment
(Foster, 2020). By repurposing existing structures,
adaptive reuse significantly reduces CO- emissions, curbs
the extraction of virgin materials, and conserves valuable
resources (Shahi et al., 2020). This approach directly
supports global sustainability goals and addresses critical
urban challenges, including resource scarcity and
environmental degradation (Conejos, 2013). However,
despite its promise, adaptive reuse decision-making
processes remain complex and uncertain (Yung & Chan,
2012). These projects often involve a diverse set of
stakeholders with conflicting interests and must navigate
a range of regulatory, economic, and technical constraints
(Wilkinson, 2014). Consequently, the strategies chosen
for adaptive reuse are often limited to short-term

To address the intricacies and uncertainties of adaptive
reuse decision-making, a range of tools and
methodologies has been developed (Nedeljkovic et al.,
2023). Among these, multi-criteria decision-making
(MCDM) models have gained considerable traction for
evaluating adaptive reuse projects (Nadkarni &
Puthuvayi, 2020). These models provide a structured
framework for assessing and comparing alternatives by
incorporating multiple criteria (Love et al., 2023).
However, existing decision-making approaches tend to
adopt either overly generalized frameworks; focused
solely on functional reuse, or overly specific ones, which
prioritize granular design considerations (van Laar et al.,
2024). Both approaches often overlook the broader, long-
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term objectives required to achieve true sustainability and
circularity. Furthermore, most frameworks rely either on
quantitative methods like cost-benefit analyses (Sanchez
et al., 2019), and lifecycle assessments (Foster, 2020), or
on generic qualitative approaches to evaluate the
feasibility of proposed interventions (Wilkinson, 2014).
While these methods offer valuable insights into resource
efficiency and financial viability, they often fail to
account for nuanced, context-specific factors or integrate
forward-looking scenario planning essential for
addressing the dynamic nature of urban development.
Scenarios are particularly valuable for adaptive reuse
decision-making because they offer comprehensive,
future-oriented perspectives. They enable decision-
makers to explore how various reuse strategies might
perform under different environmental, social, and
economic conditions (Weimer-Jehle, 2023). This
foresight helps ensure that decisions are robust, flexible,
and aligned with long-term sustainability and community
goals (Bottero et al., 2022). Normative scenarios, which
outline pathways to achieve specific objectives (van
Notten et al., 2003), are especially relevant for adaptive
reuse. They help stakeholders collaboratively develop a
broad range of desirable futures, ensuring that decisions
reflect shared values and strategic priorities. Despite their
potential, scenario-based methods are underutilized in
adaptive reuse (van Laar et al., 2024), often resulting in
decisions that fail to anticipate future challenges or
opportunities.

There is a pressing need for decision-making frameworks
that are both future-oriented and capable of addressing the
inherent uncertainty and complexity of adaptive reuse
projects. Such frameworks must enable the development
of nuanced, context-specific scenarios that incorporate
normative objectives, reflect stakeholder priorities, and
facilitate the ranking of alternatives based on quantitative
and qualitative criteria. To address these gaps, this study
introduces an integrated decision-making framework that
combines Cross-Impact Balance (CIB) analysis with the
Analytic Hierarchy Process (AHP) and Fuzzy-TOPSIS
methods.

This research highlights the strength of combining these
methodologies into a cohesive, stepwise framework,
demonstrating how they can guide adaptive reuse
decision-making in a structured yet flexible manner.
Using a hypothetical adaptive reuse project, the study
showcases how this approach facilitates scenario
development, interdependency analysis, and the
evaluation of alternatives under uncertainty. The main
finding illustrates how these tools can be integrated into a
systematic process that supports stakeholders in
collaboratively designing and prioritizing adaptive reuse
scenarios. This framework offers a practical pathway for
addressing the complexity of adaptive reuse while
aligning decisions with long-term sustainability and social
responsibility goals.
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2 BACKGROUND LITERATURE

Scenario development and Multi-Criteria Decision
Making (MCDM) analysis are two complementary
methodologies extensively used in decision-making
processes involving complex systems, such as adaptive
reuse. Scenario development enables the exploration of
possible futures by considering various uncertainties
(Weimer-Jehle, 2023), while MCDM provides a
structured framework for evaluating and ranking
alternatives against multiple criteria (Saaty, 1990). The
integration of these methodologies has gained significant
attention, for its potential to improve decision-making
outcomes by combining qualitative and quantitative
insights (Stewart et al., 2013).

2.1 SCENARIO DEVELOPMENT

Scenario development is a structured approach for
envisioning possible future states of a system under
uncertainty. Scenarios, described as: coherent, consistent,
and plausible descriptions of potential futures, are
categorized as exploratory, predictive, or normative (van
Notten et al., 2003). Exploratory scenarios examine
possible futures based on varying assumptions, aiding in
visualizing outcomes. Predictive scenarios forecast likely
futures based on current trends, while normative scenarios
prescribe pathways to achieve specific goals (van Notten
et al., 2003). The normative approach is particularly
valuable for adaptive reuse decision-making, where
alignment with sustainability goals and community values
is essential (Gassner & Steinmiiller, 2018). Scenario
development methods can be categorized into
quantitative, qualitative, and mixed-method approaches,
each suited to different needs. Quantitative methods rely
on mathematical modeling for precision but often limit
stakeholder involvement and are less effective over long-
term projections, as they tend to extrapolate trends and
may give a false sense of certainty (Amer et al., 2013). In
contrast, qualitative methods, like Intuitive Logics (IL),
excel in addressing complex issues through nuanced,
context-specific insights. However, they can oversimplify
systems by focusing on a limited number of uncertainties,
potentially overlooking critical factors (Rowe et al.,
2017).

Mixed-method approaches effectively combine the
strengths of both, integrating data-driven analysis with
stakeholder input to foster comprehensive discussions
about future possibilities (Symstad et al., 2017). An
example is Cross-Impact Balance (CIB) analysis, a semi-
quantitative method that uses systems theory to model
integrative and holistic scenarios (Weimer-Jehle, 2006).
By employing formal logic to structure quantitative and
qualitative inputs, CIB generates internally consistent
narrative scenarios based on interactions among drivers of
change, making it particularly suitable for complex socio-
technical systems (Weimer-Jehle, 2023).



2.2 MULTI-CRITERIA DECISION-MAKING

Multi-Criteria Decision-Making (MCDM) methods, such
as AHP (Analytic Hierarchy Process), Fuzzy TOPSIS,
PROMETHEE, and VIKOR, are widely used for
evaluating and ranking alternatives across multiple
conflicting criteria (Sahoo & Goswami, 2023). AHP
excels in hierarchically structuring complex problems,
prioritizing criteria through pairwise comparisons, and
aggregating stakeholder preferences into a unified priority
structure, fostering consensus while respecting diverse
perspectives (Saaty, 1990). Fuzzy TOPSIS, which
extends the classical TOPSIS method, -effectively
manages vagueness and subjectivity by using fuzzy set
theory to rank alternatives based on their closeness to
ideal and negative ideal solutions (Chen, 2000).
Combining AHP and Fuzzy TOPSIS enhances decision-
making by integrating AHP’s hierarchical structuring and
consistency checks with Fuzzy TOPSIS’s capacity for
handling uncertainty (Efe, 2016). This hybrid approach is
particularly ~ valuable  for  complex, uncertain
environments, as it provides a structured yet flexible
evaluation framework (Mathew et al.,, 2020). Such
integrations have been applied successfully in fields like
supply chain management (Patil & Kant, 2014), and
urban planning (Dang et al., 2019), demonstrating their
versatility and effectiveness. While the combination of
AHP and Fuzzy TOPSIS effectively ranks uncertain
alternatives based on stakeholder preferences, it often
relies on externally provided options, highlighting the
need for an integrated approach that develops and ranks
scenarios concurrently.

2.3 INTEGRATION OF SCENARIO
DEVELOPMENT AND MULTI-CRITERIA
DECISION ANALYSIS

The integration of scenario development and MCDM
addresses the limitations of each methodology when
applied independently. Scenario development often lacks
a structured mechanism to prioritize options within each
scenario, while MCDM can be overly deterministic
without considering the broader context of future
uncertainties (Sahoo & Goswami, 2023). By combining
these methods, decision-makers can evaluate the
robustness of alternatives across different scenarios,
incorporate qualitative and quantitative dimensions of
uncertainty, and enhance stakeholder engagement by
providing a more holistic view of decision impacts (Sahoo
& Goswami, 2023).

Numerous frameworks integrate scenario development
with multi-criteria decision-making (MCDM), typically
following one of two approaches. The scenario-driven
MCDM approach develops scenarios first and applies
MCDM to rank alternatives within each scenario (Bottero
etal., 2022). In contrast, the MCDM-driven approach uses
MCDM criteria to shape scenarios, aligning them with
decision priorities (Della Spina, 2020). These frameworks
have been applied in various fields, including urban
planning, supply chain management, and engineering .
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However, these studies often face limitations, such as
relying on a limited number of scenarios that fail to
capture the full range of possibilities. Many frameworks
lack consistency calculations, reducing the coherence and
realism of the scenarios (Weimer-Jehle, 2006).
Additionally, there is an overemphasis on predictive
scenarios and mathematical models, prioritizing
quantitative precision over qualitative insights and
stakeholder perspectives (Weimer-Jehle, 2023). These
shortcomings diminish the robustness and practical
applicability of the scenarios in addressing complex
challenges.

The Cross-Impact Balance (CIB) method overcomes
these challenges by generating numerous consistent and
plausible scenarios through a combination of qualitative
and quantitative inputs (Weimer-Jehle, 2023). This makes
it particularly effective for exploring complex systems.
However, CIB has not been fully integrated with MCDM
methods like AHP or Fuzzy TOPSIS, which excel at
prioritizing and ranking alternatives. Combining these
approaches offers significant potential, enabling the
systematic creation, evaluation, and prioritization of
scenarios within a unified framework. In a participatory
setting, this integration enhances stakeholder engagement
by involving them in the entire process, from scenario
development to ranking, ensuring scenarios are aligned
with diverse preferences and easing the adoption of the
chosen scenario through consensus and trust in the
outcomes.

3 STEPWISE APPROACH FOR
COMBINING CROSS-IMPACT
BALANCE ANALYSIS, AHP AND THE
FUZZY TOPSIS METHODS

This section outlines a structured, multi-step framework
tailored for decision-making in normative, uncertain, and
complex contexts such as adaptive reuse projects (Figure
1). By integrating Cross-Impact Balance (CIB) analysis,
the Analytic Hierarchy Process (AHP), and Fuzzy-
TOPSIS methodologies, this approach effectively
addresses the uncertainties inherent in adaptive reuse. It
enables stakeholders to collaboratively assess, develop,
and prioritize reuse scenarios, demonstrating its
application through a hypothetical example of an adaptive
reuse project.

3.1 STEP 1: DEFINE THE AIM AND
OBJECTIVES

The first step establishes the foundation for the decision-
making process by ensuring a clear understanding of the
project's scope and goals. To create normative scenarios;
future pathways that are achievable (van Notten et al.,
2003), this step focuses on defining objectives that will
guide subsequent scenario development. Stakeholders
collaborate to articulate the overarching goal and themes,
identify desired objectives, and determine the criteria
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necessary to evaluate progress toward these objectives. To
balance adequacy and completeness in the scenario
analysis, it is recommended to include 9—15 objectives for
the development of descriptors and variants in Step 2, in
line with the methodological guidelines of Weimer-Jehle,
(2023). By addressing these critical elements, this step
provides a structured and goal-oriented process fostering
clarity, alignment, and a shared vision among all
stakeholders.

Step 1: Define the Aim and objectives

Step 2: Develop
descriptors and
ATt relationships
Cross-Impact
—— Balance Analysis
(c1B)
% Analytical
Step 5: Detennoitr;jlzcgﬁt‘l’neeswelghts of the | Hierarchy Process
(AHP)
Step 7: Nomalize
the weighted the weighted
fuzzy decision fuzzy decision
matrix matrix
Step 8: Determine the fuzzy positive-
ideal solution (FPIS) and fuzzy negative- ——  FUZZY Topsis
ideal solution (FNIS)
Step 9: Calculate 2
Step 10: Obtain
t::c:‘it:ennc: n?: the closeness
coefficients of
from::llss B each scenario

Figure 1: Stepwise approach for combining cross-impact
balance analysis (CIB), AHP and the Fuzzy TOPSIS methods

3.2 STEP 2: DEVELOP DESCRIPTORS AND
VARIANTS

The CIB method uses systems theory and formal logic to
create internally consistent scenarios based on interacting
drivers of change, integrating both qualitative and
quantitative inputs (Weimer-Jehle, 2006). A key step in
this process is identifying descriptors; ‘critical factors
defining the system’ and their associated variants, which
represent specific states these factors can assume
(Weimer-Jehle, 2023). Descriptors should be developed
at a high aggregation level (Weimer-Jehle, 2023), with
each descriptor representing one objective, that can be
supported by related criteria and / or a narrative that
explains the descriptor's role and significance within the
system. Variants then enable systematic exploration of
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scenarios by capturing the range of possible outcomes for
each descriptor. For example, in adaptive reuse projects,
"Environmental impact" could be a descriptor for the
objective: ‘Reducing environmental impact of the
building’, with variants such as "Low," "Medium," and
"High." Stakeholders are encouraged to assign descriptive
names and narratives to variants for clarity and effective
communication, keeping 2—4 variants per descriptor as
recommended by (Weimer-Jehle, 2023). The CIB
analysis requirements of completeness (descriptor
variants must cover all possible futures), mutual
exclusivity (each development aligns with only one
variant), and absence of overlap (variants of different
descriptors must address distinct topics) should also be
taken into account when developing variants (Weimer-
Jehle, 2023).

Although the CIB methodology supports variants with
various characteristics (ordinal, nominal, or ratio) this
paper focuses on descriptors with ordinal measurement
scales. For instance, "user demand" as a descriptor might
include ordinal variants like "Low," "Medium," and
"High," reflecting their ranked importance. This approach
simplifies the system, making it possible to translate
qualitative ordinal variants into linguistic variables
essential for integration with the Fuzzy TOPSIS method.
Using ordinal descriptors ensures consistency in both the
CIB analysis and fuzzy TOPSIS methods, enabling
structured evaluation of interactions and their influence
on adaptive reuse scenario outcomes.

3.3 STEP 3: IDENTIFY RELATIONSHIPS
BETWEEN DESCRIPTORS AND VARIANTS

Identifying the interrelationships between descriptor
variants is critical in Cross-Impact Balance (CIB)
analysis, as it ensures the logical coherence and
plausibility of the scenarios generated (Weimer-Jehle,
2023). These interrelationships capture how one variant
influences or is influenced by another, reflecting the
underlying dynamics of the system. Without this step, the
analysis risks inconsistencies or contradictions,
undermining the reliability of the scenarios (Weimer-
Jehle, 2023).

To identify these relationships, the scale recommended by
(Weimer-Jehle, 2006) provides a structured and
systematic approach. This scale uses a range from -3 to +3
to denote the influence of one variant on another: +3
indicates a strong positive impact, 0 signifies no impact,
and -3 represents a strong negative impact. These values
are assigned within a cross-impact matrix, ensuring all
potential interactions are considered (Table 1). This
elicitation of data can be conducted in a participatory
group setting with stakeholders, fostering collaboration
and shared understanding. Alternatively, other methods
such as expert surveys (Weimer-Jehle et al., 2012), Delphi
techniques (Tori et al., 2023), or literature reviews
(Weimer-Jehle, 2023), can be employed to gather the
required input systematically. By following this method,
the CIB process produces scenarios that are not only
internally consistent but also reflective of the real-world,



project-specific dynamics among the factors studied
(Weimer-Jehle, 2023).

Table 1: Example of a cross-impact balance judgement section

Political and Community

support
Environmental High  Medium Low
Impact
Low 3 2 2
Medium 2 1 -1
High -3 -1 2
-3 Strongly hindering 0 Neutral ~ Strongly promoting +3

3.4 STEP 4: CONSTRUCT SCENARIOS

In Cross-Impact Balance (CIB) analysis, constructing
scenarios involves generating combinations of descriptor
variants and assessing their internal consistency. The
consistency of each scenario is determined using the
impact sum, which quantifies the cumulative influence of
all variants in a scenario on one another (Weimer-Jehle,
2006). This sum, derived from the cross-impact matrix,
indicates whether the combination of variants aligns with
the specified interdependencies among descriptors.
Without considering interdependencies, any combination
of descriptor variants could form a scenario. While the
CIB methodology tolerates marginal inconsistencies due
to the qualitative nature of input data (Weimer-Jehle,
2023), high inconsistency values suggest contradictions,
whereas low values indicate internally consistent and
plausible scenarios. To determine the acceptable
inconsistency threshold the following Equation (1) can be
used (Weimer-Jehle, 2023), in which IC; is the acceptable
inconsistency value and n is the number of descriptors:

1
vn — 1

ICS:E

(M
The calculation process can be facilitated using the
ScenarioWizard software!, which automates the
assessment of consistency across all possible
combinations of descriptor variants. The software
produces a scenario tableau as an outcome of this
calculation. The tableau displays all consistent scenarios,
highlighting the selected variants for each descriptor, and
serves as input for the decision analysis in Steps 6—10.
This structured representation enables researchers and
stakeholders to identify and analyse the most plausible
scenarios, ensuring that the results are both rigorous and
actionable. By employing this method, CIB analysis
supports the systematic exploration of potential futures
and aids decision-making processes based on robust,
internally consistent scenarios.

! https://www.cross-impact.org/english/CIB e ScW.htm
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3.5 STEP 5: DETERMINING THE WEIGHTS OF
THE OBJECTIVES

To pick the most appropriate scenario for a project, it is
important that the preferences of the stakeholders are
reflected in the outcomes of the decision model. The
Analytical Hierarchy Process (AHP) is a robust method
for multicriteria decision-making that ensures decisions
align with stakeholder priorities through a structured
stepwise approach. The process begins with pairwise
comparisons, where stakeholders evaluate the relative
importance of the objectives from step 2, using Saaty’s 9-
point Likert scale, ranging from equal importance (1) to
extreme superiority (9) (Saaty, 1990). These comparisons
populate a matrix that reflects the relative weights of each
objective, following Equation (2).

aiq
M=[;

An1

a}n {1/9 Sai'jﬁgifi'vj} )
ann ai,j=1, lfl = ]

Once the matrices are completed, weights are calculated
by normalizing the values within each column to reflect
the relative importance of the objective. This involves
summing the values in each column }; a, ; for 7, dividing
each objective ai; by the total of its column, and then
averaging the normalized scores for each row. The weight
for each objective, is computed using Equation (3):

3)
i=1Qij

1% agj
Wy = E Zzn— fOT'k = 1,2,3,...,Tl
Jj=1

where n is the number of objectives. This structured
normalization process aggregates the scores to derive the
final weights, ensuring a systematic approach that
integrates both qualitative judgments and quantitative
analysis into the decision-making framework.
The AHP then employs the Consistency Ratio (CR) to
assess the coherence of decision-makers' judgments. The
CR is determined by comparing the Consistency Index
(CI) to the Random Index (RI), which represents the
average consistency expected by chance for matrices of a
given size (Saaty, 1990). If the CR exceeds a commonly
accepted threshold, typically 0.10, it signals that the
judgments are not adequately consistent and may need to
be revised or reevaluated to ensure reliability.
For instance, if a stakeholder considers ‘Environmental
Impact” more important than: ‘Cost’, and ‘Cost’ more
important than: ‘Social Impact’, it is logically expected
that ‘Environmental Impact’ would also be prioritized
over ‘Social Impact’. The Consistency Ratio (CR)
quantifies the coherence of such pairwise comparisons. A
CR below 0.10 indicates a satisfactory level of
consistency in the judgments, while a CR exceeding 0.10
suggests inconsistencies that require revision. This
evaluation should be performed independently for each
matrix and stakeholder to ensure precision and reliability
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in the decision-making process. The CR is calculated
using Equation (4):

Cl

CR:H

“)

The Consistency Index (CI) is a key metric in the AHP
used to measure the logical coherence of judgments in
pairwise comparison matrices, while the Random Index
(RI) represents the average CI derived from 500
reciprocal matrices populated with values from Saaty’s
fundamental 1-9 scale (Saaty, 1990). The RI varies based
on the number of criteria in a matrix, as outlined in Table
(2). The Cl is calculated using Equation (5):

cl = Amax —-n

e )
where A4 1S the maximum eigenvalue of the
comparison matrix, and 72 is the number of objectives. To
compute the eigenvalue for a pairwise comparison matrix
in AHP, multiply the pairwise comparison matrix M by
the priority vector w using Equation (6):

M x w Amax *w

(6)
Here, w represents the normalized priority weights of the
criteria. For each row i in the resulting matrix A *
w computed by using Equation (7):
(A * w);

A- =
L Wi

(7

Where (A * w); is the i-th element of the resulting vector,
and w; is the J-th element of the priority vector. The
maximum eigenvalue of the comparison matrix is then
calculated by taking the average value of all 4;, Where n
is the number of objectives using Equation (8):

oA
Amax = lnl :

®)
The consistency check is essential to ensure that
judgments are logically consistent, as inconsistencies can
compromise the validity of the decision-making process,
leading to unreliable outcomes. This process reinforces
robust decision-making by encouraging stakeholders to
critically evaluate their judgments, ensuring coherence
and reliability throughout the analysis.

Table 2: Random Index (RI) for different numbers of objectives
(Saaty, 1990)

Number of criteria Random Index (RI)
2 0
3 0.58
4 0.90
5 1.12

5 (Lig * Wy, Mg * Wa, Usgq * W1)
V H

(L * Wy, My * Wy, Uy * We)
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3.6 STEP 6: CONSTRUCT THE WEIGHTED
FUZZY DECISION MATRIX

Following the elicitation of decision-makers' preferences
through the AHP method, the subsequent step involves
conducting decision analysis utilizing the Fuzzy TOPSIS
method. The Fuzzy TOPSIS method is an extension of the
traditional Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) that incorporates
fuzzy set theory to handle uncertainty and vagueness in
decision-making (Chen, 2000). This approach is
particularly useful when preferences are expressed in
qualitative terms, such as linguistic variables, which are
subjective and imprecise by nature, such as with scenarios
in the CIB analysis. Fuzzy sets enable the representation
of linguistic variables such as "Low," "Medium," and
"High" as fuzzy numbers. Among the different forms of
fuzzy sets, triangular fuzzy numbers (TFNs) are most
commonly used due to their simplicity and computational
efficiency (Chen, 2000). A triangular fuzzy number is
represented as Zl-]- = (lij,mij, uij) where [ is the lower
bound, m is the most likely value, and u is the upper
bound, forming a triangular membership function. A
fuzzy number A on R is defined as a triangular fuzzy
number (TFN) it its membership function p5 (x):R >
[0,1] is expressed as follows in Equation (9):

x—1
_— [<x<m
m-—1
Hax) = u—x' m<x<u ©)
u—m
tO, Otherwise

To convert linguistic variables into fuzzy numbers, a
predefined fuzzy scale should be developed which assigns
specific TFNs to each linguistic term based on expert
judgment or domain knowledge. This allows qualitative
assessments to be transformed into quantitative data that
can be processed within the Fuzzy TOPSIS framework,
enabling a more nuanced and flexible evaluation of
scenarios under uncertainty. A fuzzy scale is employed to
transform the qualitative ordinal variants from the
consistent scenarios in Step 4 into fuzzy numbers, which
are subsequently used to construct the decision matrix.

Following the fuzzification process, construct the fuzzy
pairwise decision matrix by first calculating the relative
importance of each objective (w;) following step 5, using
Equation (10):

Vo= Ay xowy = (ly=wysmy < wpug = w;) - (10)
The overall weighted fuzzy decision matrix can then be
constructed using Equation (11), Where: m is the number

of scenarios, and n is the number of objectives.

(1n



3.7 STEP 7: NORMALIZE THE WEIGHTED
FUZZY DECISION MATRIX

To normalize the weighted fuzzy decision matrix V, each
objective V;; = (I;j,m;j,u;;) is normalized based on the
type of objective (benefit or cost).

For benefit objectives (higher values are preferred)
Equation (12) can be used:

lij mij uij

Rij = ( (12)

=
U U uj

For the cost criteria (lower values are preferred) Equation
(13) is used:

17 m: u-
R.. = (2 L
Ry = G D) (13)

Where uf is the maximum upper bound for the j — th

objective, and [; is het minimum lower bound for the j —
th objective.

3.8 STEP 8: DETERMINE THE FUZZY
POSITIVE-IDEAL SOLUTION (FPIS) AND
FUZZY NEGATIVE-IDEAL SOLUTION
(FNIS)

In the Fuzzy TOPSIS method, the FPIS (Fuzzy Positive
Ideal Solution) represents the optimal fuzzy values for
each objective, while the FNIS (Fuzzy Negative Ideal
Solution) reflects the least desirable outcomes. These are
determined by identifying the best and worst fuzzy scores
across all scenarios for each objective. Scenarios are
ranked based on their proximity to the FPIS and distance
from the FNIS, with the closest scenario to the FPIS and
farthest from the FNIS considered the best choice.

If x;; represents the fuzzy evaluation of the i-th alternative
with respect to the j-th objective, the FPIS for each
criterion can be represented as:

A = max;x;; if the objective is beneficial
i {minixi]- if the objective is non — beneficial (14)
Conversely, If x;; represents the fuzzy evaluation of the i-
th alternative with respect to the j-th objective, the FNIS
for each objective can be represented as:

A min;x;; if the objective is beneficial
i {maxixi]- if the objective is non — beneficial

(15)

3.9 STEP 9: CALCULATE THE DISTANCE OF
EACH SCENARIO FROM FPIS AND FNIS

The distances from each scenario to the FPIS (d;) and

FNIS (d;) are calculated using the fuzzy distance

measure: Euclidian distance using Equation (16).

The distance d between two fuzzy numbers A, =

(L, my,uy) and &, = (I, my,u,) is:
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O 1
d(4,,4;) = 3= [l = 1)? + (my —my)?

(16)

+ (w —up)?]

To calculate the distances from FPIS and FNIS to each
scenario the following Equations (17&18) can be used:

Distance from FPIS:

(@) df |XhaRij — A)? (17)
Distance from FNIS
(d7): di /2;11(&; - A7)? (18)

Here, n is the number of objectives, x;; is the fuzzy score
of the i-th scenario on the j-th objective, and A;' is the
score of the FPIS on the j-th objective, and 4} is the score
of the FNIS on the j-th objective. Using these distances,
each scenario’s relative closeness to the ideal solution is
calculated, which is used to rank the scenarios. The
alternative with the shortest distance to the FPIS and the
longest distance from the FNIS is considered the optimal
choice.

3.10 STEP 10: OBTAIN THE CLOSENESS
COEFFICIENTS OF EACH SCENARIO

In the Fuzzy TOPSIS method, the closeness indicator is a
metric for ranking scenarios by measuring their proximity
to the Fuzzy Positive Ideal Solution (FPIS) and their
distance from the Fuzzy Negative Ideal Solution (FNIS).
This ranking provides decision makers with a clear
understanding of which scenario best aligns with their
preferences and objectives. By summarizing each
scenario's performance across all objectives, the closeness
indicator supports informed, consensus-driven decisions,
highlighting not only the best options but also how closely
each one approaches the ideal conditions. The closeness
indicator is calculated by using the following Equation

(19):

di

cC; =
Ydf+d;

(19)

Where d} is the distance of the /-t alternative from the
FPIS, and d; is its distance from the FNIS. The closeness
indicator, CC;, ranges from 0 to 1, where a value closer to
1 indicates that the scenario is closer to the FPIS and
farther from the FNIS, making it a more preferable option.

4 HYPOTHETICAL EXAMPLE

The application of the newly introduced mixed-method
approach is demonstrated using a hypothetical example of
an adaptive reuse project.
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4.1 STEP 1: DEFINE THE AIM AND
OBJECTIVES

For the hypothetical example we have developed the
following aim, objectives and criteria. For the selection of
the objectives and criteria we have drawn inspiration from
van Laar et al., (2024), who conducted an extensive
literature review on criteria and objectives in the decision-
making process of adaptive reuse. For practical reasons
we have limited the number of objectives to five.

Table 3: The project aim and objectives of the hypothetical
example

The aim of this project is to adaptively reuse an

Project existing building to meet functional, environmental,
Aim and social needs while preserving its historical,
significance.
O1) To increase social impact
02) To reduce environmental impact
Objectives  03) To reduce cost

04) To improve the physical quality and durability
of the building

0O5) To preserve the historic and cultural value of
the building

4.2 STEP 2: DEVELOP DESCRIPTORS AND
VARIANTS

Based on the objectives chosen, comprehensive
descriptors and variants were developed that included
names, description, objective and criteria (Appendix A).
For all descriptors, 3 ordinal variants were drawn up: a
strong variant in which the objective within the descriptor
is definitely reached, a medium variant in which the
objective is partially reached, and a weak variant in which
the objective is not reached.

The same linguistic variables were chosen for each
objective to simplify the FUZZY translation in Step 6.

An example for the descriptor Social impact is provided
in Table (4).

Table 4: The descriptor: "Social Impact" and its corresponding
variants

Descriptor:

Social Impact Variants

Al: Social Heaven (strong variant)
The adaptive reuse project enhances

social impact by addressing socio-
To . . .
increase economic factors like house prices,
Objective . gentrification, and perceived safety

social . . .

Tmpact while boosting neighbourhood
liveability. It fosters social cohesion by
serving as a community hub and
improves surrounding public spaces.
A2: Socially Acceptable (medium
variant)

The adaptive reuse project avoids
. negative socio-economic impacts, with

Social . .

N some focus on enhancing public spaces
cohesion . . .
R and liveability. While not central to

Public . .

spaces fostering community, it offers spaces for

Criteria Liviabili ; social interaction.
Socio- y A3: Socially Limited (weak variant)
. The adaptive reuse project negatively
economic . . : =
o impacts socio-economic conditions,
conditions

potentially raising housing prices and
driving gentrification. It fails to
improve liveability, public spaces, or
social cohesion.

4.3 STEP 3: IDENTIFY RELATIONSHIPS
BETWEEN DESCRIPTORS AND VARIANTS

We have mapped the interactions between all descriptor-
variant combinations using the scale from Weimer-Jehle,
(2006). This resulted in the following Cross-impact
balance matrix (Table 5):

Table 5: The completed CIB matrix for the hypothetical example

. B) . D) Physical E) Historic and

CIB Matrix A) Social Impact :Zi;l;larcotnmental ©) Cost ql)lalit))]f Czlltural value

Al A2 A3 Bl B2 B3 Cl C2 C3 D1 D2 D3 El E2 E3
A) Social Impact:
Al) Social heaven 3 2 -2 1 0 0 0 0 0 3 2 -2
A2) Socially acceptable 2 1 -1 0 0 0 0 0 0 2 1 -1
A3) Socially limited -2 -1 2 -1 0 1 0 0 0 -2 0 2
B) Environmental Impact:
B1) Sustainability heaven 2 1 0 -3 -1 3 0 0 0 0 -1 0
B2) Environmentally friendly 0 0 0 -1 0 1 0 0 0 1 1 -1
B3) Environmentally unfriendly 2 -1 1 -1 1 -1 0 0 0 1 0 0
C) Cost:
C1) Cost Efficient 1 1 -1 -1 2 1 3 2 1 -2 -1 2
C2) Moderately costly 0 0 0 -1 2 1 1 0 -1 1 1 0
C3) Very costly -2 -1 1 2 -2 2 2 1 -2 -3 -1 3
D) Physical quality:
D1) Strong and Durable 1 0 0 3 2 0 2 -1 -2 3 2 -2
D2) Sufficiently durable 0 0 0 2 1 0 1 1 -1 2 1 0
D3) Poor building quality 0 0 1 2 0 1 -2 1 2 -3 -1 2
E) Historic/Cultural value
E1) Preserving History 2 1 -1 -1 0 0 2 -1 2 3 2 -2
E2) Attention to history 1 0 0 0 0 0 -1 0 1 2 1 -1
E3) Ignoring history -2 -1 2 1 0 0 1 0 -1 -1 0 2
Impact Sum [6 T3 T2 | [4 Je T-1t 1 [=2 T3 13 1 JT6 T[4 JTa 1 [4 J2 =2
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4.4 STEP 4: CONSTRUCT SCENARIOS

The consistency analysis was performed using the
ScenarioWizard software, with a consistency value of 1
following Equation (1). This resulted in 4 consistent
scenarios that are included for decision analysis (Figure
2). Each scenario consists of a consistent combination of
variants that is characterised by strong (green), medium
(yellow), or weak (red) in relation to the objective of the
descriptor.

Social Impact: Social Impact:
Social heaven Socially limited
Environmental Impact: Ei Impact: Impact: || Environmental Impact:
inabili ven i lly unfriendly ility heaven || Envil lly unfriendly
Cost: Cost. Cost: Cost.
Very costly Moderately costly Very costly Moderately costly
Physical quality: Physical quality:
Strong and Durable Poor building quality

Historic and Cultural value:
Preserving History

Historic and Cultural value:
Attention to history

Historic and Cultural value:
Ignoring history

Figure 2: The scenario tableau for the hypothetical example

4.5 STEP 5: DETERMINING THE WEIGHTS OF
THE OBJECTIVES

We determined the weights of the objectives through the
AHP methodology by using the Saaty’s 9-point Likert
scale (Saaty, 1990). The relative importance of the
objectives is displayed in the pairwise comparison matrix:

[0 0 0 0 o
0;[ NG NG G (9)}
%3 1 ® B O

M=0s102 033 1 3 () (20)
*1(0.14) (0.2) (0.33) 1 3)
s[.11) 014 02) ©33) 1]

The pairwise comparison matrix was normalized by
dividing each entry by the sum of its column using
Equation (3), which results in the normalized pairwise
comparison matrix: Equation (21).

0,
(0.520)
21(0.173)
(0.104)
*1(0.073)
(0.057)

0,
(0.545)
(0.182)
0.061)
(0.036)
0.027)

05
(0.476)
(0.286)
(0.095)
(0.032)
0.019)

0,
(0.437)
0.312)
(0.188)
(0.062)
(0.041)

0s
(0.400)
(0311)
0.222)
(0.133)
(0.089)

@n

The relative weight w;, of each objective was calculated
by averaging the normalized values across each row.
Table (6). presents the final weights. The objective “To
reduce cost” is the most important, while the objective
“To increase social impact” is the least important.

Table 6: The weights for each objective following AHP

Objective (0y) Weight (wy,)
To reduce cost (03) 0.476
To preserve the historic & cultural 0.253
value of the building (05)

To improve the physical quality/ 0.134
durability of the building (0,)

To reduce environmental impact (0,) 0.067
To increase social impact (0;) 0.045

71

To ensure the judgments were consistent, the largest
eigenvalue was computed using Equation (22) along with

the Consistency Index (CI); Equation (23) and
Consistency Ratio (CR); Equation (24):
Largest Eigenvalue:
A+ + 23+ 4+ A5
Amax = 5
5.83 + 5.78 + 551 + 5.42 + 4.07 (22)
Anax = 5
=5.333
Consistency Index (CI):
Amax — 1 5333 — 5
= = = 23
Cr == s = 0083 (23)

The Random Index (RI) value with 5 objectives is: 1.12
(Table 2).

Consistency Ratio (CR)
(24)

The Consistency Ratio (CR) = 0.074 is below the
threshold of 0.1, indicating that the pairwise comparison
matrix is acceptably consistent.

4.6 STEP 6: CONSTRUCT THE WEIGHTED
FUZZY DECISION MATRIX

The decision matrix D with linguistic variables is
constructed based on the outcome of the consistency
analysis from Step 4 (Figure 2), with S, being the
scenarios; Equation (25).

o [ S S, S, s,
1 |Strong Weak  Weak  Weak
2 |Strong Weak Strong Weak
= 2
D=0 Weak Medium Weak Medium 25
* |Strong Strong Strong Weak
> |Strong Medium Weak Weak

To transform the linguistic decision matrix into a fuzzy
matrix, the following conversion scale is used that
incorporates triangular fuzzy numbers (Table 7).

Table 7: The linguistic variable conversion table

Linguistic variable Corresponding triangular fuzzy

numbers (1, m, u)

Weak (1,3,5)
Medium (3,5,7)
Strong (5.7.9)

After conversion the following fuzzy decision matrix Dy
was constructed using Equation (26):
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51 52 53 54
(579 (135) (135 (13,5)
(579 (135) (579 (13,5)
(135 (357 (135 (357)
(579 (579 (57,9 (13,5)
(579 (357) (135 (13,5)

(26)

To arrive at the weighted fuzzy decision matrix the
relative weights of the objectives wy, were multiplied with
the triangular fuzzy numbers (Table 8):

4.7 STEP 7: NORMALIZE THE WEIGHTED
FUZZY DECISION MATRIX

Using Equation (12) we can then normalize the weighted
fuzzy decision matrix (Table 9).

Table 8: The weighted fuzzy decision matrix for the hypothetical example

Scenario 1 (S;)

Scenario 2 (S,)

Scenario 3 (S3)

Scenario 4 (S,)

Social Impact (0,)

Environmental impact (0,)

Cost (03)
Physical quality (0,)

Historic/ cultural value (05)

(0.225, 0.315, 0.405)
(0.335, 0.469, 0.603)
(0.476, 1.428, 2.380)
(0.670, 0.938, 1.206)
(1.265, 1.771,2.277)

(0.045, 0.135, 0.225)
(0.067, 0.201, 0.335)
(1.428, 2.380, 3.332)
(0.670, 0.938, 1.206)
(0.759, 1.265, 1.771)

(0.045, 0.135, 0.225)
(0.335, 0.469, 0.603)
(0.476, 1.428, 2.380)
(0.670, 0.938, 1.206)
(0.253,0.759, 1.265)

(0.045, 0.135, 0.225)
(0.067, 0.201, 0.335)
(1.428, 2.380, 3.332)
(0.134, 0.402, 0.670)
(0253, 0.759, 1.265)

Table 9: The normalized weighted fuzzy decision matrix for the hypothetical example

Scenario 1 (5;)

Scenario 2 (S,)

Scenario 3 (53)

Scenario 4 (S,)

Social Impact (0,)

Environmental impact (0,)

Cost (03)
Physical quality (0,)

Historic/ cultural value (0z)

(0.095, 0.132, 0.170)
(0.141, 0.197, 0.253)
(0.200, 0.600, 1.000)
(0.282, 0.394, 0.507)
(0.532, 0.744, 0.957)

(0.014, 0.041, 0.068)
(0.020, 0.060, 0.101)
(0.429, 0.714, 1.000)
(0.201, 0.282, 0.362)
(0.228, 0.380, 0.532)

(0.019, 0.057, 0.095)
(0.141,0.197, 0.253)
(0.200, 0.600, 1.000)
(0.282, 0.394, 0.507)
(0.106, 0.319, 0.532)

(0.014, 0.041, 0.068)
(0.020, 0.060, 0.101)
(0.429, 0.714, 1.000)
(0.040, 0.121, 0.201)
(0.076, 0.228, 0.380)

4.8 STEP 8: DETERMINE THE FUZZY
POSITIVE-IDEAL SOLUTION (FPIS) AND
FUZZY NEGATIVE-IDEAL SOLUTION
(FNIS)

Using the normalized weighted fuzzy decision matrix
from Step 7 (Table 9), the FPIS and FNIS were calculated
for each objective using Equation 14 and 15 resulting in
Table (10).

Table 10: The FPIS and FNIS values for each objective in the
hypothetical example

Objectives (0,,) FPIS FNIS
. (0.095, 0.132, (0.014, 0.041,
Social Impact (0,) 0.170) 0.068)
Environmental impact (0.141, 0.197, (0.020, 0.060,
0,) 0.253) 0.101)
(0.429,0.714, (0.200, 0.600,
Cost (05) 1.000) 1.000)

. . (0.282,0.394, (0.040, 0.121,
Physical quality (0,) 0.507) 0.201)
Historic/ cultural value (0.532, 0.744, (0.076, 0.228,
(05) 0.957) 0.380)

4.9 STEP 9: CALCULATE THE DISTANCE OF
EACH SCENARIO FROM FPIS AND FNIS

Using the Euclidean distance each scenario from the FPIS
and FNIS were computed using Equation (16). Distances
were calculated for each scenario based on the FPIS
D*and FNIS D~ (Table 11).
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Table 11: The distance from each scenario to the FPIS and FNIS

Scenario (S,) D™ (FPIS Distance) D~ (FNIS Distance)

Scenario 1 (S;) 0.543 0.802
Scenario 2 (S,) 0.786 0.617
Scenario 3 (S3) 0.643 0.732
Scenario 4 (S,)  0.849 0.503

4.10 STEP 10: OBTAIN THE CLOSENESS
COEFFICIENTS OF EACH SCENARIO

Once the distances from FPIS and FNIS are determined,

the Closeness Coefficients can be obtained using

Equation (27). An example calculation for Scenario 2 is

given:

odr 0.617

T df+dy 0786 + 0.617

cc; = 0440  (27)

This results in the following scenario ranking, with
scenario 1 ultimately ranking on top (Table 12).

Table 12: The Closeness Coefficient for each scenario

Scenario (S,) Closeness Coéfficiént CC, Rank
Scenario 1 (S,) 0.596 1
Scenario 2 (S,) 0.440 3
Scenario 3 (S3) 0.532 2
Scenario 4 (S,) 0.372 4




5 CONCLUSION AND REMARKS

This study has introduced an integrated decision-making
framework that combines Cross-Impact Balance (CIB)
analysis, the Analytic Hierarchy Process (AHP), and
Fuzzy-TOPSIS to enhance scenario development and
multi-criteria evaluation in adaptive reuse projects. By
incorporating scenario-based methodologies within a
structured decision-making process, this approach enables
stakeholders to systematically explore future-oriented
reuse options while addressing uncertainty, complexity,
and competing priorities. The framework was
demonstrated through a hypothetical adaptive reuse
project, illustrating how these methods interact to
generate, assess, and rank consistent scenarios.

The findings highlight the benefits of integrating different
methodologies to strengthen decision-making. CIB
analysis ensures scenario consistency, reducing the
likelihood of incoherent or contradictory planning
outcomes. AHP provides a structured means to weight
stakeholder  preferences, ensuring that diverse
perspectives are reflected in the evaluation process.
Meanwhile, Fuzzy-TOPSIS offers a robust ranking
mechanism that accounts for uncertainty, allowing
decision-makers to prioritize alternatives more
effectively. The integration of these methods enhances
future-oriented decision-making by ensuring that adaptive
reuse strategies consider long-term sustainability,
economic feasibility, and social impact rather than being
constrained by immediate limitations. Additionally, the

approach  fosters  stakeholder engagement and
transparency by actively involving participants in
defining objectives, developing descriptors, and

evaluating scenarios, leading to a more inclusive and
aligned decision-making process. The structured
methodology also enhances practical applicability,
making it adaptable for real-world projects where trade-
offs must be assessed, and priorities established.

Despite its advantages, certain limitations should be
acknowledged. The methodology relies significantly on
subjective inputs, particularly in scenario development
and the conversion of linguistic variables in the Fuzzy-
TOPSIS method. Its effectiveness depends on the ability
of stakeholders and experts to define meaningful
descriptors and variants, assess interactions accurately,
and translate qualitative insights into quantitative
measures. Any inconsistencies or biases in these
subjective judgments could influence the final rankings.
Moreover, for the methodology to function effectively, it
is crucial to ensure active stakeholder participation at
multiple stages, including defining objectives, developing
scenario descriptors, weighting criteria, and ranking
scenarios. Without sufficient engagement, the approach
risks overlooking critical real-world considerations and
diminishing the legitimacy of its outcomes. Future
research should explore participatory mechanisms to
strengthen stakeholder involvement and ensure a balanced
representation of perspectives.
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5.1 FUTURE RESEARCH DIRECTIONS

To further validate the proposed approach, real-world
case studies should be conducted to test its practical
applicability. Future research could also focus on:

e Improving the linguistic variable conversion
process by developing standardized fuzzy scales
that minimize subjectivity.

e Automating parts of the methodology to reduce
the complexity of data input and improve
usability.

e Exploring hybrid decision-support tools that
integrate participatory scenario development
with computational methods to enhance
consistency and scalability.

The proposed framework demonstrates the potential of
integrating scenario planning and multi-criteria decision-
making, yet its full impact can only be realized through
real-world applications. As the built environment
continues to evolve, future efforts should focus on
refining participatory methods and optimizing decision-
support tools to promote practical applicability, ensuring
that adaptive reuse strategies are data-driven, inclusive,
and aligned with long-term sustainability goals.
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ABSTRAC

Background and aim: The construction industry contributes approximately 19% of global greenhouse gas (GHG)
emissions and accounts for one-third of worldwide energy consumption, underscoring its pivotal role in addressing
climate change. This study evaluates the environmental impact of preserving an existing concrete structure versus
constructing a new one with cross-laminated timber (CLT) or virgin concrete.

Methods and data: The effectiveness of environmental comparison in mitigating carbon emissions and reducing resource
consumption is investigated through a comparative lifecycle analysis of reuse and replacement scenarios. Utilizing the
Life Cycle Assessment (LCA) framework, three scenarios were analysed: (1) preserving existing concrete floors on-site
and adding two cross-laminated timber (CLT) extensions, (2) demolishing the existing concrete structure to construct an
entirely new five story building using CLT, and (3) demolishing and constructing a new five story structure with cast-in-
place virgin concrete. The analysis comprehensively quantifies the Global Warming Potential (GWP) across the
production, operational, and end-of-life stages.

Findings: Results demonstrate that reusing existing concrete floors reduces approximately 40 kg COze/m? gross floor
area compared to a new timber construction and 121 kg CO.e/m? tons compared to new concrete construction.

Theoretical/practical/societal implications: The results highlight the environmental benefits of implementing circular
economy principles into construction practices.

Keywords: Life Cycle Assessment, concrete reuse, cross-laminated timber, circular economy, carbon emissions.

1 INTRODUCTION

The construction industry is a cornerstone of economic sustainability remains complex, especially when
and infrastructure  development. However, it transitioning to low-carbon economies. As the largest
significantly contributes to global greenhouse gas consumer of natural resources, the Architecture,
(GHG) emissions and resource consumption, Engineering, and Construction (AEC) sector plays a
accounting for approximately one-third of global energy critical role in ecological sustainability. Climate change,
use (Kumar & Zhang, 2024). Boverket (2023) reports a pressing 2l1st-century challenge, underscores the
that the construction and real estate industries account urgency of action, with Sustainable Development Goal
for 21% of Sweden's annual CO: emissions, (SDG) 13 emphasizing climate mitigation (Magazzino
highlighting their critical role in achieving national et al., 2022). Transitioning to a circular economy that
climate objectives. Addressing these challenges through optimizes resource use, minimizes waste, and reduces
sustainable material usage can reduce emissions and environmental impacts across material lifecycles offers
resource  depletion, particularly amid growing a potential pathway. However, technological,
infrastructure demands (Akan, Dhavale & Sarkis, 2017). institutional, market, and cultural barriers inder this shift
Yet, balancing economic growth with environmental (Grafstrom & Aasma, 2021). Moving from a linear
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"take, make, dispose" model to a circular framework
based on recycling and reuse is imperative (Elisha,
2020).

Initiatives to reduce environmental impact assessment
of building materials have been recently introduced in
EU (EU 2024). The EU Directive on energy
performance of buildings (recast) emphasised measures
to reduce the whole life-cycle greenhouse gas (GHG)
emissions of buildings including material production,
construction, operation, renovation and end of life
stages. In Sweden, the climate declaration of buildings
regulation (Boverket 2020) requires assessment of the
carbon footprint of new buildings.

This study examines the environmental implications of
adopting circular economy principles in the construction
sector, focusing on the structural materials of concrete,
steel, and cross-laminated timber (CLT). Specifically,
the research addresses the optimization and reuse
solution for the “Lumi” project, a five-story office
building of 21 000 m? gross floor area in Uppsala,
Sweden. Three stories of an old building are reused and
CLT is used to construct two additional stories. Due to
the structural limitations of the pre-existing foundation,
constructing a large and heavy structure, such as one
utilizing cast-in-place concrete, was deemed unfeasible.
Assessing the environmental impact of structural
systems, including cast-in-place concrete and CLT, is
pivotal for advancing sustainable construction practices
and addressing climate-related challenges.

The study focuses on three distinct scenarios to
determine the option with the lowest environmental
impact:

e Scenario 1: Retain three concrete floors and add
two cross-laminated timber (CLT) floors.

e Scenario 2: Demolish concrete floors and
construct a new five-story CLT building.

e Scenario 3: Demolish concrete floors and
construct a new five-story concrete building.

Figure 1 illustrates the building and floors. Scenarios 2
and 3 necessitate the complete demolition of the
concrete structure and the construction of an entirely
new building.
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The study examines greenhouse gas emissions,
quantified in terms of carbon dioxide equivalents (CO-
eq), to evaluate each scenario's environmental per-
formance.

2 LITERATURE REVIEW

In the European Union, more than 20% of residential
buildings were constructed before 1945 and are now
approaching the end of their expected lifespans. This
situation necessitates either the renovation or demolition
of these structures (Czarnecki & Rudner, 2023). When
decommissioning old buildings, approximately 70% of
the waste from high-rise buildings has the potential to
be reused or recycled (Umar, Shafiq, & Ahmad, 2020).
Adopting a circular economy approach in construction
and demolition waste management can offer both
environmental and economic advantages. However, the
sustainability of such efforts depends on site-specific
factors including the type of material, building
components, transportation distances, and the economic
and political context (Ghisellini et al., 2017).

A recent report by the Swedish board of housing lists the
typical climatic impact of different parts of buildings by
focusing on phases Al to A5 of the building life cycle
(Malmgqvist, T 2023). The findings reveal that the
foundation and load bearing structure are the most
significant contributors to the climate impact, often
accounting for more than half of the emissions. This
underscores the importance in efforts to reduce
emissions from structural material. Conversely, energy
usage and structural completeness contribute less to the
impact of climate change, indicating opportunities for
targeted improvements.
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Figure 1: Above: Illustration of concrete and CLT floors Below: Illustrations of three retained concrete floors and the
completed building with two additional cross-laminated timber (CLT) floors (scenario 1).

These results emphasize the critical need for life cycle
assessment and material optimization to foster
sustainable construction practices and achieve long-
term ecological benefits.

Concrete is the most common material in building
foundations and load bearing structures. The
environmental consequences of concrete production are
profound, primarily due to the carbon-intensive nature
of cement manufacturing, a critical concrete component.
Cement production, predominantly driven by the
calcination of limestone, is responsible for
approximately 8% of global CO: emissions, presenting
a formidable challenge for climate change mitigation
(Amran et al., 2022). Accelerating decarbonization and
implementing improved solutions are imperative for
achieving net-zero emissions, particularly in addressing
the structural and foundational demands of the
construction industry (Amran et al., 2022). As an
example, design for deconstruction (DfD) offers
environmental benefits 1.8 to 2.8 times greater than
those of recycled aggregate concrete (RAC) (Xia et al.,
2020). Life cycle assessment (LCA) models are
essential in establishing sustainable cement standards.
Teran-Cuadrado et al. (2024) underscore the
significance of supplementary cementitious materials
(SCMs), functional units, and supply chain dynamics in
enhancing the sustainability of blended cement.
Concrete  production involves energy-intensive
processes, including raw material extraction and high-
temperature  kiln  operations, exacerbating its
environmental footprint (Boakye et al, 2024).
Furthermore, the environmental impact of concrete
extends to its usage and disposal phases. Although
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concrete is highly durable, demolishing concrete
structures generates considerable waste, much of which
is downcycled or landfilled. While carbonation during
its lifecycle absorbs a portion of CO-, this compensates
for only a fraction of the emissions generated during
production (Alhawat et al., 2022).

Timber is distinguished by its renewable nature and
carbon-sequestering properties. It acts as a carbon sink
during its growth phase, capturing atmospheric CO. Life
cycle assessment studies consistently indicate that
timber exhibits a lower Global Warming Potential
(GWP) than concrete, particularly during the production
and construction phases. Its lightweight nature further
contributes to reduced transportation emissions and
enhanced construction efficiency. Duan et al. (2022)
report that, despite the higher embodied energy of mass
timber, it achieves 43% lower greenhouse gas (GHG)
emissions than reinforced concrete (RC) (Duan et al.,
2022). However, the ecological benefits of timber are
contingent upon sustainable forestry practices.
Unsustainable logging can result in deforestation,
biodiversity loss, and carbon release, significantly
undermining  timber's advantages. Deforestation
accounts for approximately 15% of global GHG
emissions, contributing substantially to climate change
(Kumar et al.,, 2022). Innovations such as cross-
laminated timber (CLT) enhance timber’s potential for
construction while retaining its environmental benefits.
Younis and Dodoo (2022) highlight the advantages of
CLT, including a low carbon footprint, high strength-to-
weight ratio, and ease of installation (Younis & Dodoo,
2022). A smart combination of CLT and the preserved
existing concrete structure was used in the Lumi case. A
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heavier structure than CLT would not have allowed the
reuse of the three floors from the decommissioned
structure on-site. Reusing concrete offers an avenue for
reducing emissions associated with raw material
extraction, cement production, and waste disposal.

3 METHODOLOGY

This study systematically quantifies the Global
Warming Potential (GWP) of building constructions
over the lifecycle, which includes raw material
extraction, manufacturing and end-of-life disposal,
using Life Cycle Assessment (LCA). Expressed in
carbon dioxide equivalents (COz¢), GWP standardizes
the radiative forcing effects of various greenhouse gases
into a single measure, thus enabling a scientifically
robust evaluation of climate impact. Given its
significant role in sustainability assessments, this study
prioritizes GWP as the main environmental impact
category when comparing structural alternatives. The
analysis adheres to the EN 15978 standard (CEN
(2011)) which defined the lifecycle phases as material
manufacturing (A1-A3), construction processes (A4—
AS), operational use (B1-B7), and end-of-life
considerations (C1-C4). The LCA ensured a robust,
systematic, and objective environmental performance
evaluation by incorporating all lifecycle stages, as
illustrated in Figure 2. This study comprehensively
evaluated greenhouse gas emissions associated with
four structural material scenarios over a 100-year
lifecycle and defines 1 m? of gross floor area (GFA) per
residential unit as the functional unit. This clear
definition ensures methodological consistency in the
Life Cycle Assessment (LCA) and enables
comparability between the construction scenarios
analyzed.

Operational energy and maintenance were excluded to
focus exclusively on material-related emissions in a
similar way to the Swedish climate declaration of
buildings regulation. But in contract to the regulations,
this study only included the load-bearing structure
excluding foundation and roof etc.

The analysis was structured across three key lifecycle
stages, as defined below:

e Phases A1-AS: Encompassing raw material
extraction, production, transportation, and
construction activities.

e Phase B: Addressing materials' energy-free
durability and longevity during the operational
phase.

e  Phases C1-C4: Covering end-of-life processes,
including demolition, waste management,
recycling, and disposal.

3.1 DATA COLLECTION

The data collection within the study incorporates both
primary and secondary sources to ensure precision,
reliability, and  standardization in  assessing
environmental impacts. The study includes:
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Primary Data: Lumi project structural design
and material amounts.

Secondary data: sources that include emission
factors and material attributes from EPDs,
literature, and industry
sources like OneClick LCA.

Additional inputs: Transportation distances
and construction activities with fuel usage
and emission factors.



3.2 CALCULATION OF GWP
Each material's GWP was calculated

e Material Inventory Assessment:
materials utilized.

e Lifecycle Phase Assessment: Assess emissions
throughout production (A1-A3), construction
(A4-AS), use (B1-7), and end-of-life (C1-C4)
stages.

Quantify

B * Reuse Recovery-Recycling |
Potential !

Suppl. Info
beyond the life-
cycle

Product Stage

e Verify GWP emission factors from EPDs for
emission factor application.

e End-of-Life Considerations: Assess emissions
from demolition, recycling, and material reuse
credits.

e Results Aggregation: Each material's total
phase emissions.
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Figure 2: Life Cycle Stages in Construction and Their Environmental Impact Considerations

4 RESULTS & DISCUSSION

An analysis of the Global Warming Potential (GWP) of
three structural alternatives revealed significant
differences in environmental performance, expressed in
kg COze/m? gross floor area (Figure 3). Among the
structures evaluated, Scenario 1, a preserved concrete
structure with two added stories in CLT demonstrated
the lowest GWP, calculated at 36 kg CO.e/m?
representing a 77% reduction compared to Scenario 3, a
building with virgin concrete, which has a GWP of 157
kg COze/m?. This substantial reduction of 121 kg
CO2e/m?, or a total of 2,800 tons CO-for the whole
building, was attributed to eliminating energy-intensive
processes such as raw material extraction and cement
manufacturing during life cycle stages A1-A3. Despite
its widespread use, versatility, and durability, standard
concrete's high environmental impact made it less
suitable for sustainable construction practices. By
reusing existing materials, the demand for new cement
production was almost nullified, thereby mitigating
emissions.

A complete five story timber construction (scenario 2),
with a GWP of 76 kg COze/m?, offers a 52% reduction
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in emissions compared to standard concrete, resulting in
an absolute reduction of 81 kg CO.e/m?. Even though
the GWP assessments of timber do not account for
biogenic carbon storage, which would further enhance
its ecological benefits, timber provides a more
sustainable alternative to standard concrete. However,
the carbon savings with timber (Scenario 2) compared
to standard concrete (Scenario 3) were less substantial
than those achieved by reusing an existing concrete
structure (Scenario 1). Moreover, current GWP
assessments of timber do not account for biogenic
carbon storage, which would further enhance its
ecological benefits. While Scenario 2, timber, provides
a more sustainable alternative to Scenario 3, standard
concrete, its carbon savings were less substantial than
those achieved by Scenario 1, reusing an existing
concrete structure.

A comparison between preserved concrete structures
on-site and new timber structures further highlights the
superior environmental performance of reused concrete.
With an additional reduction of 40 kg CO.e/m?
compared to timber (76 kg CO2e/m? for timber versus 36
kg CO:e/m? for reused concrete), reused concrete
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demonstrates a greater capacity to minimize carbon
emissions. For the whole building the reduction amounts
to 1,800 tons CO:. These findings underscore the critical
role of material reuse in advancing sustainable
construction practices and reducing the climate impact
of the built environment. Although timber was a viable
low-carbon alternative to standard concrete, reused
concrete provides the most significant reductions in
GWP, aligning more effectively with circular economy
principles and sustainable development. In practice, the
reuse of structural components not only reduces
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embodied emissions but also preserves the urban fabric
and cultural value of existing architecture—providing
social and aesthetic benefits alongside environmental
gains.

The product stage represents the dominant share of the
life cycle impacts in Scenario 3 with a concrete
construction. As we introduce more timber the end-of-
life stage becomes a more notable contribution to the
building’s overall environmental effects.

C1 c2 Cc3 Cc4 D

Scenario 3

Figure 3: Comparative Analysis of Global Warming Potential (GWP) Across Lifecycle Phases for All Scenarios Over

100 Years.

This study expands beyond concrete to encompass
cross-laminated timber (CLT), enhancing Life Cycle
Assessment (LCA) by exploring material reuse in
rehabilitation and new construction. Unlike other
studies, such as De Wolf et al. (2020), which primarily
focus on specific material lifecycles, this research
integrates reuse techniques across various structural
components. Incorporating an estimated building
lifetime and correlating kgCOze/m? annually will further
refine the assessment by providing a more accurate
indication of long-term environmental impact.

4.1 CHALLENGES AND FUTURE RESEARCH

Despite promising outcomes, the study had limitations.
Regional differences in material availability and
transportation constraints limit the generalizability of
the results. Future research could address these gaps by
employing multi-impact assessments, examining reused
concrete's long-term durability and cost-effectiveness,
and incorporating biogenic carbon storage in timber life
cycle evaluations. These advancements would aid in
establishing evidence-based, sustainable construction
methods by enhancing the understanding of material
performance. While reusing materials offers significant
environmental benefits, various practical and financial
constraints impede its widespread acceptance. Reuse is
often less economically viable than traditional
construction due to high labor costs associated with
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demolition, sorting, and processing recycled materials,
which typically outweigh any potential savings.
Additionally,  strict testing and certification
requirements create further financial and logistical
challenges. Other obstacles include transportation, on-
site storage, and integrating salvaged components into
new projects. Additional constraints on implementation
involve limited market demand and the lack of
consistent regulations. Future research should explore
legislative incentives, streamlined  regulatory
frameworks, and improvements in modular design to
boost cost-effectiveness and scalability in circular
construction.

5 CONCLUSIONS

This study demonstrates that circular economy practices
in the building sector, such as reusing structural
materials, can significantly benefit the environment. The
research evaluates three structural scenarios one
utilizing an existing concrete structure on-site, one
involving new cross-laminated timber (CLT) and the
last virgin concrete—to assess their Global Warming
Potential (GWP). Reusing the existing concrete
structure and adding two CLT stories saves around 40
kg CO:2e/m? compared to a new CLT construction
and 121 kg CO:e/m*> compared to a new concrete
construction, effectively reducing greenhouse gas
emissions. This emphasizes the environmental



advantages of extending the lifecycle of existing
materials while minimizing resource extraction and
processing. Lifecycle emissions are consistently lower
for scenarios involving reused concrete and new CLT
than traditional concrete buildings, with reused concrete
emerging as the most sustainable option. These findings
highlight the critical role of material reuse in improving
construction sustainability and reducing environmental
impacts while acknowledging the practical challenges.

In conclusion, the synergy between structural reuse and
renewable materials offers a robust pathway for
reducing embodied carbon, particularly in the
renovation and densification of existing urban areas.
With strategic planning, the construction industry can
shift from linear consumption models toward circular
systems that prioritize longevity, adaptability, and
climate resilience. Future work should continue to refine
these assessments, scale demonstration projects, and
embed circularity in mainstream architectural and
engineering practices.

This study provides valuable insights for developing
policies and strategies that align with global climate
mitigation targets. Emphasizing resource efficiency and
realistic approaches to lifetime emission reduction
contributes to advancing the transition to low-carbon

economies and promoting sustainable building
practices.
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ABSTRACT

Background and aim. The Intergovernmental Panel on Climate Change (IPCC) reported in 2019 that the building sector
accounts for 21% of global greenhouse gas (GHG) emissions, with 18% originating from producing construction materials
such as cement and steel. This highlights the urgent need to address embodied carbon in construction to align with climate
goals. This study examines the potential of reusing structural materials, primarily concrete elements, to significantly
reduce embodied emissions in the construction sector, which has increasingly focused on embodied carbon alongside
operational energy efficiency.

Methods and Data. A lifecycle analysis compared the Global Warming Potential (GWP) of concrete elements reclaimed
from an old building, conventional concrete, and timber construction for the structural frame of a row house.

Findings. Reclaimed concrete demonstrated the lowest GWP, achieving a 77% reduction compared to traditional concrete
and surpassing timber. These findings indicate that reclaimed concrete elements can rival timber as a sustainable building
material.

Theoretical / Practical / Societal implications. Prioritizing sustainable material choices and resource efficiency is
crucial for the construction sector to meet increasingly stringent global climate targets. This study emphasizes the
importance of reusing structural materials to lower carbon emissions during construction, contributing to a more
sustainable built environment.

KEYWORDS: Carbon emissions, Circular economy, Life cycle assessment, Reuse, Structural elements

1 INTRODUCTION CO» emissions, highlighting their critical role in
achieving national climate objectives. These figures
emphasize the urgent need for sustainable strategies to
mitigate the environmental impacts of the building
industry. The cement sector plays a significant role in
global carbon emissions, with energy-intensive

The construction sector significantly influences resource
consumption and greenhouse gas emissions (IEA, 2022).
Boverket (2023) reports that the construction and real
estate industries account for 21% of Sweden's annual
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calcination processes constituting about 8% of worldwide

CO emissions (Nikolakopoulos et al, 2024).
Additionally, the construction sector generates over 40%
of global waste, substantially intensifying its

environmental footprint (Abubakar et al., 2022). The
effects of the construction sector on carbon emissions and
waste production present significant challenges to
decarbonization goals (Sbahieh et al., 2023). In response,
European Union initiatives like the Whole Life Carbon
Roadmap and the Recreate project advocate for circular
economic approaches, emphasizing the importance of
material reuse and reducing reliance on virgin resource
extraction in line with broader sustainability objectives
(Norouzi & Masoud, 2021; UNEP, 2022a, 2022b).
Transitioning to a circular economy is essential for
achieving the ambitious targets of the Paris Agreement.
Although advances in energy efficiency have lowered
operational emissions, the focus has shifted towards
embodied carbon, underscoring the vital importance of
material choice and construction methods in reducing
environmental impacts (Minunno, 2021).

While reusing concrete components from de-
commissioned structures in new buildings is seldom
considered a primary strategy for enhancing sustainability
in the construction industry, concrete reuse has a long
history ~ with  several  successful  applications
demonstrating significant financial and environmental
benefits. (Kiipfer, Bastien-Masse & Fivet 2023).

Recent several researches highlight the growing emphasis
onreusing concrete elementsto reduce embodied
carbonand advance circular  economy principles
in construction. Ahmad Al-Najjar and Tove Malmqvist
(2025) conducted a Swedish pilot study with reusing
concrete elements in new buildings, presenting a
significant embodied carbon savings. The study
highlights that reusing concrete elements offers greater
carbon savings than recycling or using new low-carbon
materials. Kiipfer etal. (2023) critically reviewed 77
concrete reuse cases from Europe and the USA. They
identified that reusing concrete pieces in new structures is
not commonly practiced. Building on this, Kiipfer et al.
(2024) further explored the reuse of saw-cut reinforced
concrete (RC) pieces from demolished structures to create
new load-bearing floor systems, showcasing technical
feasibility through  structural testing and life-cycle
assessments.

Building on the insights from recent case studies, we now
turn our attention to the reference carbon intensity data for
Swedish residential buildings, which provides a crucial
benchmark for evaluating the environmental impact of
construction practices in this region. The total GHG
emissions for erecting a traditional concrete structure
(lifecycle stage A1-A5) was estimated to be around 350
kg CO, /m? (tempered floor area) in an LCA study for a
six-storey multifamily house by (IVL, 2017). From
voluntary building certification system, the up-limits and
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reference value of the upfront carbon (lifecycle stage Al-
A5) of the multifamily building are 260 kg CO; /m? in
Miljébyggnad 4.0 and 310 kg CO; o/m”> in BREEAM
(Miljobyggnad, 2023; BREEAM, 2023)

This is representative of new Swedish energy-efficient
multi-family buildings. Single-family houses and row
houses with 1-2 stories have around half of that impact.
The emissions for this category of houses average 164 kg
CO» o/m? and the most significant emissions occur during
the Al1-A3 phase (Boverket, 2023). The structure,
including foundation, structural framework, fagade, and
roofs, accounts for the majority.

While previous research has thoroughly examined the
environmental impact of new construction materials, few
studies have systematically evaluated the feasibility of
reusing concrete elements as a sustainable construction
material alternative to either virgin concrete or timber.

This study examines and compares the Global Warming
Potential (GWP) of three structural options for a row
house in southern Sweden: locally reclaimed concrete,
traditional structure using virgin cast-in-place concrete,
and a structural frame utilizing light timber. Repurposing,
recovering, and incorporating old concrete elements into
new construction projects is often feasible. However, the
environmental competitiveness of reclaimed concrete
elements from decommissioned buildings as an
alternative to timber remains underexplored. By
systematically evaluating the climatic impact of the
construction phase, the study aims to generate more
insights into the environmental performance of structural
building materials, emphasizing the importance of
material selection in reducing carbon footprints. Through
this analysis, the research advances sustainable
construction practices, supports the adoption of reclaimed
materials in alignment with global climate objectives, and
fosters innovation within the industry, providing a robust
foundation for informed decision-making in future
projects. Given the construction industry's significant
contribution to embodied carbon emissions, advancing
sustainable building practices and informing policy on
low-carbon construction strategies relies on determining
whether material reuse offers a viable alternative to
conventional and renewable materials.

This work distinguishes itself from other LCA studies of
reclaimed concrete by employing a comprehensive
methodological approach that includes an empirical
evaluation of construction and installation impacts (AS5)
as well as an extensive sensitivity analysis of
transportation emissions (A4). Unlike more conventional
studies, this research utilizes real-world case study data to
capture  all  environmental  consequences  of
deconstruction, transportation, and reassembly. The
findings provide new insights into emissions reduction
and highlight how localized reuse techniques lower
embodied carbon, thereby supporting the practical
feasibility of reclaimed concrete in circular building



designs. This study clarifies reuse techniques, aiding in
optimizing low-carbon construction strategies.

The study directly aligns with European policy programs
such as the Circular Economy Action Plan and the Whole
Life Carbon Roadmap, which focus on reducing
embodied carbon and fostering a resource-efficient
construction economy through more reuse or recycling
from non-hazardous construction and demolition waste
(CDW).

2 METHOD

The article employs a Life Cycle Assessment (LCA)
framework to quantify and compare the Global Warming
Potential (GWP) of three structural alternatives for a row
house. The LCA encompasses essential components of
the superstructure, including the frame, upper floors, roof,
stairs, and external walls. The methodology adheres to
European standards, specifically EN 15978:2011 for
building-level assessments and all of the product-level
datasets in the study follow EN 15804 standard based on
CML, ensuring compliance and reliability. The scope of
the LCA focuses on life cycle stage A and the results in
Section 3 illustrate the life cycle impacts within the GWP
impact category, measured in kg CO,. over a specified
service life.

2.1 CASE STUDY DESCRIPTION

Built between 1966 and 1969 as part of Sweden's million-
program housing initiative, the existing multi-family
residential building in Drottninghdg, Helsingborg,
consists of prefabricated concrete components. The
structure supplies structural elements for a new row house

et

project. This study examines the feasibility of reusing
these components—including super structure elements in
both frame and envelope—within a circular building
design to reduce environmental impact. The study forms
part of a research project that explores the feasibility of
reusing structural concrete elements from donor buildings
for a new row house in Helsingborg, Sweden. Figure 1
shows the floor plan of the new apartments with a floor
area of 97 m? and the wall structures. The walls are all
assumed to be designed to have the same U-value.

The analysis employed specific measurements from the
donor building, sourced from an inventory of architectural
records and structural features. When exact data was
lacking, methodological consistency was upheld across
instances by utilizing assumed values. These assumptions
ensured comparability in LCA among new concrete,
reclaimed concrete, and timber construction scenarios.
The study defines 1 m? of gross floor area (GFA) per
residential unit as the functional unit over a 50-year
lifetime. This clear definition ensures methodological
consistency in the Life Cycle Assessment (LCA) and
enables comparability between the construction scenarios
analyzed.

To emphasize the environmental impact of material
choices at design phase, only the product phase (A1-A3)
and the construction phase (A4-A5) are considered in this
study, while Stages B (use phase) and C (end-of-life) were
excluded in accordance with Swedish climate declaration
method. Although dismantling emissions for reclaimed
concrete ensured methodological consistency, the study
assumed that used components retain full functionality
without additional maintenance.

Exterior wall
Facade parel
w 20 sirgap
] 45 Irsulntian

20 AlF gap 11 Qurdoor Gypsum

T80 Irsulation 195 Latches + insulation

180 concrete Plastic film
4% Latches + insulatian
13 Fiere board

13 Gypzum baard

Figure 1. Left: Floor plan (two stories). Middle: Exterior wall in concrete. Left: Exterior wall in light timber

Three structural systems were evaluated:

Case 1: Structural concrete elements from an
existing donor building are disassembled,
inspected, transported, and reassembled without
reprocessing, demonstrating direct reuse and
minimizing resource extraction, waste, and
embodied energy.

Case 2: A conventional system constructed entirely
with virgin cast-in-place concrete is a benchmark
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for comparing reuse methodologies' performance
and environmental impact.

Case 3: A light timber system exemplifying
sustainable construction with renewable materials,
low embodied carbon, and compatibility with
circular construction, providing an additional
comparative baseline.
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2.2 DATA COLLECTION AND
COLLABORATION

Material quantities (A1-A3) were derived from design
data, which included building information models,
architectural drawings, and structural inventories
provided by project representatives, primarily an
architecture student from KTH. While the construction
team validated logistics and practical aspects, the primary
responsibility for material weights and quantities rested
with the design contributors. Transport distances (A4)
were estimated using standard averages integrated into the
One-Click LCA tool, and construction emissions (AS5)
were based on benchmark data from similar projects. This
structured and collaborative approach ensured accuracy
and reliability when calculating the environmental
impacts of reclaimed materials, adhering to EN 15804
standard based on CML methodology.

2.3 LIFECYCLE ASSESSMENT (LCA)

The LCA study evaluated the environmental impacts of
the structural frameworks, highlighting distinct phases
(A1-A4) for the reclaimed concrete. The use of reclaimed
structural elements refers to components sourced from
existing buildings. This ensured that the impacts from
disassembly, inspection, transport, and reuse were
thoroughly  captured for accurate comparison.
Calculations were performed using the OneClick-LCA
educational edition, generic environmental product
declarations (EPDs), and industry-average data,
standardized to one square meter (m?) of gross floor area
over a 50-year lifespan. OneClick LCA was chosen as a
calculation tool for its holistic functions in terms of
comprehensive environmental impact databases and
consistent methodology in line with EN 15978. The
system boundary included the material production phases
(A1-A3), the transport phases (A4), and the construction
and installation phases (AS).

Data and information about the properties and quantities
of the materials used are provided by the project
designers. Since specific product data was unavailable at
the early design phase, associated environmental impact
data has primarily been obtained from the Swedish
National Board of Housing, Building and Planning's
climate database. Where generic data from the Swedish
National Board of Housing, Building and Planning's
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climate database is missing, localized generic climate data
from One Click LCA has been used. In A4, generic
transport data (distance and transport mode) has been used
based on typical transport data for each material. Generic
transport data has been retrieved from the Swedish
National Board of Housing, Building and Planning's
Climate Database. In A5, we followed Swedish climate
declaration context, encompasses waste management,
energy use, and on-site emissions.

Accordingly, the localized generic data from One Click
LCA has been used at the construction phase for the
inclusion of construction site vehicles, machinery and
equipment. Energy impacts in A5 were modeled for fuel,
etc. but only for excavation and backfilling, which was
calculated using project-scale averages, considering
machinery, fuel, and electricity = consumption.
Construction waste and the management of donor
materials were also included, creating a comprehensive
framework to evaluate the role of recycled concrete in
advancing circular construction practices.

3 RESULTS & DISCUSSION

3.1 DIFFERENT STRUCTURAL MATERIAL’S
PERFORMANCE

The comparative GWP results of the three alternative
structural structures studied is presented in Figure 2. The
results show substantial differences in environmental
impact between the three cases, with reclaimed concrete
as the most sustainable option.

Reused concrete reduces Global Warming Potential
(GWP) by 77% compared to virgin cast-in-place concrete,
demonstrating its superior environmental performance.
While timber benefits from renewability and carbon
sequestration, its emissions remain higher at 75 kg CO.
e/m?, whereas reused concrete achieves a significantly
lower 36 kg CO: e/m? This highlights reclaimed
concrete as a key low-carbon option in sustainable
construction, aligning with previous research (Bertin et
al.,, 2022). By eliminating emissions from cement
production and raw material extraction, reused concrete
substantially cuts embodied carbon.
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Figure 2. Global warming (GWP) from row house construction using reclaimed concrete elements, conventional virgin

concrete and light timber across the lifecycle phases A1-A5

The study confirms that reusing structural concrete
significantly lowers environmental impact, outperforming
both traditional concrete and timber. Conventional
concrete, with its high 157 kg CO: e/m? emissions,
remains the least sustainable due to cement production’s
carbon intensity. Cement manufacturing is among the
most polluting industrial processes, contributing heavily
to CO:2 emissions through limestone calcination and high
energy demand. These findings align with national
standards, such as the Swedish benchmarks for small
residential structures (Boverket, 2017), reinforcing the
urgency of adopting alternative structural materials.

Although timber is widely regarded as a sustainable
building material, its comparative impact depends on
long-term carbon storage and sustainable forestry.
Conventional GWP assessments often exclude biogenic
carbon storage, affecting timber’s relative performance.
While timber construction contributes to emission
reduction goals, its effectiveness depends on responsible
forest management and material longevity (Andersen et
al., 2022).

This study strongly supports reclaimed concrete elements
may become a low-carbon alternative for structural
applications. Its substantial GWP reduction underscores
its role in circular construction while maintaining
structural integrity. Additionally, localized reuse
strategies and optimized transportation further enhance
environmental benefits.
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3.2 LCA STAGE CONTRIBUTIONS AND
SENSITIVITY ANALYSIS

Accurate quantification of embodied carbon emissions
and identification of mitigation potential relieve a
comprehensive understanding of contributions from
various life cycle stages. This section examines the
proportional ~GWP  impact  through  material
manufacturing (A1-A3), transportation (A4), and
construction waste management (AS). The percentage
distribution of GWP over each scenario's various stages
of the lifespan is illustrated in the figure. A thorough life
cycle stage analysis further emphasizes the critical impact
of material production (A1-A3) on total emissions. It can
be found that the conventional concrete demonstrates a
pronounced concentration of greenhouse gas (GHG)
emissions in early life cycle stages (Al-A3),
contributing 141.69 kg CO: e/m?of its total emissions
from raw material extraction and production. This
highlights its reliance on carbon-intensive virgin resource
processing. In comparison, the lumber derives 68.89 kg
CO: e/m? of emissions from Al-A3, reflecting energy
demands in forestry operations and sawmill processing,
while the reclaimed concrete shows a markedly lower Al-
A3 share at 34.85 kg CO», e/m? as recycling bypasses
resource extraction and reduces manufacturing energy.
The 72.8 kg CO» e/m? reduction in A1-A3 emissions for
reclaimed concrete versus conventional concrete directly
correlates with avoided virgin material use. This supports
circular economy principles by demonstrating that reusing
structural materials minimizes upstream impacts.
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In every case, the findings indicate that stage A1-A3 (life
cycle stage of product stage) primarily contributes to
greenhouse gas emissions, highlighting its significant
influence on overall environmental performance
outcomes.

In the A4 (transportation) stage; the distances in sourcing
materials play a crucial role in transport-related
emissions, as Figure 3 illustrates. Compared to 5.8 % for
new concrete and 2.3 % for timber, reused concrete has
the lowest transport emissions at 0.4%, highlighting the
enhanced carbon efficiency of localized material reuse.
The study's material reuse strategy defines transportation
distances as "short" or "medium." Initially, transportation
emissions were assessed for an inspection station only 150
meters from the construction site in the case with
relocated concrete elements, indicating a “short” distance.
To evaluate the sensitivity of emissions to increased
transport requirements for the reclaimed concrete
elements, an alternative scenario considered an inspection
station located 25 kilometers away (“medium’). The
sensitivity analysis results (Figure 4) indicate that in the
case of a reused concrete structure, a medium transport
distance can lead to more than ten times the A4 emissions
compared to a short transport distance. This finding
emphasizes the urgent need for implementing regionally
optimal sourcing policies to reduce the environmental
impact of transportation in supply chains for building
materials. Although A4 emissions are secondary to those
from material manufacturing (A1-A3), their overall
contribution to embodied carbon remains significant,
particularly for goods transported over long distances.
The results highlight that achieving the best carbon
reduction outcomes in building projects depends on
proximity to reuse locations, effective logistical planning,
and minimized reliance on transportation. In the AS
(construction and installation) stage, emissions primarily
arise from on-site energy consumption, equipment
operation, and construction waste management. While
reassembling and deconstructing recycled concrete

components does generate emissions, these amounts are
still significantly lower than those resulting from cement
production in traditional concrete. The clear
environmental benefits of material reuse greatly enhance
circular building practices compared to the exploitation
and processing of virgin resources. Further quantitative
studies on on-site emission reduction strategies, energy-
efficient deconstruction and reassembly processes, and
improved waste disposal methods will improve the
efficiency of A5 operations. Addressing these issues is
crucial for optimizing circular building methods, lowering
embodied carbon, and promoting sustainable material
reuse systems. The findings reinforce the necessity of
combining localized reuse strategies with efficient
construction techniques to enhance GWP reductions
during the A4 and A5 life cycle phases.

Timber construction

New concrete

Reused concrete

0% 10%

20%

30%  40%

HAL-3 HA4 WAS

Figure 3: Proportion of GWP (kg CO:./m?) for structures based on reclaimed concrete elements, conventional virgin
concrete and light timber. Blue stands for material production, red for transportation and green for construction waste.
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Figure 4: Sensitivity analysis of emissions with increased transport, assuming a 25 km inspection station ("medium"

distance).

Carefully constructed assumptions and calculations
ensured methodological consistency and validity. When
accurate donor building data was unavailable,
assumptions were derived from industry standards, past
LCA assessments, and legal requirements. BIM models,
architectural drawings, and structural inventories were
utilized to estimate material quantities, ensuring the
precision of resource utilization. While project-scale data
predicted energy consumption and emissions during
construction (AS5), project-specific logistics and typical
industry norms helped determine transport distances.
Variations in transit lengths, construction energy
consumption, and material processing impacts were
evaluated using sensitivity studies, thereby assessing the
robustness of the assumptions. In compliance with EN
15804 and EN 15978 criteria, the OneClick LCA tool was
used for lifetime computations to ensure methodological
accuracy. All assumptions and data limitations were
documented clearly to enhance transparency, thereby
improving the reliability and repeatability of the research.
The assumption was made that the cement and concrete
industry is highly localized globally. The average travel
distance for in-situ concrete is 16km, while the average
distance for concrete’s raw materials is 48km (ICE,2023).
To be economically competitive, localized sourcing of
reuse material is crucial. When transportation distances
were raised to “medium” for the relocated concrete, the
transport suddenly accounted for twice as much. A “long”
distance would have significantly impacted the reclaimed
concrete case and shows that proximity in transportation
is a critical factor when assessing construction waste (A5)
and material reuse initiatives.
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4 CONCLUSIONS AND
RECOMMENDATIONS

This study compares the environmental performance of
three structural solutions—reused concrete elements, new
cast-in-place concrete, and timber—through a life cycle
assessment (LCA) perspective. The findings demonstrate
that reusing concrete elements significantly reduces
embodied carbon emissions, positioning it as a key
strategy for sustainable construction. Very few examples
of reusing concrete elements exist so far, probably
because building with virgin concrete is cheap. However,
by avoiding the carbon-intensive cement production
process, reclaimed concrete can lower the Global
Warming Potential (GWP) of building frames by
approximately 75%, saving over 100 kg CO2 e/m? of
floor area. Therefore, this potential should be investigated
more as a viable low-carbon alternative for the
construction industry.

Timber construction is widely recognized for its
environmental benefits, offering a 52% reduction in GWP
compared to conventional concrete. While timber is
renewable and sequesters carbon, its processing emissions
and durability limitations impact its overall sustainability.
Although timber performs better than virgin concrete,
reused concrete emerges as the most effective option for
reducing embodied emissions, reinforcing the importance
of circular economy strategies in construction.

Achieving sustainable construction requires context-
specific solutions that balance carbon reduction with
practical considerations such as cost, structural
performance, workability, and material availability.
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Expanding material reuse faces logistical barriers,
including  transportation  distances, infrastructure
limitations, and concerns over the long-term strength of
reclaimed materials. To overcome these challenges, future
research should explore metrics beyond GWP, such as
durability and economic feasibility, strengthening reuse
infrastructure as well as innovating design and
engineering methods to facilitate material reuse in
structural applications.

The results align with EU climate targets by supporting
decarbonization in the built environment and promoting
sustainable material management. Reclaimed concrete not
only reduces waste but also advances low-carbon,
resource-efficient construction, making it a fundamental
strategy for climate-resilient building design. By
prioritizing material reuse and minimizing embodied
emissions, the construction sector can take significant
steps toward carbon neutrality and a circular economy.
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ABSTRACT

Background and aim. Considering the significant amount of timber constructions that end up in landfills or are
incinerated, promoting efficient and circular use is essential. Designing structural elements for dis- and reassembly can
extend their lifespan. However, uncertainties remain about these elements' material properties and functional performance
after being disassembled, and whether they meet technical requirements for structural building products. This study
investigates the impacts of using industrial wood residues to produce I-beams and multiple disassembly cycles on the
mechanical properties of floor elements.

Methods and Data. The E-modulus and bending strength of elements were measured with bending tests performed
according to EN 408:2010. The effects of dis- and reassembly on flooring elements made from a combination of graded
sawn timber and industrial wood residues in the form of ungraded sawn timber offcuts were tested and evaluated after
repeated cycles and compared to reference values. Initially, six elements were disassembled once or twice, and three
elements were tested until failure to be considered as reference elements.

Findings. Two different types of reassembly processes were considered for the elements. The first reassembly type
resulted in a decrease in both bending strength and E-modulus mean values. In contrast, the second reassembly type led
to an approximately 78% increase in bending strength and a slight 9% decrease in E-modulus.

Theoretical / Practical / Societal implications. Using industrial wood residues in the form of ungraded sawn timber
offcuts and graded sawn timber to produce load-bearing systems increases industrial wood residue utilization in structural
elements. Studying the mechanical properties of elements after one or two dis- and reassembly processes ensures the user
of the quality of elements after disassembly and increases the reuse rate and carbon storage time. The study shows that
new end-of-life scenarios can be defined for flooring elements and industrial wood residues.

KEYWORDS: Circularity, Design for Disassembly, Experiment, Flooring Systems, Wood Residues.

1 INTRODUCTION materials, refurbishment of existing buildings, and

o increased use of local materials. (Pomponi & Moncaster,
The construction industry’s resource dependency and 2016; Akbarnezhad & Xiao, 2017).

consumption, global greenhouse gas (GHG) emissions, While timber is recognized as one of the most sustainable
and waste generation are massive (Munaro et al., 2021). construction materials, increased demand and use of
The implementation of the circular economy concepts is timber results in increased volumes of wood processing
recognized as the main solution to the existing  residues (Saal et al., 2017). Although, it is known that
environmental impacts of the construction sector and its industrial wood residues are mostly incinerated or used in
transition to a more sustainable industry (Cimen, 2021). the production of engineered wood products such as
Studies on strategies to reduce the construction sector's chipboards; Saal et al. (2017) mention the utilization of
embodied carbon emissions mention using materials with these residues as a question that needs further analysis due
low embodied energy, such as timber, better design to unknown available quantities, no clear internal or
practices, reduction, reuse, and recovery of construction external consumption extents, and a few available studies
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on utilization scenarios. Apart from sawn timber residues
at the material processing phase, the significant amount of
construction timber lost at landfills at their end-of-life
phase or incinerated cannot be neglected either.

A construction project’s linear life cycle starts with
material extraction, processing, and manufacturing of
components. It continues with the building assembly and
use phase and ends with the demolition and waste creation
stages (Crowther, 2005). The transition of this linear life
cycle to a real cyclic one needs defining alternative end-
of-life scenarios also known as closing the material loop.
In the proposed cyclic life cycle model of a built
environment the demolition stage is replaced with
deconstruction and alternative end-of-life scenarios are
defined as relocation or reuse of the entire building, reuse
of components in a new building, reuse of material in
production of new components, and recycling new
material to produce new material. (Crowther, 2005).
Deconstruction as an alternative end-of-life scenario is
defined by Rios et al. (2015) as salvaging material from a
dismantled  structure for reuse or recycling.
Deconstruction has both opportunities and challenges.
Opportunities existing in deconstruction can be
categorized as environmental, social, economic, and other
benefits (Rios et al., 2015). Deconstruction’s challenges
can be disregarding elements or materials that are
damaged during deconstruction as they are not usable any

longer.

Uncertainties also remain regarding the material
properties and performance of elements after
disassembly, and whether they meet technical

requirements for structural building products (Rios et al.,
2015). Jockwer et al. (2020) mention the lack of existing
methods to evaluate the performance of the dismantled
elements before reuse as one of the reasons that the
circularity concepts are not yet effectively established in
timber buildings. This can also be due to considering
buildings to be long-lasting and not anticipating
disassembly and reuse of their elements (Jockwer et al.,
2020).

Design for deconstruction (DfD) refers to the importance
of considering deconstruction as the end-of-life scenario
in the design stage of structures (Densley Tingley, 2013).
Designing structural elements for easier disassembly, and
reuse can extend their lifespan and enhance future circular
use. Cristescu et al. (2020) summarized novel design
concepts for deconstruction and reuse of timber buildings
in a state-of-the-art with a focus on Design for
Deconstruction and Reuse (DfDR) in low-rise timber
structures (Cristescu et al., 2020).

1.1 RESEARCH AIM

This study aims to investigate the impact of multiple dis-
and reassembly cycles on the mechanical properties of I-
beams for floor elements and the impact of using
industrial wood residues in the I-beams’ flange
production.

In this experimental research, flooring elements that were
designed for deconstruction with I-beams made of a
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combination of graded timber and industrial wood
residues in the form of ungraded timber offcuts were
studied. The number of elements received from the
producer to be tested was limited. Two research questions
were defined:

1) How will the combination of offcuts and graded
timber affect the material properties of flooring
elements?

How will the material properties of these
flooring elements change after one or more dis-
and reassembly processes?

2)

2 MATERIAL AND METHOD

2.1 FLOORING ELEMENTS

The structure of the load-bearing elements investigated in
this study was a section of flooring systems built by
Masonite Beams AB in Sweden. The width and length of
these flooring systems’ sections were 150 mm and 4800
mm, respectively. All studied sections were built with 10
I-beams connected with 9 noggings, chipboard on top, and
batten at the bottom. A drawing of an element can be seen
in Figure 1.

Figure 1: Drawing of an element investigated. Source:
Masonite Beams AB.

The I-beams and noggings were made of H300s beams
from Masonite Beams AB production where the total
height of the beams was 300 mm, with 47x47 mm flanges,
and 10 mm web. The chipboard thickness was 22 mm, and
the width was 150 mm. The width of the battens used at
the bottom of the elements was 70 mm, and the height was
34 mm. The flanges of the [-beams used in these elements
were produced with finger jointing industrial wood
residues in the form of ungraded timber offcuts with a
minimum length of 150 mm and graded timber with
strength class C30. To use the industrial wood residues, a
new finger joint machine was added to the production line
that could combine pieces with a minimum length of 150
mm. Different properties of these new finger-jointed
pieces had to be tested before being used in the production
of I-beams’ flanges.



2.1.1 Labeling system

A total number of nine elements were studied. The
elements’ labels include a letter followed by two numbers
separated by a dot. The letter indicates the group to which
the element belongs to. The groups were called A, B, and
R. Groups A and B included elements that experienced
the dis- and reassembly processes twice and once,
respectively. Group R refers to the reference elements.
The first number refers to the number of the element
within its group, and the second number indicates the
number of times the element was tested. As an example,
the element labelled A2.3 was the second element in
group A tested for the third time.

2.2 METHOD

To answer both research questions defined earlier in this
study, the mechanical properties of elements must be
investigated. The FEuropean Standard EN 408:2010
includes laboratory methods to determine the mechanical
properties of structural-size timber. In this study, the
Swedish national version of EN 408:2010 that is SS-EN
408:2010+A1:2012 was wused to investigate the
mechanical properties of flooring elements. In accordance
with this standard, the displacement (w) of elements was
measured at the centre of the elements’ span under the
four-point bending test. Figure 2 shows a flooring element
under the four-point bending test setup.

Figure 2: One of the flooring elements under the four-point
bending test setup.

The global modulus of elasticity in bending, E, 4, in
N/mm?, was determined based on equation (1).
£ 3al? — 4a3
mg = w, —w 6a (D
3 2 1_ 2
2bh* (275, =, ~ 56bR)

where a = distance between a loading position and the
nearest support, in mm, b =width of cross-section, in mm,
and h = depth of cross-section, in mm. Defining
Faxese as the estimated maximum load, in N, F, =
0.4F 0% ese and Fy= 0.1Fy, 4, os¢. The displacement values
corresponding to F, and F; are w, and w;, respectively.
G = shear modulus. Here, based on the recommendations

from standard EN 408:2010, G was considered infinite.
The bending strength of beams was calculated according
to Equation (2).

3Fa
fm =z

where a, b, and h were defined same as Equation (1).
fm = bending strength, in MPa and F = load, in N.

@

2.3 TEST STEPS

The steps taken to test the elements were different based
on the group they were labelled as. The test was
performed at RISE’s laboratory located in Skelleftea,
Sweden.

2.3.1 Reference group

Three of the nine elements, labelled group R, were tested
until failure occurred under a four-point bending test
following SS-EN 408:2010+A1:2012. The aim was to
investigate the mechanical properties of elements built
with I-beam flanges produced from a combination of
industrial wood residues and graded sawn timber.

2.3.2 Dis- and reassembled groups

The other six elements, from groups A and B, were built
with the same I-beams and noggings as group R.
Moreover, they were designed for easier future
disassembly leading to less damage to the materials by
using screws and glue instead of nails and glue to attach
the batten at the bottom to the I-beams and noggings in a
976 mm length, where the disassembly of elements was
planned. The producer provided the instruction plans for
the dis- and reassembly of elements.

The effects of deconstruction on the mechanical
properties of these two groups were studied by testing
them under a four-point bending test up to a certain load
level, disassembling, reassembling, and bending the
elements afterward. This cycle was done once or twice.
Two different reassembly processes, type 1 for group A
and type 2 for group B, were implemented for the dis- and
reassembly of elements. In other words, the type of the
dis- and reassembly processes performed on the elements
was the classification factor for elements in groups A and
B. The following subsections describe the disassembly
process and the type of reassembly for each group of
elements.

2.3.3 First-time disassembly for groups A and B
Both groups A and B, were designed in a way that they
could be disassembled into two unequal parts in terms of
size for easier handling and transportation from the first
to the second location of use. An example of a
disassembled element can be seen in Figure 3. The
disassembly process included five steps as follows:
1) Removing the screws of the batten from
underneath.
2) Removing the glued batten using a crowbar.
3) Removing the screws connecting the I-beam to
its adjacent nogging.
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4) Cutting the chipboard from the top of the I-
beam’s flange.
5) Taking two parts of the element apart.

Figure 3: An example of a disassembled element after its first
four-point bending test.

2.3.4 First-time reassembly, type 1 for group A

It should be mentioned that based on producer’s
instruction plan, this reassembly type is recommended if
the surface of the nogging’s flange was destroyed less
than 50% after the first disassembly and has enough
surface for gluing back the batten. The reassembly
process type 1 had four steps including:

1) Adding a 45x45 mm piece of timber on the upper
part of the cross-section cut, between the
nogging and the I-beam. The piece can be glued
and nailed or glued and screwed.

Connecting the chipboard on top to the added
45x45 mm piece of timber with glue and screw.
Adding screws connecting the I-beam to its
adjacent nogging.

Attaching the batten underneath with screws and
glue.

2)
3)

4)

2.3.5 First-time reassembly, type 2 for group B

This reassembly type had five steps. It should also be
mentioned that this reassembly type is recommended by
the producer if the nogging’s flange surface was destroyed
for 50% or more during the first disassembly and does not
have enough surface for gluing back the batten. The
mentioned recommendation does not rule out the use of
this reassembly type if the nogging’s flange surface was
destroyed for less than 50%. The steps included:

1) Adding a 45x45 mm piece of timber on the upper

part of the cross-section cut, between the
nogging and the I-beam. The piece can be glued
and nailed or glued and screwed.
Connecting the chipboard on top to the added
45x45 mm piece of timber with glue and screw.
Adding screws connecting the I-beam to its
adjacent nogging.

2)

3)
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Four pieces of 34x70x200 mm timber screwed
and glued to both sides of two I-beams in the
middle.

Attaching two parts of 28x70x976 mm battens
underneath the element. The battens were
laterally shifted and were glued and screwed.
Figure 4 shows a view of the elements from underneath
with both types of reassemblies.

Figure 4: View of the elements from underneath with
reassembly types 1, group A, (on the top) and type 2, group B,
(at the bottom) after the first dis- and reassembly.

2.3.6 Second-time disassembly for group A
Disassembling the elements of group A for the second
time had 5 steps similar to the first-time disassembly. The
difference can be seen in step 4 where the section to cut
the chipboard changes from the vicinity of the I-beam’s
flange to the vicinity of the 4545 mm piece added during
the reassembly process.

1) Removing the screws of the batten from
underneath.

2) Removing the glued batten using a crowbar.

3) Removing the screws connecting the I-beam to
its adjacent nogging.

4) Cutting the chipboard from the top close to the
added 45%45 mm piece of timber.

5) Taking two parts of the element apart.

2.3.7 Second-time reassembly, type 1 for group A
Before running the four-point bending test for the third
time on elements in group A, they were reassembled once
again under the following process including five steps:

1) Adding another 45x45 mm piece of timber on the
upper part of the cross-section cut beside the
45%45 mm piece added to the element on the first
reassembly process. The piece can be glued and
nailed or glued and screwed.

Connecting the chipboard on top to the 45x45
mm piece added in step 1 with glue and screw.
Adding screws connecting the I-beam to its
adjacent nogging.

2)

3)



4) Two pieces of 34x70x200 mm timber screwed
and glued to one side of two I-beams in the
middle.

5) Attaching one part of 34x70x976 mm batten
underneath the element.

3 FINDINGS

This section presents the results from the four-point
bending tests on all the tested elements. In all tables, Wmax
(mm) is the displacement value when reaching the
maximum force Fpqy (kN), Ey, g (N/mm?) and f,,, (MPa)
are the E-modulus and bending strength values,
respectively.

Table 1 presents the results of the reference elements R1-
3.

Table 1: Results of testing reference elements under
four-point bending test until failure and corresponding
E-modulus and bending strength values.

Element  F 4y Wnax Emg fm

RI.1 15.9 33.8 8250 15.2
R2.1 15.2 33.8 7398 14.5
R3.1 16.3 33.0 8019 15.6
Mean 15.8 34.9 7889 15.1

Table 2 presents the results related to elements Al-3
before disassembly. Tables 3 and 4 provide the results of
elements Al-3 after their first and second dis- and
reassembly processes, respectively.

The results indicated a decrease in all the mean values
after each cycle of dis- and reassembly processes.
Compared to the mean values related to elements tested
before disassembly, maximum force (F,,,) and
correlatively bending strength after the first and second
dis- and reassembly processes decreased by 33%, and
41%, respectively. Modulus of elasticity also showed
around 11% decrease in values after both dis- and
reassemblies compared to the state before disassembling
elements.

Looking at the dis- and reassembly steps related to this
group, these lower values can be explained by the impact
of the two disassembly processes on the integrity of the
elements by cutting the chipboard, unscrewing, and
screwing back the I-beam to their adjacent noggings. All
these factors lead to lower strength and enable more
deflections under lower applied stress in the elements.

Table 2: Results of testing elements A1-3 under four-point
bending test before disassembly and corresponding E-
modulus and bending strength values.

95

Element  F, ., Wnax Enmg fm
(kN) (mm) (N/mm®)  (MPa)
Al.l 7.0 16.8 6514 6.7
A2.1 7.1 17.4 6068 6.8
A3.1 6.0 16.5 4764 5.8
Mean 6.7 16.9 5782 6.4

Table 3: Results of testing elements A1-3 under four-point
bending test after one dis- and reassembly process and
corresponding E-modulus and bending strength values.

Element Fmax Wimnax Em,g fm
(kN) (mm) (N/mm?)  (MPa)
Al2 1.7 6.3 5123 1.7
A2.2 5.5 17.7 5367 52
A3.2 6.2 18.6 4943 6.0
Mean 4.5 14.2 5144 43

Table 4: Results of testing elements A1-3 under four-point
bending test after two dis- and reassembly processes and

corresponding E-modulus and bending strength values.

Element  Fpqy Winax Emg fm
(kN) (mm) __ (N/mm?) _(MPa)
Al3 3.8 11.2 5163 3.7
A2.3 3.9 10.2 5359 3.7
A33 4.0 114 4770 3.8
Mean 3.9 10.9 5098 3.7

Tables 5 and 6 present the results of elements B1-3 before
and after their dis- and reassembly processes,
respectively. With the reassembly type 2, the elements’
Fnax and correlatively the bending strength increased by
around 78%, while a slight decrease of 9% was shown in
the modulus of elasticity.

Table 5: Results of testing elements B1-3 under four-point
bending test before disassembly and corresponding E-

modulus and bending strength values.

Element  F,q, Winax Emg fm
(kN) (mm) (N/mm?)  (MPa)
BI.1 53 11.6 6624 5.0
B2.1 5.1 13.0 6268 4.8
B3.1 5.4 12.0 6988 5.1
Mean 5.2 12.2 6627 5.0

Table 6: Results of testing elements A1-3 under four-point
bending test afier one dis- and reassembly process and
corresponding E-modulus and bending strength values.
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Element  F, ., Wnax Enmg fm
(kN) (mm) (N/mm?)  (MPa)
B1.2 9.1 23.8 6015 8.8
B2.2 9.8 27.1 5530 9.4
B3.2 9.0 23.0 6640 8.6
Mean 9.3 24.7 6062 8.9

The differences between the values of elements A1-3 and
B1-3 before their first disassembly presented in Tables 2
and 5, respectively, can be interpreted by different factors
impacting the mechanical properties and quality of timber
elements. As the beams are made from a combination of
graded timber and industrial residues in the form of
ungraded offcuts, the impacting factors can be named as
the number of ungraded offcuts and consequently, the
amount of glue used in finger jointing in the production of
elements.

The impact of the two different types of reassemblies can
be seen in the values presented for A1-3 and B1-3 after
their dis- and reassembly processes. While the
disassembly processes impact the integrity of elements,
reassembly type 2 showed to have a more compensating
impact on the B1-3 elements' properties. Although the
elements showed to experience higher deflections under
lower applied stress leading to lower E-modulus, the
impacts of added timber reinforcements to the sides and
under the elements with screws and glue can be seen in
the increased bending strength.

Compared to both groups of elements Al-3 and BI1-3,
reference elements had higher mean values. The decrease
in the values of elements in groups A and B compared to
the values from the reference elements can be explained
by the fact that while the battens in the reference elements
were one piece nailed and glued under the elements, the
battens underneath the floor elements in groups A and B
were cut in 976 mm length in the section that was planned
for disassembly and were glued and screwed. The change
caused a lower strength in bending and more flexibility in
the elements.

4 CONCLUSIONS

In this research, the use of industrial wood residues in
combination with graded sawn timber in the production of
structural flooring elements and the effects on the
mechanical properties of these elements was studied. To
extend the lifespan of these elements and increase the
carbon storage time they were also designed for easier
disassembly. Existing uncertainties regarding the effects
of dis- and reassembly on elements were also investigated
by studying the mechanical properties of flooring systems
after one or two disassembly cycles.

Looking at the values from the reference elements and
comparing them to the elements that were designed for
disassembly the reference elements have both higher E-
modulus and bending strength. Although this can be
interpreted as a need to improve eclements that are
designed for disassembly; compared to the values of the
flooring systems made with only graded sawn timber from
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the same producer, these elements’ properties are still
within an acceptable range before disassembly.

The decrease witnessed in the mechanical properties of
group A, enables using the elements in the structures with
lower requirements after the first and second dis- and
reassembly processes. For group B, although there was a
small decrease in E-modulus value, the bending strength
was increased significantly.

The results of this study emphasize that the production of
structural elements from both industrial residues and
graded sawn timber leads to an increase in industrial wood
residues utilization rate in load-bearing systems and
ensures the quality of structural elements after dis- and
reassembly when the right reassembly type is chosen.

It is worth mentioning, that using industrial wood residues
with a minimum 150 mm length required the manufacturer
to add a new machine to the production line and test
different properties of the finger-jointed pieces before
producing I-beams' flanges. Although uncertainties about
the available quantities of industrial wood residues and
their consumption scenarios still exist, the results of this
study highlight the possibility of defining new end-of-life
scenarios for both industrial wood residues and the
produced flooring elements.

In the built environment and construction industry, the
results can emphasize the existing possibilities in defining
alternative end-of-life scenarios for buildings and their
elements, increased use of reused structural elements, and
establishment of more circular transition concepts in this
industry.

For future studies, performing the same tests with dis- and
reassembly processes on more elements or computational
simulations can verify the results presented in this study.
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ABSTRACT

Background and aim. Built assets can contribute to the circular economy (CE) in several ways, implying there are
multiple CE objectives to consider. Existing measurement methods often yield suboptimal results for objectives that are
not their focus. We are developing a holistic method for measuring the CEP of built assets; the present paper proposes
three key CE objectives essential for a holistic CEP calculation.

Methods and Data. A holistic set of CE objectives encompasses all relevant end-of-use and end-of-life strategies for the
CEP of a built asset. We analyse existing circularity quantifications, identify challenges that prevent a holistic assessment,
and determine the requirements for a novel set of CE objectives. Furthermore, we propose and verify the novel set of
objectives using the CEP framework and three illustrative use cases.

Findings. The three objectives for a holistic CEP assessment are longevity, reusability, and transformability. Longevity
implies that a resource remains in place; reusability refers to outflows that retain a similar form and embodied value; and
transformability involves the outflows that change their form. Through validation we demonstrate that these objectives
apply to previously identified CEP influencing factors and all use cases.

Theoretical / Practical / Societal implications. The novel system of objectives provides a foundation for more accurate
measurement of the CEP in the building sector. The proposed set is sufficient for navigating the complex landscape of
CE assessments, strategies and parameters. A quantification method encompassing all objectives and reliably reflecting
real-world performance would incentivise more circular design of built assets.

KEYWORDS: adaptability, building configuration, circularity, flexibility, quantification.

1 INTRODUCTION However, only certain approaches are directly relevant to
the construction industry. While it is widely accepted that

1.1 CIRCULAR ECONOMY IS A PARADIGM transitioning to more sustainable practices is essential,
ENCOMPASSING A RICH SET OF and that the construction industry plays a pivotal role in
PRACTICES this transition, it remains challenging to quantify and

compare the effects of different practices. The
construction industry faces specific challenges and
requirements for achieving this transition, which have
been the topic of multiple literature reviews. These
reviews focus on multiple aspects, such as multiple phases
of the building lifecycle (Cimen, 2021), strategies
influencing CE practices (Eberhardt et al.,, 2022),
obstacles to implementation (Charef et al., 2021), or
company-specific implementation (Nunez-Cacho et al.,

The growing environmental impact of the construction
industry is increasingly recognized in both research and
practice (Bertino et al., 2021). A potential solution to
reduce this unsustainable influence lies in approaches
encapsulated within the concept of the circular economy
(CE). The principles of CE are diverse and encompass a
broad set of recommendations: eliminating waste and
pollution, circulating products and materials, and
regenerating nature (Ellen MacArthur Foundation, 2021).
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2018). Consolidating this extensive set of influencing
factors into a measurable set of performance indicators
has to our knowledge not been achieved.

1.2 MEASURING BUILDING CE POTENTIAL IS
A CRITICAL OBSTACLE

The inherent CE potential (CEP) of built assets refers to
the various ways in which built assets and their sub-parts
can support or hinder CE, some of which are challenging
to measure. We use the term “built asset” as defined in
ISO 19650 (ISO, 2018), as it encompasses both
infrastructural constructions and carries an economic
meaning. However, terms like “construction asset”, “built
object” or “built structure” are also appropriate. Prior
studies have identified two critical obstacles to effectively
leveraging CE principles: a lack of a holistic perspective
on CE performance (Ossio et al., 2023) and a lack of
practical methods for its measurement (Eberhardt et al.,
2022; Hossain et al., 2020). In our previous work, we
explored multiple quantification methods for the CEP
which consider the configuration of built assets and its
relation to the CE (Sibenik et al., 2025). The ultimate goal
of our research is to develop a holistic digital tool capable
of measuring the CEP of built assets. By doing so, we aim
to cover both methodological and technological gaps,
which are identified as critical barriers to advancing CE
principles in the construction industry (Gasparri et al.,
2023). In this way, our work aims to contribute to the four
most important sub-clusters within the gaps as identified
by Gasparri et al. (2023): design, policies/standards,
assessment method and digitalisation.

Assessing the value of a built asset at its end of life (EoL)
or end of use (EoU) is particularly complex. We refer to
EoL and EoU as described in Murakami et al. (2010);
however due to the more complex user arrangements of
built assets compared to other commodities, we will adapt
these terms for the construction industry in the discussion
(section 5). Built asset lifetimes are generally long and
unpredictable, demand for construction materials and
components depends on the broader urban context, and
there is often insufficient information about disassembly
procedures, as well as the condition and performance of
constituents. Moreover, different sub-parts of a built asset
have different lifespans. Although various measurement
and certification methods exist, they are typically limited
on specific objectives and EoL scenarios, resulting in a
lack of holistic assessment. These methods promote best
practices for a certain CE objective, while other practices
relevant for the CE are often excluded.

1.3 STRUCTURING THIS PAPER

This paper proposes a set of three key objectives that
together holistically and effectively represent the ways in
which built assets can influence the CE: longevity,
reusability and transformability. Effectively, in this
context, means that numerous end-of-use and end-of-life
strategies relevant for the CE are represented by three
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objectives that consider a limited set of factors affecting
the CEP for built assets.

We introduce these objectives in the following sections.
The background section outlines existing CE objectives
and the main challenges associated with applying CE
principles in the construction industry. The methodology
section presents how we developed and tested the novel
holistic set of objectives for CEP assessment of built
assets in this study. In the findings section, we formally
present our novel system centred on the three objectives
for implementing CE principles in built assets. Finally, the
discussion connects the findings to our future research
directions.

2 BACKGROUND

2.1 CE STRATEGIES FOR BUILT ASSETS ARE
INCONSISTENT WITH EACH OTHER

The literature reveals various CE goals for built assets and
their constituents. These goals are sometimes referred to
as dimensions, types, aspects, or actions, but they all
describe strategies articulating CE practices, particularly
at the EoU of the built asset. For clarity, we will refer to
the various goals described in literature as CE strategies,
to distinguish them from our new proposal consisting of a
set of three objectives. Durmisevic (2015) identifies three
dimensions of transformation by design that determine
strategies across different asset tiers of a building:
building transformation (adaptability on building level),
system  transformation  (reconfiguration,  reuse,
repurpose), and material dimension (upcycling/
downcycling). Durmisevic (2015) also highlights “design
quality” or “prevention by design” as a key factor
influencing the future building value, emphasizing how
psychological factors and the importance of place
influence the sustainability of buildings. The Circularity
Gap Report for Holland identifies four groups of CE
strategies, referred to as “scenarios”, each with a different
impact on the labour market (Circle Economy &
Metabolic, 2022). The scenario most relevant to the
design of built assets includes three strategies: “design to
reduce”, “design for cyclability” and “design to last”. The
scenarios focus on different effects on the labour market;
therefore, the strategies are not necessarily mutually
exclusive or exhaustive across the scenarios.

The EU waste hierarchy (Directive 2008/98/EC, 2008)
outlines five waste management strategies: prevention,
preparing for reuse, recycling, recovery, and disposal. The
hierarchy recognizes construction and demolition waste
as the priority resource stream, and aims to reduce its
disposal. The EC has developed a tool to measure CE
principles in buildings, called Level(s) (Directorate-
General for Environment, 2025). This tool includes
indicators for efficient and circular material life cycles,
such as the use of: (a) bill of quantities, materials and
lifespans, (b) construction and demolition waste and
materials, (c) design for adaptability and renovation, and
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(d) design for deconstruction, reuse, and recycling
resource. Another EU agency publication emphasises
importance of reuse of the existing building stock, listing
three circular renovation actions: increasing lifespans,
reducing material consumption, and making use of new
generation materials (European Environment Agency,
2022). According to Hakaste et al. (2024), durability,
adaptability, and reusability (including deconstruction)
are crucial CE strategies influencing a building’s lifecycle
performance. These three strategies contribute to the CE
in different ways. Reusability and deconstruction include
three additional strategies: ease of disassembly, ease of
reuse, and ease of recycling. Each of these strategies
requires specific design considerations and dispositions.
Bertino et al. (2021) identify four EoL strategies for
buildings: maintenance, refurbishment, demolition, and
deconstruction.  Additionally, they outline four
deconstruction strategies for a built asset: reuse of the
entire building (relocating it to a new site), components
reuse in other buildings, material reprocessing, and
material recycling. Similarly, Marsh et al. (2022) propose
CE strategies for concrete, including design for durability,
component reuse, and material recycling.

From this diverse body of literature, it is evident that the
CE strategies identified across various works lack a
unified structure and are not consistently aligned.

2.2 CE IN CONSTRUCTION INDUSTRY SHOWS
CHARACTERISTIC CHALLENGES

This subsection lists how we summarized characteristic
challenges of implementing CE principles in the
construction industry from diverse research work. The list
presented here is not exhaustive; more comprehensive
literature reviews on the barriers and gaps in the CE
application can be found in sources such as Charef et al.
(2021) or Gasparri et al. (2023). The challenges
highlighted in this subsection are specifically relevant to
the quantification of CEP in the construction sector. The
following challenges, drawn from the literature (more
detailed reasoning can be found in Sibenik et al. (2025)),
will guide the novel proposal of CE objectives presented
in this work:

Current practices:

e Destructive demolition: common practice, often
arbitrary, but faster and cheaper (Bertino et al.,
2021)

e  Current building stock: most existing buildings
were not designed with EoL scenarios in mind
(Bertino et al., 2021; European Environment
Agency, 2022)

CE flows:

e Avoiding demolition: retaining structures has
significant potential for greenhouse gas (GHG)
saving (European Environment Agency, 2022;
Moisio et al., 2024)

e Building components configuration: simpler,
reusable, and deconstruct-able constituents are
preferred (Bertino et al., 2021)
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e Building adaptability: this is a widely recognized
CE strategy (Eberhardt et al., 2022)

e CE flow of components: reuse in their original
form is desirable (Ossio et al., 2023)

e CE flow of materials: recycling is the most
common practice (Marsh et al., 2022)

Quantification:

e Prioritizing powerful CE strategies: strategies
beyond recycling and recovery should be
prioritized for greater impact (Morseletto, 2020)

e LCA calculations: these often focus on
downscaling and may not capture the full CEP
(Ossio et al., 2023)

e Transportation performance at EoL: evaluating

transportation impacts requires numerous
assumptions, complicating assessments (Moisio
etal., 2024)

3 METHODS AND DATA

The objectives of CEP assessment represent various
approaches to evaluating the value of building
constituents after their primary use has ended and their
purpose changed. This study posits three objectives for a
holistic CEP assessment and demonstrates their
application. The objectives are informed by reviews, case
studies, and reports, as well as by the CEP framework
previously proposed by Sibenik et al. (2025).
Additionally, we outline factors that influence objective-
based performance of built assets, including essential
considerations for future calculation.

A previously conducted review of quantification methods
(Sibenik et al., 2025) serves as the starting point. The CEP
framework it introduced comprises three key elements
that collectively shape the CEP of a built structure.:

1) Design strategies: the interdependencies
between constituents, particularly combinations
of their geometrical and topological properties,
significantly influence the CEP and the methods
used for its measurement.

Asset tiers: the hierarchical partitive
relationships within a built structure, from the
entire built asset to the material tier. By
considering multiple tiers, individual and
combined performance calculations determine
the overall CEP.

CE flows: transitions between uses and
lifecycles, meaning changes in primary use or
location, involve diverse strategies for new
purpose of all constituents of built asset. These
strategies have varying environmental
performance, particularly regarding their GHG
emissions.

2)

3)

In addition, we incorporated additional analyses focused
on works specifically determining the CEP of built assets.
Such works often address the topic without necessarily



providing a quantification method or naming the
objectives of the potential to be measured.

By critically reviewing existing trends in the literature and
employing deductive reasoning, the present study
proposes three CE objectives. Initially, the system of three
objectives was tested through examples related to the
design strategies of built assets, each tier of the asset, and
various end-of-use strategies. This test evaluated the
system's scope of application and its holistic nature.
Subsequently, the objectives were tested in three
descriptive test cases:

(1) Adaptation potential: focuses on quantifying the

potential to adapt building configuration; the
adaptation potential test case is identified from
the literature review (Sibenik et al., 2025),
Temporary work components: this use case
investigates the CEP of temporary work
components such as formwork; it is explored as
part of our research project and rarely addressed
in the existing literature (Tizzani et al., 2023).
Materials passports: this use case uses the set of
objectives with the intention of creating a
materials passport; it is a widely recognized
approach used to calculate and document the
materials and components within a building
(Honic et al., 2019).
These illustrative use cases were selected to represent a
range of applications and challenges within the CE
framework. The examples were discussed and analysed
through meetings and workshops within the with the
authors and one other CE researcher, providing insights
into the applicability and robustness of the proposed
objectives. The team of this project, called Circular Future
Cities, explores different aspects of implementing CE in
the building sector (ETH Zurich, 2025).

@

3)

4 FINDINGS

4.1 CE OBJECTIVES ARE LONGEVITY,
REUSABILITY AND TRANSFORMABILITY

We observe that while different CE objectives are
frequently applied together, existing methodologies
typically focus on specific aspects, such as materials
passports or LCA. As a result, current CE calculations
often fail to encompass all critical circularity aspects of a
built asset, especially the challenges listed in subsection
2.2. Our proposed set of three CE objectives consolidates
methods for different design strategies and asset tiers into
a unified system.

We set the boundary conditions for the novel system
unifying the CEP objectives, which needs to be:

e Holistic — all common CE flows are considered
by the system and it can be applied to any type
of built asset and its sub-parts.

e Measurable — all objectives will provide a
numerical value describing the performance of
any building or its sub-parts.
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e Simultaneous — objectives can be implemented
simultaneously within a single built asset, as
constituents often intended for different CE
flows.

e Compatible — results of objectives can be
quantified individually, but then they can be
combined into a single comprehensive result.

e Inclusive — not limited to high-performing
elements or those specifically designed to meet a
particular objective. Instead, all building
constituents can be assessed, with their
circularity performance reflected as a positive or
negative value.

The integrative approach considering various CE
objectives represents a novel contribution. Although this
research paper cannot be separated from the framework
and literature review (Sibenik et al., 2025) and the CEP
calculation tool currently under development, it
establishes the link between the two and explains the main
solution that addresses the challenges identified in the
assessment methods. The findings lead to the three
objectives that should be targeted during the design of a
built asset, but can also be used to evaluate assets not
explicitly following the objectives. These three CE
objectives and their relationships are depicted in Figure 1
and defined and elaborated upon below. Examples of
typical assets, across all asset tiers, which can be
calculated with specific objectives are represented in
Table 1.

Circular Economy
Potential (CEP)

(of building, system,
component, or material)

Stays in
place?

yes |
no |
Changes yes
form?

no

longevity reusability transformability

Figure 1 Graphical diagram representing relations between
the CEP objectives based on their features

4.1.1 Longevity

Longevity is the objective to keep constituents of a built
asset where they are currently located in space,
maximizing potential timespan, while continuing to meet
existing or changing performance requirements. This
objective applies to all constituents of a built asset
intended to remain in one place over time. It is closely
associated with design strategies such as adaptability,
maintainability, and flexibility. Buildings with open and
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flexible floor plans often align with this objective. The
constituents following the longevity objective may be
considered a fixed asset in economic terms, however, with
a significantly longer lifespan than one year. Achieving
longevity requires specific design considerations to
ensure buildings, systems, components or materials are
durable, easily accessible and can meet changing future
needs. Longevity is assessed individually for each
component; however, the assessment must also be
performed at the system and building tiers to provide
overall results.

Table 1 Examples of “built structure units” that are likely to
perform well for particular objectives

. - Transform-
Longevity Reusability ability
TV Keeping a Moving a Demolishing
Building building building a building
Over- Kit-of-parts
Svstem dimensioned for HVAC
y structural partitioning system
system walls
Component Concrete Steel beam Heat Pump
column
Gravel for
Material Concrete surface Coolant
cover
4.1.2 Reusability

Resources that do not remain in place (i.e. outflows into
the CE) are distinguished according to their further use.
Outflows that retain their form and embodied value are
represented with the reusability objective. Outflows that
are transformed into another form follow the
transformability objective.

Reusability is the objective to maximally retain the
original functional performance of a building sub-part
after extracting it from its location in space. In economic
terms, reusability can be considered a movable asset. The
reusability objective focuses on constituents created for
dispositions like design for deconstruction, modularity,
prefabrication, and the use of standardized constituents
adaptable to various contexts. Constituents that score well
in reusability should meet the following criteria: enable
damage-free deconstruction and detachment, be easily
accessible, maintain their value and functionality after
deconstruction, requiring minimal repair or improvement,
retain generic functional properties suitable for reuse, and
exclude significant changes in embodied emissions for
new use, aside from transportation and storage impacts.
Reusability assessment can be calculated for individual
components and is less dependent on the system and
building tiers; however, the reusability still needs to
include assessments of accessibility and deconstruct-
ability. Some external factors like market value or
technical requirements might also affect reusability;
assessing such factors are out of our scope as they rely on
more speculative methods.
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4.1.3 Transformability

Transformability is the objective to minimize the
additional GHG emissions when a constituent changes its
state and is transformed in such a way that it remains a
part of the CE, even if changing its intended use. The
transformability objective addresses outflows that
undergo changes in form and embodied GHG value. In
economic terms, transformability can be seen as aggregate
asset. It includes widely practiced circularity practices
such as recycling, incineration, upcycling or
downcycling, and even biodegradation. The effectiveness
of these practices varies significantly and is seldom
quantified and compared with other transformability
options. To achieve a high score in transformability,
energy or GHG emissions invested must be kept low. The
calculation compares input and output GHG levels for a
likely EoU transformation and considers the state-change
activities. Relevant design strategies at the component tier
include ease of deconstruction and accessibility, similar to
reusability, which also require consideration of higher
asset tiers. A typical example of transformability at the
building tier is demolishing a building, where the
resulting GHG values are compared to the initial ones,
accounting for all activities in the process. This objective
at the building tier resembles material flow analysis
calculations.

4.2 OBJECTIVES CONSIDER ALL ELEMENTS
OF THE CEP FRAMEWORK

While the proposed objectives should encompass all
elements of the CEP framework presented by Sibenik et
al. (2025), their application yields varied results
depending on the context. To enhance understanding, the
objectives are tested with all elements of the framework
and use cases.

The design strategies outlined as circular building
adaptability determinants by Hamida et al. (2023) are
listed and aligned with the proposed objectives, as
illustrated in Table 2. These strategies have varying
relevance on the objectives, highlighting their
interdependencies. Design strategies for each construction
asset tier are analysed for their suitability for specific
objectives, revealing that some tiers align more closely
with certain objectives while others are better suited to
alternative objectives.

These objectives are also contextualized within lifecycle
‘OR’ CE strategies described by Circle Economy &
Realdania (2025). The CE strategies show a hierarchical
order with “refuse” being the most circular and “recover”
the least circular. We evaluate CE EoU strategies within
the context of the objectives, aiming to encompass all
types of circular strategies. The strength of their
alignment is detailed in Table 4.



Table 2 Probability of relevance of design strategies for CE Table 3 Strength of alignment of CE EoU strategies with

objectives (A-always, S-sometimes, R-rarely, rest N.A.) particular CE objectives for built assets
> : Longevity Reusability Transform-
& = g EoU strategy ability
°:’n '§ “é z Refuse Strong Weak Weak
Desi . £ £ 8% Rethink Strong Strong Weak
esign strategy  Asset tier = g == Reduce Strong Strong Strong
Flexibility building A R Reuse Weak Strong Weak
system A A Repair Strong Strong Weak
component Refurbish Strong Strong Weak
material Remanufacture Weak Weak Strong
Doconstruct building A R Repurpose Weak Weak Strong
abilit Recycle - - Strong
Y system S A S Recover - - Strong
component S A S
material S S S
Multi-usability building S 4.3 USE CASES COMBINE MULTIPLE
system OBJECTIVES
component Applying our three proposed objectives to three use cases
material (adaptive reuse, temporary work components, and
Regularity building A S S materials passports) reveals that all cases involve multiple
system A A S objectives (Figure 2). By applying our proposed
component S A S objectives to these three use cases, we demonstrate the
material R A S applicability and coverage of our set of objectives. As this
Convertibility building A S S paper reports on the conceptual development of our CE
system A S S objectives, the use cases are purely descriptive.
component R R S T
material S &
Reversibility building A always :-' '—,.
system A /A
component A Somet'mef
material A rare‘-y
Maintain-ability  building A A R :
system A A R N’A
component A A R $seeeecscs
material A A R ik 00
Recovery building S S transformability 7% reusability
system - I Adaptive reuse
component R
ST seseees Temporary work components - modular
material R
— — Temporary work components - custom made
Scalability building A A R .
Material passport
system A A R
component A A R Figure 2 Relevance of objectives for use cases represented in a
material A A R radar chart
Refit-ability building S R R
system S A R 4.3.1 Adaptive reuse
component S A R Adaptive reuse has been examined in multiple studies,

material with additional details in our previous work (Sibenik et
al., 2025). This approach assesses the extent to which an
entire building can be adapted, focusing on prolonging its
lifespan as a whole. However, adaptive reuse is not
limited to the longevity objective alone. The asset tiers
considered include systems, components, and materials,
besides the whole built asset.
A typical case of adaptive reuse is that certain systems
align with the longevity objective, such as structural or
fagade systems. However, other components are rarely
accounted for or quantified. In the proposed set of three
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objectives, all parts of the built asset—including those
that do not follow the longevity objective—are
considered. This means that a building is not quantified
for adaptive reuse as a whole, but separately for each
objective. All constituents are calculated for a specific
objective and have their own CEP score. Some systems
will be reused in the same place, therefore score best with
longevity, while others elsewhere, and calculated for
reusability or transformability objectives. The removable
constituents also contribute with their CEP score to the
final score of the asset. Depending on the objective,
different calculation methods are applied, generally
combining elements of existing methods from Sibenik et
al. (2025) and considering different design strategies for
different objectives.

This comprehensive approach provides a CEP for both
existing and novel buildings, surpassing current adaptive
reuse methodologies by considering all constituents,

including the ones following reusability and
transformability objectives.

4.3.2 Temporary work components

Temporary work components, such as concrete

formwork, are considered in this use case (Tizzani et al.,
2023). Two common types of formwork construction are
on one side modular systems that are used in similar ways
multiple times, and on the other side custom-made
formwork made on site and discarded after use. The most
common material for modular formwork is aluminium,
while the custom-made formwork often consists of
wooden planks and panels. There are also realizations
which combine these two types of construction. Although
these realizations of temporary work components are
considered typical, it is difficult to measure their CEP
with current measuring tools.

Aluminium systems are created with an intention to be
used multiple times in the initial form, combined with
other elements of the system. They are characterized by a
modular and standardized design. Although they can be
recycled and they could potentially score positively with
the transformability objective, their primarily objective
and better score is expected with the reusability objective.
Therefore, their score is calculated based on the design
strategies relevant to reusability, such as deconstruct-
ability and refit-ability.

Wooden formwork created on site corresponds better to
the transformability objective, as custom made, and it is
commonly used in another form after the EoU. Therefore,
the system can be calculated for the CE strategy which is
likely to happen, such as incineration or recycling, where
the difference of GHG before and after the process
indicates its CE score.

In the system including both reusability and
transformability, both types of construction can be
modelled and calculated, results compared, and the better
performing construction selected. Additionally, the CEP
score of temporary work components can be added to the
CEP score of the entire structure. Existing CEP
measurement tools generally do not allow such detailed
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calculations for formwork or other temporary work
components.

4.3.3 Materials passports

Materials passports document the quantities of materials
within a built asset, focusing primarily on the material tier
of a construction asset. Other tiers are typically
overlooked, and configurational properties are considered
only in a limited capacity, such as certain properties on
the component level. While materials can be evaluated
using the proposed objectives, only the transformability
objective and material tier are deemed relevant.
Compared to the novel set of three objectives, materials
passports focus on the transformability of materials but do
not fully address the objectives of longevity and
reusability, nor do they account for all construction asset
tiers that retain higher embodied GHG value. To calculate
a materials passport using the proposed set of objectives,
it is necessary to consider the transformability objective
and, in some cases, reusability for specific types of
materials or components. The results will align in a
similar direction, although our calculation and the data
used do not fully reflect a materials passport. Relying
solely on such calculation is not advised, as it does not
consider potentially more sustainable options, such as the
reuse of components in their original form (Ossio et al.,
2023) and structural durability (Marsh et al., 2022).

5 DISCUSSION

The proposed holistic set of objectives for calculating the
CEP of built assets accommodates all elements (design
strategies, asset tiers, CE flows) of the CEP framework
and supports our three test use cases, some that have not
been previously considered in other evaluation methods
(temporary work components, removable components of
adaptable buildings). The synthesis of the objective-based
calculation and elements of the CEP framework is
represented in Figure 3. While similar objectives have
been widely discussed separately in literature, aligning
them within a single set of objectives respecting the
boundary conditions of being holistic, measurable,
simultaneous, compatible, and inclusive makes a
significant step towards a holistic CEP calculation. This
integrated approach aims on enabling the comparison of
objectives, prioritization of strategies, and a robust
assessment of the actual CE behaviour of built assets. The
system's adaptability could allow for tailored
prioritization depending on regional urban plans—for
instance, emphasizing reusability in one area while
focusing on longevity in another. However, it is crucial to
recognize the interrelated nature of the CE objectives;
excluding certain objectives from the assessment could
overlook better-performing options.



Built asset tiers Objective-based Overall CEP
& properties calculation score
Building Longevity score
System E 2 Reusability
= s .
Component | — o seore
Transformability
Material score
Influenced by
Design strategies
CE objectives

Figure 3 CEP assessment considers all built asset tiers, and it
is influenced by design strategies and potential EoU scenarios.
1t provides results per objective, all contributing to the total
CEP score.

All elements of the CEP framework are addressed by at
least one objective. The challenges identified in the
literature are considered for the novel system of objectives
with special attention given to configurational properties
of built assets, adaptive reuse with the retention of built
assets and outflow of constituents, evaluation of both
positive and negative impacts of state transformation, and
accounting for both high-performing and low-performing
elements.

The set of objectives allows for adapted definitions of
EoU and EoL for the built environment. In this context,
EoL refers to the point when any asset tier ceases to follow
their intended objective, while EoU indicates a change of
its role within a higher tier. Therefore, assets following
reusability are expected to have multiple EoU points,
whereas longevity and transformability have EoU and
EoL occurring at the same point in time. Scenarios such
as adaptive reuse, following multiple objectives, do not
reach EoU or EoL on the building tier, however their
lower tiers do.

While promising, this study has limitations. Numerical
calculations for the proposed framework are still under
development and are not included in this publication.
Incorporating and interrelating all the necessary methods
could present challenges for some influencing factors of
the CEP assessment. Initial tests yielded encouraging
results, but acquiring reliable data remains a significant
obstacle, as observed in other methodologies like LCA
and materials passports. We use available databases for
GHG properties, environmental product declarations, and
expert assessments to perform the calculation, especially
those used by established methods and research when
applicable. While we aim to include existing indicators
where possible, detailed investigation into data reliability
is not part of this study. However, areas in need of
improvement will be indicated. A broader range of tests,
supported by detailed calculations, is necessary to fully
assess the tool’s applicability.

Moreover, practical implementation of the approach has
not been achieved yet, and the circularity objectives,
derived through deductive reasoning, may not be
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sufficient for all circularity cases. Although the performed
tests did not reveal shortcomings, more robust testing
could uncover unaddressed issues. These risks will be
addressed when the CEP assessment tool reaches higher
development level with a more elaborated and diverse set
of case studies. Additionally, presenting the framework to
the audiences beyond the research team is necessary to
assess its adoptability and usability. Receiving feedback
from the community actively advancing CE principles in
the building sector is particularly valuable.

Future research will focus on developing calculation
methods based on the three objectives. This includes
creating a tool to measure the CEP and establishing case
studies as a proof of concept. All three use cases have
been successfully supported by the proposed objectives,
and the next steps involve incorporating exact data and
realization of a measurement method. This method will
subsequently be realized as a decision-support tool
working with BIM models. Leveraging BIM-authoring
software tools and models is a key goal to expedite the
measurement process and identify requirements for a fully
automated CEP assessment.

6 CONCLUSIONS

This work proposes a structured organization of CE
objectives in a holistic system for built assets, addressing
multiple challenges identified in the literature and existing
quantification methods. The proposed set of objectives
aims to enable a holistic evaluation of the CEP, providing
a basis for comparing built assets or their tiers (systems,
components, materials), designed with varying objectives
or without any. Unifying the objectives relevant for the
construction assets is a prerequisite for the development
of a new tool. The novelty of this work lies in its
comprehensive set of three objectives, which
encompasses all relevant design strategies and CE
strategies for EoU and EoL, while also considering
various asset tiers. Although it is still a work in progress,
the solution currently follows all identified crucial
boundary conditions of being holistic, measurable,
simultaneous, compatible, and inclusive, which, in
combination, are still not available in practice.
Developing this objective-based concept as a digital tool
will offer a fast and efficient method for assessing the
CEP. By unifying approaches that are -currently
fragmented or separately addressed, the objectives ensure
a comprehensive evaluation and allow for the calculation
of diverse CE performance metrics within the built
environment.
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ABSTRACT

Background and aim. Climate change and environmental issues have driven cities to adopt more sustainable practices,
with the circular economy seen as a solution. Cities, as built environments are responsible for 75% of global resource use
and over 70% of greenhouse gas emissions, play a critical role in the circular transition. Harnessing the potential of
circular construction is a key means for cities as local governments to achieve sustainability goals and reduce negative
environmental impacts in the built environment. However, research largely describes circular actions in construction at
general and conceptual levels. In addition, although the city’s role in the circular transition within construction is
recognised, few studies identify specific actions enabling cities to contribute to this transition.

Methods and data. To address these gaps, we conducted a qualitative multiple-case study of four Finnish construction
cases engaging cities — the construction of an eco-industrial park and a circular city district; construction waste
management through mass coordination; and a circular construction research project — based on primary (n=11 interviews
and ethnographic observation) and secondary (n=over 100 documents) data.

Findings. We recognised that cities as local governments play an important role in fostering circular construction through
26 key actions categorised as facilitate collaboration, govern and monitor, develop, and operate. We also identified that
cities actions manifest through two operational roles, actor and platform, where actions tend to have identifiable
characteristics of both roles, depending on the action and its implementation.

Theoretical / Practical / Societal implications. This study contributes to research on circular cities and construction by
highlighting cities’ potential in the circular transition of the construction sector. It also provides practical guidance for
city-level managers and policymakers on circular decision-making at the local level.

KEYWORDS: circular actions; circular economy; circular city; circular construction; operational roles.

1 INTRODUCTION resources for longer (Ghisellini et al., 2016; Kirchherr et
] . al., 2017).

Given the tension between the planet’s resources and Cities can be seen as a core part of the CE transition, from

economic growth, th? circular cconomy (CE) hgs been both a built environment and local government

proposed as a solution to replace linear pollutive and perspectives (Prendeville et al., 2018; Petit-Boix &

waste-generating actions (Kirchherr et al., 2017; Reike et Leipold, 2018; Christensen, 2021; Paiho et al., 2021;

al., 2018). Implementing more circular actions e?nables a Hiirlimann et al., 2022). Cities, as built environments, are
move towards more sustainable consumption and not only significant consumers of raw materials and
production while simultaneously limiting environmental energy but also hotspots of innovations, policy action,
impacts such as climate change and biodiversity loss by capital, data, talents, and resources (Ellen MacArthur
maintaining the value embedded in products and Foundation [EMF], 2022). Cities account for

approximately 60% of global gross domestic product,
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60% of the resources used, and 70% of global carbon
emissions (United Nations [UN], 2022). In addition, it is
expected that by 2050 almost 70% of the world’s
population will live in cities (World Bank Group, 2023).
While we acknowledge that the cities as built
environments have significant environmental and
economic impacts, in this study we focus on the
perspective of the cities as local governments and their
actions to facilitate the transition toward more sustainable
and circular actions.

Consequently, it is acknowledged that cities, as local
governments, have a crucial governmental role to play
regarding the built environment: cities are responsible, for
example, for land-use planning (Turcu & Gillie, 2020;
Williams, 2019) and street, water, and waste
infrastructures and their maintenance (Caragliu et al.,
2011). Cities are also landowners and owners of several
properties, such as schools, daycare facilities, and
hospitals. Cities issue building permits and oversee the
construction and demolition of buildings (Ministry of the
Environment, 2021) as well as take care of municipalities’
waste management (Christensen, 2021). Therefore,
understanding how a city, as a local government, can
contribute to and foster circular construction is critical in
reducing the harmful environmental impacts of cities as
built environments. While focusing on circular
construction we refer to actions that maintain construction
materials, buildings, and infrastructure in use and
circulation by reducing, sharing, reusing, refurbishing,
repairing, and recycling in all lifecycle phases (Pomponi
& Moncaster, 2017; Ghaffar et al., 2020; Benachio et al.,
2020; Dams et al., 2021).

The construction sector is among the key areas of focus
for cities seeking to meet their sustainability goals and
reduce negative climate impacts (Paiho et al., 2021; Rios
et al., 2022). As construction accounts for 36% of global
final energy use and 39% of energy-related carbon
emissions, while construction and demolition waste
(CDW) accounts for 36% of all waste generated in the
European Union (UN Environment, 2018; European
Commission, 2019; Eurostat, 2020). In addition, the
construction sector is one of the largest consumers of
natural resources, accounting for more than half of the
total materials used globally (Organisation for Economic
Co-operation and Development [OECD], 2018). As a
result, the construction sector plays a crucial role in
ensuring future sustainability and preserving biodiversity.

Based on the construction sector’s huge potential in the
circular transition and the critical role of cities in this
regard, this study focuses on key actions taken by cities,
as local governments, to foster circularity in the
construction sector. We look at the actions taken by the
cities through two operational roles — the city as a
platform (e.g., Tukiainen et al., 2015; Anttiroiko, 2016;
Bollier, 2016; Haveri & Anttiroiko, 2021), in which the
city is seen as an enabler of different actors’ actions; and

109

the city as an actor (e.g., Acuto et al., 2020), in which the
city is considered to take an active role in planning,
implementing, and operating. However, these roles are
not mutually exclusive. Cities must often act as both
platform and actor simultaneously, depending on how the
action is implemented, to enable the CE transition.

Previous studies of circular cities have identified certain
key actions that cities can take when implementing
circular strategies to foster circularity across their
functions (Alhola et al., 2018; Lakatos et al., 2021; Bonoli
et al., 2021). However, many studies have been either
product- or policy-oriented (Bonoli et al., 2020) or
presenting more general strategies and actions that a city
can follow to implement CE and sustainability goals
(Prendeville et al., 2018). Concrete circularity plans and
actions remain scarce (Paiho et al., 2021), and little is
known about the practical implications and applications
of what cities can do regarding the CE in the construction
sector (Caragliu et al., 2011; Turcu & Gillie, 2020;
Williams, 2021). In addition, while studies have identified
various roles that can be played by public actors and cities
(von Malmborg, 2004; Frantzeskaki et al., 2016; Kronsell
& Mukhtar-Landgren, 2018; Uusikartano et al., 2020;
2021). Less emphasis has been given on the city’s
fundamental operational roles—whether as an actor or a
platform—that serve as the foundation for identifying
specific actions and responsibilities. Overall, research on
circular construction has highlighted the need for more
empirical studies to determine which actions can
effectively drive the transition to a circular economy in
the construction sector (Adams et al., 2017; Munaro et al.,
2020; Guerra & Leite, 2021) and how cities can contribute
to this shift (Girard & Nocca, 2019).

By focusing on city-level solutions in circular
construction, our study complements a wider discussion
of circularity in the construction sector. It contributes to
an understanding of how cities as local governments can
be involved in a wide range of circular construction
projects and promote, facilitate, enable, and manage
circularity in the built environment. Accordingly, this
study aims to clarify how cities, as local governments, can
actively implement circular initiatives in construction—
either through direct own action or by facilitating the
efforts of other actors and stakeholders. In particular, this
study aims to answer two research questions: i) what are
the key actions a city can take to foster circular
construction? and ii) how do the operational roles of the
city manifest in actions fostering circular construction?

To meet our research aim, we conducted a qualitative
multiple-case  study  (including 11 interviews,
ethnographic follow-up, and over 100 secondary sources)
in the Finnish context focusing on four different circular
construction cases engaging cities with different set of
actions enabling and fostering circular construction.
Therefore, the cases provide an insightful empirical
setting to explore how a city as a local government can
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implement its circular strategy in the construction sector
by delving into the key actions of cities and their
operational roles in fostering circular construction.

Our study contributes to circular city research by
providing a categorisation of how cities can foster
circularity through construction with empirically based
examples of actions. Moreover, it deepens the
understanding of the roles of public actors, thus not only
contributing to circular city research but also to circular
construction research. Furthermore, our research provides
insights for decision-makers in city organisations and
construction companies by providing a comprehensive
understanding of how a city can contribute to and foster
circular construction in its own organisations and public—
private partnerships.

2 LITERATURE OVERVIEW

In this section, we provide an overview of cities’
importance in the CE transition and describe why
focusing on cities in the circular construction context is
crucial.

2.1 CIRCULAR ECONOMY IN CITIES

Rapid urbanisation brings social, economic, technical,
and environmental challenges, such as how to provide
affordable housing, well-connected transport systems,
water, energy, and waste infrastructure, basic services,
and a safe environment for all citizens (Paiho et al., 2021;
World Bank Group, 2023). Cities, as built environments,
are the hotspots where environmental problems and
challenges arise, but at the same time, they are cradles and
ecosystems where sustainability challenges are solved and
nurtured (Henrysson et al., 2022; UN Environment,
2018). Thus, the transition towards the CE and more
sustainable practices is gaining attention within cities
(OECD, 2020; Paiho et al., 2021; Prendeville et al., 2018).

Importantly, the CE offers new tools for cities to respond
to climate change and resource challenges by rethinking
how to use, reuse, recycle, and sustain the value of
materials, products, and assets (Sodiq et al., 2019) in
collaboration with other actors, such as citizens,
companies, and researchers (Prendeville et al., 2018;
Williams, 2021). Seven key CE sectors have been
identified in the city context: construction, food, waste,
procurement, water, transport, and energy (Paiho et al.,
2021; Rios et al., 2022). These sectors are not entirely
separate; rather, they are closely linked, as cities are
complex ecosystems of public and private actors,
innovation cultures, business networks, infrastructures,
and resources (Paiho et al., 2020; Henrysson et al., 2022).

The actions identified in the literature on how cities can
foster the CE indicate that cities can use their policy tools
as catalysts for circular change and define and coordinate
their CE actions through CE strategies and roadmaps
(European Investment Bank [EIB], 2018; Prendeville et
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al., 2018). To add to this, the CE in cities is also driven by
different levels of policy instruments (e.g., national- and
EU-level), providing different tools to promote the CE.

For example, the waste framework directive
(2008/98/EC) and circular economy action plan
(COM(2020)98) that enhances sustainability

requirements, promote waste prevention as well as
utilisation and recycling of waste, and encourage
resource-efficient practices. As key components of the EU
Green Deal, they collectively support the transition to a
circular and environmentally responsible  built
environment. City administrations can lead by example,
for instance, by offering, procuring, and tendering circular
solutions and services and accelerating circular business
development (e.g., EIB, 2018; Prendeville et al., 2018;
Alhola et al., 2018). Economic support is identified as a
way to promote the circular transition, as it can include
indirect financial incentives as well as direct economic
help, such as financing for sustainability projects (e.g.,
Uusikartano et al., 2021). Cities can include circular
principles in their technical infrastructure and services,
such as energy, water, transport, infrastructure, and
education (e.g., Rios et al., 2022). In addition, cities can
promote circular awareness and create a culture of
collaboration among city organisations, citizens,
companies, and other organisations (e.g., Paiho et al.,
2020; Henrysson et al., 2022). Cities may call themselves
circular cities; nonetheless, it remains challenging for
them to define which combinations of CE initiatives will
result in the most environmentally friendly performance
(ICLEI 2021; Paiho et al., 2021; Lakatos et al., 2021).

In addition to the actions identified by cities as fostering
the CE transition, different roles for cities and public
actors have been identified, such as innovator, operator,
coordinator, organiser, financer, enabler, catalyser,
influencer, supporter, policymaker, and regulator (e.g.,
von Malmborg, 2004; Frantzeskaki et al., 2016; Kronsell
& Mukhtar-Landgren, 2018; Uusikartano et al., 2020;
2021). Circular actions taken by cities have also been
studied from intra-urban and interurban perspectives.
Intra-urban studies focus on one city, either the whole city
or a limited area within it, such as a district or an even
smaller unit, such as an area, neighbourhood, or
household, and the actors and their interactions inside it
(Bork-Hueffer, 2014). Common to all identified public
actors’ roles is that cities cannot be seen as isolated
entities. Rather, they need to work with their surrounding
environment in the CE transition and must therefore
leverage the actions they take on their own as well as those
taken in cooperation with other actors and stakeholders.

However, in this study, we dive deeper into the
overarching starting point of the role division; that is, we
focus on the nature of the actions taken as part of the
operational roles of a city as an actor and a platform.
While the previous literature has identified the actions that
cities can take to foster the CE, most remain at a very
conceptual level, and more empirical evidence is needed



(Girard & Nocca, 2019; Lakatos et al., 2021; Isoaho &
Valkama, 2024). By bringing cities’ operational roles and
key actions together in the context of the CE, we provide
a more comprehensive way to understand how cities can
foster the transition toward CE.

2.2 THE IMPORTANCE OF CITIES FOR
CIRCULAR CONSTRUCTION

An unanimously agreed and comprehensive definition of
circular construction (Benachio et al., 2020) has yet to be
established. One oft-quoted definition provided by
Pomponi and Moncaster (2017, p. 711) of the CE in the
built environment is ‘building that is designed, planned,
built, operated, maintained, and deconstructed in a
manner consistent with CE principles’. Based on this
definition, Benachio et al. (2020, p. 5) refined the
definition of the CE in the construction sector as ‘the use
of practices, in all stages of the life cycle of a building, to
keep the materials as long as possible in a closed loop, to
reduce the use of new natural resources in a construction
project’. An essential element of both definitions is the
mention of circular practices at different lifecycle stages.
On the other hand, Dams et al. (2021, p. 1) explained that
‘the concept of circular construction requires that a
building should not be merely a static, physically whole
entity, but instead should be a changing, evolving
combination of functions and processes and be able to
adapt to changing societal or functional requirements
over long periods of time’. From our point of view, the
need for a combination of processes and actions is
interesting, as is the constant development that comes
from reacting to external stimuli. Moreover, Ghaffar et al.
(2020) observed that ‘in circular construction, buildings
and infrastructure will be designed according to circular
principles,” bringing in the perspective that circular
construction considers more than just buildings. In
addition, the EMF (2023) sets out the following three CE
principles: to eliminate waste and pollution, circulate
products and materials (at their highest value), and
regenerate nature. Based on these definitions, we refer to
circular construction as actions that aim to maintain
construction materials, products, buildings, and
infrastructure in use and circulation at their highest value
by reducing, sharing, reusing, refurbishing, repairing,
and recycling in all lifecycle phases.

Cities are among the key actors in the CE transition in the
construction sector, as they are not only major centres of
the built environment but also involved in construction
projects in one way or another (cf. Campbell-Johnston et
al., 2019; Christensen, 2021). For example, cities are
pivotal in advancing the construction sector towards the
CE as economic hubs. That is, urban areas can achieve
cost savings through the reduction, reuse, and recycling of
materials while also driving innovation and technological
advancements in sustainable building practices (Joensuu
et al., 2020; Christensen, 2021). City governments have
the authority to implement policies and regulations that
promote circular construction, and cities can engage
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communities to foster a culture of sustainability (Isoaho
& Valkama, 2024). Circular construction in cities can
significantly mitigate climate change by reducing the
greenhouse gas emissions associated with building
materials. Overall, cities’ influence on resource use,
economic activities, policymaking, and community
engagement makes them essential in the CE transition.
(e.g., Campbell-Johnston et al., 2019; Lakatos etal., 2021;
Hiirlimann et al., 2022) In addition, cities' (circular)
actions are influenced by external policy instruments,
providing frameworks, boundary conditions, and
guidelines for more sustainable ways of operating. For
example, the Environmental Product Declaration (EPD),
the revision of the Construction Products Regulation
(CPR 2024), along with the Waste Framework Directive
(2008/98/EC), Energy Performance of Buildings
Directive (EPBD), and the New Circular Economy Action
Plan (COM(2020)98), establishes a strong regulatory
foundation for circular construction in the EU and driving
the transition towards more circular and sustainable ways
of operating in the construction sector, and along that
providing cities the opportunity utilize them in their own
operations.

While the role of cities in fostering circular construction
is recognised, there is a scarcity on the actions identified
in previous studies. However, previous studies have
identified some actions on how cities can foster circular
construction, for example, the maintenance of existing
infrastructure reduces the need for new materials, while
promoting consumer practices and services aligned with
the CE encourages sustainable consumption (e.g.,
Caragliu et al., 2011; Lakatos et al., 2021; Hauashdh et
al., 2022). Land-use planning ensures efficient use of
space and resources, and public procurement criteria
prioritise sustainable materials and methods (e.g., Turcu
& Gillie, 2020; Williams, 2019). By optimising industrial
structures, cities can enhance resource efficiency and
reduce waste. The use of local renewable resources
minimises environmental impact (e.g., Lin & Kao, 2020),
and industrial symbiosis allows industries to share
resources and by-products (e.g., Joensuu et al., 2020).
Establishing eco-industrial ~parks (EIPs) fosters
collaboration and innovation towards sustainability (e.g.,
Uusikartano et al., 2021). Additionally, the utilisation of
industrial waste in building materials and effective
demolition and waste management practices ensure that
materials are reused and recycled, closing the loop in
construction processes (e.g., Joensuu et al., 2020; Lin &
Kao, 2020; Junli et al., 2021). Through these actions,
cities can significantly contribute to a more sustainable
and circular construction sector as well as built
environment.

Previous studies are still lacking a more comprehensive
understanding on the actions that cities can take in relation
to circular construction (Wang et al., 2018; Joensuu et al.,
2020; Benachio et al., 2020; Christensen, 2021).
Moreover, most of the actions identified for cities to foster

https://doi.org/10.52202/080684-0012


























































































































































































































































































































































































	ADP5E3C.tmp
	ISBN: 979-8-3313-2166-6
	eISBN: 979-8-3313-2165-9
	DOI: https://doi.org/10.52202/080684




