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Abstract

In an era of environmental awareness, the construction industry faces pressure to adopt
resource-efficient practices that reduce waste, extend material lifespans, and support cli-
mate change mitigation. While the environmental benefits of multi-storey wood buildings
(MWBs) are well recognized, understanding and evaluating circular economy (CE) ap-
plications in this context remains limited. This study explores CE strategies for MWBs,
examines circularity indicators, tools and methods for evaluating CE, and identifies chal-
lenges hindering the application of CE in MWB construction through a systematic litera-
ture review. Following the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) protocols, a structured search was conducted in the Web of Science
and Scopus databases using relevant keywords. A total of 34 relevant studies were selected
from an initial list of 437 studies. The results indicate that key CE strategies were increas-
ingly implemented at the design stage of MWBs. However, limited CE implementation
exists at the end-of-life stage of MWBs. Key challenges to CE in MWB construction
include the risk-averse approach of designers and engineers, the lack of standardized data
and methodologies for end-of-life assessment, insufficient conceptualization and categori-
zation of CE principles due to limited knowledge and education, and limitations in current
life cycle assessment methods. The study highlights significant limitations in circularity
indicators and evaluation methods, emphasizing the need for further research to advance
CE integration in MWBs. By systematically synthesizing the state-of-the-art research on
CE practices in MWBs, this study presents a framework that highlights key challenges,
knowledge gaps, and research priority areas for advancing circularity in MWBs.
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Introduction

In an era characterized by a growing emphasis on sustainability, the construction industry
faces increasing pressure to adopt resource-efficient practices. The sector has been syn-
onymous with resource-intensive practices, generating substantial waste and contributing
significantly to carbon emissions [1, 2]. According to UNEP [3], the building and construc-
tion industry accounted for 40% of the global energy-related carbon dioxide emissions in
2021 with 28% arising from building operations and 12% from embodied carbon associ-
ated with construction materials and processes. In the European Union (EU), the building
sector is responsible for half of all extracted materials consumption and one-third of waste
generation, while also accounting for 36% of greenhouse gas (GHG) emissions and 40% of
the total energy consumption [4]. This makes the sector a significant contributor to climate
change and other environmental issues, mainly due to the prevailing regime of conventional
linear construction methods [5]. The sector conventionally operates in a linear construction
model, following a take-make-dispose approach that depletes finite resources and burdens
ecosystems through atmospheric emissions and construction and demolition waste [6, 7].

Circular Economy (CE) has emerged as a model for sustainable construction, seeking
to reduce waste, improve resource efficiency, and create a regenerative system [8, 9]. The
concept of CE is pertinent to the construction industry due to its potential economic and
environmental benefits, through the extension of product lifespans [10]. Unlike the conven-
tional linear economy, CE establishes a closed-loop system where resources are continu-
ously reused, recycled, or repurposed [11]. The EU’s CE strategy “Closing the loop—An
EU action plan for the Circular Economy” identified the construction sector as one of the
areas with the highest potential for circularity [12]. Recent policies and drivers, such as the
EU Taxonomy, set performance criteria, for the construction sector by providing tools to
ensure efficient resource use [4, 13]. Similar policies and initiatives worldwide supporting
the transition towards a CE include the Circular Economy Promotion Law in China [14],
the 3R Initiative in Japan [15], and the Circular Economy Executive Order in the USA [16].
Additionally, the introduction of ISO 59020:2024 enhances CE in the building sector by
providing a structured framework for assessing circularity through standardized flow mea-
surement indicators [17].

Background of the Study

Wood as a construction material offers a unique combination of strength, versatility, aes-
thetic appeal, and environmental performance [18, 19]. However, it has often been over-
looked for energy-intensive alternative construction materials such as steel and concrete
[20, 21]. Functional building regulations and recent advancements in wood construction
techniques have revolutionized the feasibility and safety of multi-storey buildings with
wood as structural frame material [22, 23]. This has facilitated the greater utilization of
wood in large-scale building construction [24, 25], including application in multi-storey
residential and commercial buildings, industrial halls, sports facilities, and bridges [26].
However, recently there has been a surge in multi-storey wood building (MWB) construc-
tion, driven by environmental concerns, technology enabling taller buildings, regulatory
support, and growing housing needs, as well as market demand for sustainable buildings
[22, 27]. As wood is a limited natural resource, incorporating CE strategies in MWB con-
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struction is imperative to mitigate pressures on forests and further improve the sustainability
profile of wood as a construction material [28]. CE principles in wood building construction
not only offer environmental benefits but also provides economic and end-of-life (EoL)
benefits [29-31]. This can contribute to minimizing habitat disruption and associated biodi-
versity loss [32], reducing methane emissions from wood in landfills [33], and addressing
other environmental concerns such as soil erosion [34].

Previous studies have conducted empirical investigations into the potential of wood build-
ing construction within the CE model. De Vass et al. [35] present a circularity framework
for the lifecycle of wood products. The framework starts from forests to wood utilization in
construction, emphasizing the retention of value throughout their entire lifecycle. Addition-
ally, Rahla et al. [36] assert that each phase of wood’s product chain presents opportunities
for implementing circular solutions, spanning from design and material selection to con-
struction, maintenance, and eventual deconstruction. Husgafvel and Sakaguchi [28] argue
that sustainability and extended lifecycle in wood construction are crucial, necessitating a
systemic shift towards circularity in both biological and technical cycles. The transition to
a CE requires a paradigm shift, and MWB construction emerges as a key sector where this
transformation can take root [27, 37]. Incorporating CE principles into wood multi-storey
structure construction requires a comprehensive and all-encompassing methodology in vari-
ous stages of the building lifecycle [38]. CE can be operationalised through value-retention
strategies such as refuse, reduce, reuse, repair, refurbish, remanufacture, repurpose, and
recycle for continual use, as well as reusability of components or elements for similar or
varied purposes [39]. This entails incorporating CE principles in material selection, design,
and construction processes, and EoL management, including recycling and repurposing.
Kiesnere et al. [40] argued that integrating circularity, from the selection of wood from
sustainably managed forests to modular and prefabricated construction techniques improve
resource efficiency in wood buildings.

In addition to empirical studies, several reviews have examined circularity of MWB
construction. For example, Husgafvel and Sakaguchi [28] explored the current state and
future outlook of CE development in the wood construction industry in Finland, highlight-
ing the need for greater awareness and adoption of CE strategies to advance sustainability in
the industry. The study noted that while the Finnish wood construction industry recognises
the importance of CE, certain circularity practices, such as the cascading use of wood, are
still unfamiliar. Franzini et al. [21] investigated the benefits and barriers of using wood as
a multi-storey construction material from the perspectives of municipal civil servants. De
Carvalho Aratjo et al. [41] conducted a bibliographic analysis on CE practices related to
wood panels, highlighting the untapped potential of CE in this field. The study emphasized
the need for comprehensive research to address existing knowledge gaps and to drive sus-
tainable transformation within the field. The above as well as other prior studies address
specific subjects, such as wood construction products, benefits and barriers of wood build-
ings, and the circularity of wood panels, or CE in wood construction more broadly. In a case
study examining strategies that facilitate deconstruction and circularity in multi-storey mass
timber building, Ahn [42] noted that circular EoL strategies applicable to light-frame timber
buildings may not necessarily be suitable for mass timber buildings. The unique character-
istics of MWBSs therefore warrant dedicated investigation. In contrast to conventional low-
rise and mid-rise timber structures, modern MWBs utilize mass timber products as primary
structural elements, enabling the construction of larger and taller residential and commercial
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buildings [43]. In such buildings, mass timber elements, including CLT and glulam, are
typically assembled using steel connectors and gypsum plasterboard coverings and, in some
instances, concrete elements and topping layers to meet requirements for lateral stability,
fire safety, serviceability, and vibration requirements and performance [44—46]. Moreover,
mass timber buildings are characterized by prefabricated elements with significant material
recovery potential, but realizing this potential requires effective management across their
installation, maintenance, deconstruction, transportation, and reverse logistics to enable
component reuse and material recirculation [47]. While these solutions enable modern
MWBs, they may also pose challenges to the feasibility of CE strategies such as design for
disassembly and component reuse. For example, steel-timber and resin-bonded connections
are typically less reversible than the simple mechanical fastenings commonly used in light-
frame construction. Furthermore, gypsum coverings on mass timber panels and concrete
topping layers may present challenges for the direct reuse of mass timber components. Con-
sequently, modern MWBs are characterised by more complex structural systems, greater
material intensity, stricter fire and vibration requirements, and more demanding service-
life expectations than conventional timber buildings [48, 49]. From a lifecycle perspective,
knowledge of the EoL stage of mass timber buildings remains limited, as most have not yet
reached this phase [42, 43]. However, their characteristics offer greater potential for mate-
rial circularity than conventional timber structures [50], highlighting the need for CE strate-
gies to maximize reuse, recovery, and value retention throughout the building life cycle.
These structural, typological, and life-cycle characteristics can significantly influence the
feasibility and effectiveness of CE strategies, including design for disassembly, component
reuse and end-of-life material recovery [S1]. Therefore, a comprehensive study assessing
and advancing CE in MWBs is needed to address the research gap and facilitate the appli-
cation of CE practices in this context. To date, no systematic review has comprehensively
synthesized the opportunities, challenges, and research gaps associated with advancing CE
principles specifically in modern MWBs.

Aim and Scope of this Paper

This study presents a systematic literature review (SLR) of published articles related to the
application of CE in MWBEs, to identify current knowledge gaps in the subject and press-
ing research needs. To aid in achieving the stated aim, four objectives are addressed in this
study, which are:

1. To explore CE strategies in multi-storey wood building construction.

2. To identify the environmental impact indicators for circularity in multi-storey wood
building construction.

3. To explore tools and methods for evaluating the environmental benefits and burdens of
CE strategies for multi-storey wood building construction.

4. To identify the challenges and limitations hindering the application of CE in multi-storey
wood building construction.

To the best of our knowledge, this paper offers the first comprehensive systematic literature

review (SLR) on applying CE concepts to MWBs, addressing a broader scope than prior
preliminary exploration in the field [52]. The paper is structured as follows: Section "Meth-
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odology" documents the methodology used for the study. Results of the study are pre-
sented in Section "Results", with a content analysis discussion related to the four objectives
detailed in Section "Discussion". Finally, the recommendation and suggestions for further
research and conclusions are given in Sections "Recommendations for Future Studies" and
"Conclusions".

Methodology

A SLR provides a summary of prior research in a specific field and highlights knowledge
gaps in the published literature that allow researchers to thoroughly approach a subject
matter [53]. In this study, the SLR is conducted following the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) protocol, ensuring detailed and
evidence-based reporting [54]. The utilization of this approach has increased in popular-
ity in recent years, due to its comprehensive approach, including predefined criteria and
protocols for examining prior studies and data [55]. This approach provides critical insights
into a subject and identifies dominant research gaps [56]. Additionally, it enables the use of
snowballing methods, allowing for a more comprehensive review of existing studies rel-
evant to the research objectives [54]. In the context of circularity studies, this approach has
been extensively utilized by scholars conducting reviews on wood construction [29, 41, 57].
The approach of SLR entails a preliminary search of literature utilizing several databases,
screening, and content analysis. Figure 1 describes the methodological approach used in the
paper selection according to the PRISMA protocol.

Eligibility Criteria and Information Sources

The search included all scientific article types on the subject of this SLR published up to
July 2025 and was limited to those in the English language for ease of review and analy-
sis. PRISMA recommends a thorough review by incorporating different electronic data-
bases, reference lists, and author contributions [54]. Scopus and Web of Science (WoS)
were chosen, as currently the most extensive scientific databases [58, 59], facilitating the
implementation of a reliable systematic review [60, 61]. Using two databases and search
engines ensures extensive bibliometric coverage, reduces bias, and provides access to lead-
ing research articles from these two prominent scientific databases [62]. The searches in
Scopus and WoS were conducted on July 15, 2025, followed by a snowball reference search
and pertinent authors of selected studies were consulted to uncover additional studies.

Search Strategy

Table 1 outlines the keywords used, encompassing CE principles, building types, wood
product types, and the search across the two search engines and databases. Following pre-
viously related reviews [29, 63], a list of ‘wood construction product types’ and ‘build-
ing types’ that potentially integrate with CE was created and combined with ‘CE-related
principles’ keywords under the search aspect. To ensure scientific rigour and reduce bias,
two experts with at least three circularity publications peer-reviewed the keyword sets. The
search syntax follows the principles of Boolean logic, combining subject-related keywords
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* Year range - until 2025

Eligibility criteria — - Language - English

Informat

Search

* Publication Type - Conference and Articles

« Database - Scopus and WoS

ion sources
* Snowball reference search

* Keywords selection
strategy « Keywords peer-review

(see Table.1) « Keywords finalization

Study selection process

(see Fig.2)

Data and collection process—p

Data items

Fig.1 An ove

« Keywords search in database

« Identification
* Screening

« Eligibility

« Included

* Recorded data in Excel spreadsheet
* Reviewer extract, chek and verification

* Year, source type and
country for geographical coverage
and analysis —
* CE strategies in MWBs
* Circularity indicators in MWBs
* Tools and methods for CE in MWBs
* Challenges in CE applications in MWBs

rview of the literature review research process

Table 1 Keywords and search parameters for CE research in MWBs

——p Frequency analysis

—  Content analysis

Description

Keywords Scopus WoS

CE-related
principles

Wood
construc-
tion product
types
Building
type

Search

circular economy, circular, CE, cradle-to-cradle, reuse, rethink, recycle,
repair, refurbish, design for manufacturing and assembly, repurpose,
recovery, modular, adapt, deconstruct, disassembly

Mass timber, timber, laminated timber, glulam, CLT, NLT, DLT, LVL,
PSL

multi-storey, high-rise, mid-rise, apartment building, residential building

(TITLE-ABS-KEY ("circular economy" OR "circular*" OR "cradle- 283
to-cradle" OR "CE" OR "reuse" OR "repair" OR "disassemble*" OR

"adapt*" OR "modular*" OR "deconstruct*" OR "refurbished" OR

"recycle" OR "rethink" OR "repurpose" OR "recovery" OR "design for
manufacturing and assembly") AND TITLE-ABS-KEY("mass timber"

OR "timber" OR "laminated timber" OR "glulam" OR "CLT" OR "NLT"

OR "DLT" OR "LVL" OR "PSL") AND TITLE-ABS-KEY("multi-

storey" OR "multi-story*" OR "high-rise" OR "mid-rise" OR "apartment
building" OR "residential buildings"))

154
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with "AND" and "OR" connectors. Using the specified search terms across the title, abstract,
and keyword fields (TITLE-ABS-KEY), the searches in the two databases are presented in
Table 1.

Study Selection Process

As illustrated in Fig. 2, a total of 437 studies was initially retrieved from Scopus and WoS
databases. After an initial screening for duplication, 115 duplicate records from the two
search databases were identified and removed using a web-based tool designed to facilitate
systematic reviews [64]. The remaining 322 studies underwent a further round of screening
based on their titles and abstracts and showed that 207 of the studies were outside of the
study’s subject on CE and MWBs. The exclusion of these studies resulted in 102 studies for
further analysis, see Fig. 2 for the selection process.

Full-text articles were carefully reviewed and assessed at this stage, with a focus on CE
and MWB construction. Studies with unavailable full texts and those solely focused on

h Database search ﬂ

Scopus WoS
(n=283) (n=154)
L |

v

Total studies
(n=437)

Identification

Duplication excluded

Title and abstract screened

(n=322)
Screening
Records excluded A=t
Full text screened
(n=115)
Full text unavailable (n=19)
4_—
records excluded
Eligibility
Ineligible | (n=70)
records excluded
v
Studies from database
(n=26)
¢ (n=8) Snowballing
Included search

Selected studies
(n=34)

Fig.2 Study search and selection process
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MWBs without circularity practice were excluded. Consequently, 26 relevant studies of CE
in MWBs were identified at this stage. To enhance the sample size and minimize the risk
of omitting relevant literature, a snowballing search strategy was employed [65] by analys-
ing the reference lists of the 26 selected studies, which yielded eight (8) additional relevant
studies. The eight additional studies were not captured in the Scopus and WoS searches. As a
result, 34 relevant studies were identified from the systematic search and selection processes
for detailed examination.

Data Items and Content Analysis

A descriptive analysis was undertaken to identify the chronological coverage of CE and
MWRBsS studies and determine the top sources of studies. Bibliometric data, including pub-
lication year, source type, were used. The origin of each study was extracted from the first
author affiliation. This analytical approach enables the extraction and examination of sec-
ondary data from existing literature [66]. The data are subsequently categorized, based on
their patterns and original contexts [67], and subsequently linked to the overarching aim
of the study [68]. The content analysis aligns and reconciles the semantic variations in the
application of CE strategies across the various studies. This approach has been employed
in prior CE reviews [57, 69]. In this step, four distinct research areas were identified from
the selected papers linked to the study’s objectives. Accordingly, the selected papers were
perused based on the following research areas, aligned with the study’s four objectives: CE
strategies in MWB construction (objective 1); environmental impact indicators for circular-
ity in MWB construction (objective 2); tools and methods for circularity in MWBs (objec-
tive 3); and challenges and limitations for CE in MWBs (objective 4).

Results

This section presents the analysis of the selected literature papers. A descriptive analysis
of the selected publication is presented. Section "Descriptive Analysis" reviews academic
publications to assess recent trends of CE in MWBs.

Descriptive Analysis

Figure 3 illustrates the cumulative publications on CE in MWBs, highlighting the topic's
evolving research interest. Research advancement over the early decade was slow initially,
but it gained momentum after 2021. Publication has significant increase since 2021, high-
lighting the rising prominence of advancing circularity in MWBs in recent years.

Table 2 shows that conference proceedings account for nine publications, highlighting
the recent emergence of the research area and the growing importance of CE in the wood
building industry. The distribution of published papers by country indicates that Sweden has
the highest contribution, potentially due to the country’s advancements in wood engineering
and forestry value chain [70, 71]. Additionally, on the continental level, Europe’s domina-
tion of research in the region has probably been fuelled by strong legislation promoting CE
principles, such as the Circular Economy Action Plan, as noted by [72, 73].
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Fig. 3 Cumulative publication trend of the selected papers

Discussion

This section provides an in-depth analysis and discussion of selected literature papers on
CE practices in MWBS, structured into four sub-sections: CE strategies (4.1), CE indica-
tors (4.2), tools and methods for evaluating the environmental benefits and burdens (4.3),
and challenges and limitations hindering the application (4.4). Table 2 provides a structured
overview linking each publication to the corresponding research objective.

Some papers cover overlapping areas, resulting in a total of 61 entries in the table. It
shows that “challenges and limitations for CE in MWBs” is the research area with the most
studies (23 papers), followed by “CE strategies in MWB construction” with 20 papers. The
following sub-sections discuss the study’s objectives on circularity of MWBs of the selected
papers.

CE Strategies in MWB Construction

Table 3 summarizes the content analysis of the selected papers on CE strategies in MWB
construction, highlighting coverage of three key aspects: pre-construction/construction
stage [49, 76, 87, 88, 92, 96], and use stage [80, 95], and EoL stage [79, 83, 85, 86, 93, 94,
105] in MWB construction.

For the pre-construction stage (design) of MWBs, most of the selected studies high-
lighted CE strategies and concepts such as design for disassembly (DfD), design for adapta-
tion/adaptability (DfA), design for durability, and design for manufacturing and assembly
(DfMA) to enhance building elements and component reusability in MWBs. Ahad et al. [88]
reviewed CE design strategies, noting limited implementation in mass timber building con-
struction, highlighting that while DfMA have gained significant attention, other strategies,
such as DfD and DfA are crucial for enhancing the circularity of mass timber buildings.
Similarly, in review of architectural and structural design typologies for multi-storey timber
buildings in Europe. Zegarac Leskovar and Premrov [49] emphasized the importance of
integrating architectural, structural, and energy considerations early in the design process.
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Table 2 Classification of papers by publication type, origin and research objective

References Publica- Origin Objec- Objective 2 Objective 3 Objective 4

tion type tive 1 (CE (Evaluation  (Chal-
(CE indicators) tools and lenges and
strategies) methods) limitations)

Riala and Ilola  Article Finland v

[74]

Illgin et al. [75]  Article Finland v

Piccardo and Article Belgium v v

Hughes [76]

Tupenaite et al.  Article Lithuania v

(771

Ilgin et al. [78]  Article Finland v

Dodoo etal. [79] Article Sweden v v v v

Ottenhaus et al.  Article Australia v v

[80]

Balasbaneh and  Article Malaysia v v

Sher [81]

Myllyvitta et al. ~ Article Finland v

[82]

Hosseini et al. Article Canada v v

[83]

Phung et al. [84] Confer- Ireland v
ence Paper

Dodoo and Confer- Sweden v v v v

Muszynski [85]  ence Paper

Ahn et al. [86] Confer- USA v v v v
ence Paper

Vandamme and ~ Confer- Belgium v v

Rinke [87] ence Paper

Abad et al. [88]  Article Australia v v

Westerholm and ~ Confer- Finland v

Franssila [89] ence Paper

Jayalath et al. Article Australia v v

[90]

Gosselin et al. Article Canada v

[91]

Zegarac Article Slovenia v

Leskovar and

Premrov [49]

Oberg et al. [92]  Article Sweden v v

Lisco and Aulin  Article Sweden v

[93]

Di Ruocco etal.  Article Italy v v v

[94]

Klinge et al. [95] Confer- Sweden v v
ence Paper

Jockwer et al. Confer- Sweden v v

[96] ence Paper

Lollietal. [97]  Article Norway v v

Al-Najjar and Article Sweden v v v

Dodoo [98]
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Table 2 (continued)

References Publica- Origin Objec- Objective 2 Objective 3 Objective 4
tion type tive 1 (CE (Evaluation  (Chal-

(CE indicators) tools and lenges and
strategies) methods) limitations)

Svatos- Confer- Germany v v

Raznjevi¢ etal.  ence Paper

[99]

Sun etal. [100]  Article China v v

Griiter et al. Article Switzerland v

[101]

Allan and Phil-  Article USA v v

lips [102]

Morales-Beltran  Confer- Turkey v v

etal. [103] ence Paper

Vidal et al. [104] Article Spain v v

Dodoo et al. Confer- Sweden v/ 4 v

[105] ence Paper

Myhren et al. Confer- Sweden v

[106] ence Paper

Total 20 11 12 23

Table 3 CE strategies for MWBSs in selected papers

References Building  CE strategies ~ Description/details of
life cycle strategies
Piccardo and Hughes [76], Dodoo et al. [79], Pre-con- Refuse Design for disassembly
Ottenhaus et al. [80], Hosseini et al. [83], Ahn  struction/  Rethink (DfD) Design for adapt-
et al. [86], Vandamme and Rinke [87], Abad et construc-  Reduce ability (DfA) Design for
al. [88], Zegarac Leskovar and Premrov [49],  tion stage durability Application of
Oberg et al.[92], Jockwer et al. [96] reversible connections
Design for manufacturing
and assembly (DfMA)
Piccardo and Hughes [76], Ottenhaus et al. Use stage  Reuse Extended product or
[80], Abad et al. [88], Klinge et al.[95] Repair component lifespan
Refurbish
Remanufacture
Repurpose
Dodoo et al. [79], Dodoo and Muszynski End-of- Recycle Useful application of
[85], Ahn et al. [86], Lisco and Aulin [93], Di  life (EoL) Recovery post-use material
Ruocco et al. [94], Dodoo et al. [105] stage

The findings highlight the importance of the synthesis of these aspects at the conceptual
stage as essential to developing more optimized, cost-effective solutions for timber-based
MWRB construction [49]. Jockwer et al. [96] emphasized that DfA is a critical component
in advancing circular design solutions for timber buildings. Thus, by enabling MWBs to
accommodate functional and spatial changes over time, DfA contributes to extending the
service life of both timber structures and their components [96]. This also supports lifecycle
optimization through spatial reconfigurations and extending the product lifespan through
repair, refurbishment [96]. Lisco and Aulin [93] proposed a taxonomy to clarify the relation-
ship between key reuse strategies, particularly DfD and DfA for timber-based construction.
This taxonomy facilitates integration of reuse strategies from the early stages of a build-
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ing lifecycle and improves communication among stakeholders and manufacturers across
the value chain. While, DfA is an emerging CE strategy aimed at extending building ser-
vice life, it typically emphasizes non-structural adaptability [92]. In contrast, design for
structural adaptation (DfSA) as conceptualized by Oberg et al. [92], focuses on optimizing
structural adaptability to enhance cost and resources efficiency throughout the building’s
lifecycle, and thus supporting service life extension and the retention of high-quality timber
components in MWBs.

Vandamme and Rinke [87] proposed a circular design emphasizing DfA, focusing on
components or materials regardless of their position in the building. The study highlighted
that DfA concepts such as functional layer separation and spatial overcapacity to enhance
circularity of multi-storey timber buildings [87]. In shifting from demolition to disassem-
bly of residential MWBs, Morales-Beltran et al. [103] emphasized that design choices are
crucial for enabling circularity and increasing the potential for disassembly throughout the
lifespan of buildings. The study highlights that circular strategies including reuse and recy-
cling reduce environmental impact and extend building lifespan and emphasized the need
for a holistic design approach for transitioning from demolition to disassembly [103]. In
a study by Griiter et al. [101], circular strategies for both the design and EoL stages were
developed by applying practical design-for-disassembly and design-from-disassembly strat-
egies, using a scoring system to assess single elements based on their disassembly and reuse
potential. These strategies aim to keep the wood component cycles closed through design-
from-disassembly [101]. In a study on modular multi-storey buildings with cross-laminated
timber (CLT) volumetric elements, Al-Najjar and Dodoo [98] underscore the potential for
optimization in both structural design and climate impact to enhance the environmental
performance across the building lifecycle. A study by Dodoo et al. [79] further supports this
view, indicating that a reduction in the thickness of CLT elements can be achieved without
compromising structural integrity in CLT MWBs. Additionally, optimizing the steel-based
screws and fasteners for CLT connections offer reduction in mass and further environmental
benefits while maintaining structural performance. The findings highlight design opportuni-
ties for improving the sustainability of CLT-based modular systems through refined material
efficiency [98].

For the use stage, the choice of connections significantly impacts the ease of deconstruc-
tion and is crucial for the circularity of components and thereby optimizing material use,
boosting construction efficiency, extending component lifespan, and reuse [76, 80, 88, 95].
Ottenhaus et al. [80] noted that reversible connection enables DfA, and extends building
lifespan by addressing changing needs in MWBs. The study emphasized the importance of
connections for maintaining structural integrity, facilitating future deconstruction, and com-
ponent reuse to enhance circular practice in MWBs [80]. Klinge et al. [95] highlight several
innovative design strategies aimed at enhancing building adaptability and extending the
service life of MWBs. The study emphasized the importance of reversibility, prefabrication,
and recyclability, demonstrating that fully reversible connections, reusable elements and
recyclable materials can significantly reduce waste generation at the EoL of multi-storey
residential buildings [95]. Piccardo and Hughes [76] suggested upstream and downstream
design strategies emphasizing reversible connections, prefabrication, and adaptable lay-
outs as strategies to facilitate component recovery and reuse in wood building design. The
authors highlighted that reversible and innovative connectors enhance disassembly, adapt-
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ability, and reuse, enabling faster assembly, extended component lifespan, and simplified
future deconstruction [76].

In the EoL option management, various strategies were identified that enhance circularity
in MWBs. These include optimizing material efficiency, improving construction processes,
extending component lifespan, and enabling material recovery and reuse [79, 85, 86, 105].
Optimized material utilization and efficient connection enhance raw materials efficiency
for EoL management [79]. Dodoo et al. [105], examined the environmental implications
of circularity strategies including cascading, reuse and recycling of post-use materials for
a CLT multi-storey building. Their results showed that these strategies can significantly
reduce global warming potential (GWP) impact at the EoL stage. The authors emphasized
the importance of considering circularity across the entire building life cycle, particularly
during the EoL stage to reduce the overall climate impact of CLT multi-storey buildings.
Hosseini et al. [83] evaluated the application of CE strategies focusing on the EoL stage of
buildings. The study adopted a framework entailing the 10R’s to evaluate the CE strategies
for EoL stage in mass timber buildings. Furthermore, Dodoo et al. [79] highlighted that
efficient connections and construction facilitate the recovery and reuse of CLT panels at the
building’s EoL. Highlights from the study of Dodoo and Muszynski [85] emphasized that
implementing DfD and reuse enhance CLT panel recovery, reducing waste and virgin mate-
rial use in CLT multi-storey buildings. Sun et al. [100] emphasized the importance of assess-
ing the recycling potential early in the design phase to support closed-loop material flows
and ensure material efficiency throughout the building’s life cycle. The study established
that mass timber buildings have greater recycling potential than alternative concrete build-
ings due to prefabricated, high-value components that enhance detachability and reduce
waste and environmental impact [100]. Similarly, Di Ruocco et al. [94] emphasized the
importance of managing disassembly and selective demolition at the EoL phase to enable
the reuse and recycling of materials and prefabricated components. This demonstrates the
potential of circular design owing to easier selective demolition and high component reuse
rates [94]. Additionally, in MWBs, Ahn et al. [86] noted prefabricated elements and revers-
ible connection facilitate post-EoL options without material damage during deconstruction
phase extending the elements lifespan. From the study, such strategies support CE principles
by maximizing resource value, reducing environmental impacts, and promoting sustainable
construction practices.

In summary, the literature identifies several design strategies to enhance the circularity of
MWRBsS, including DfA, modularity, and DfD. The utilization of prefabricated and standard-
ized components, along with reversible connections, facilitates MWB construction to align
more closely with circular design principles. Furthermore, EoL management strategies such
as reuse or recovery are based on material availability, material properties and ease of disas-
sembly at the end of the building lifecycle.

CE Environmental Impact Indicators
CE indicators provide metrics to assess, improve, monitor and communicate circularity
performance [107]. Of the selected studies, only eleven addressed environmental impact

indicators for circularity in MWB construction, as listed in Table 4. The most identified
indicators in these studies include energy and carbon footprint.
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Table 4 CE indicators in MWBs  References Indicators
Carbon Footprint Energy Use Others”
Dodoo et al. [79] v
Balasbaneh and Sher [81] v

depletion potential (ODP), Smog
potential (SP) Dodoo et al. [105]

Dodoo and Muszynski [85] v v

Ahn et al. [86] v

Jayalath et al. [90] v
*Other environmental impact Di Ruocco et al. [94] 4
indicators such as Acidification Lolli et al. [97] v
potent%al (AP), Eutrophication Al-Najjar and Dodoo [98] v/ v/
potential (EP), Human health Allan and Phillips [102] v v/
particulate (HHP), Ozone .

Vidal et al. [104] v v

v

Among, the selected studies, carbon footprint (GWP over a 100-year time horizon) and
energy use (primary and final energy) are the most reported environmental impact indicators
for assessing the implications of CE strategies in MWBs. For example, energy and carbon
footprint indicators were adopted by Dodoo and Muszynski [85] to compare cascading or
recovery of post-use CLT panels in MWBs. The study highlights the total energy recovery
and carbon balances of MWB structures assessment using the two circularity indicators
[85]. Additionally, Balasbaneh and Sher [81] employed an energy indicator for post-demo-
lition operations to assess the overall energy footprint of the project, in MWBs wall panels.

Ahn et al. [86] utilized carbon footprint indicators to evaluate the global warming miti-
gation potential (GWP) associated with EoL and post-EoL scenarios. Highlighting the sce-
narios with the highest carbon storage benefits in mass timber buildings [86]. Dodoo et al.
[79] assessed carbon footprint of CLT multi-storey building by analysing GHG flow across
all lifecycle stages. The study modelled various lifecycle carbon footprint scenarios, offer-
ing critical insights into the potential climate benefits and the implications for overall build-
ing climate performance [79]. Vidal et al. [104] highlighted reduction in the GWP due to
the carbon dioxide sequestration properties of the wooden materials, in LCA of a residential
building with a cross-laminated timber structure. Allan and Phillips [102] quantitatively
analysis EoL scenarios for mid-rise mass timber buildings and found that carbon footprint
indicators consistently highlight substantial environmental benefits. The study demon-
strated a notably lower global warming potential (GWP) in comparison to conventional
steel-framed buildings [102]. In the assessment of the environmental benefits of the post-use
materials fora MWB, Dodoo et al. [105] analysed environmental impacts indicators beyond
carbon footprint, including acidification potential (AP) and eutrophication potential (EP).
The result show that CE strategies result in notable benefits in the AP and EP impact catego-
ries. Di Ruocco et al. [94] proposed a quantitative methodology aimed to reduce the carbon
footprint during decommissioning phase of buildings. The approach of the study evaluated
greenhouse gas emissions in both the EoL and beyond the system boundary including the
potential environmental benefits associated with subsequent lifecycle stages. Jayalath et al.
[90] conducted a comparative analysis of lifecycle GHG emissions of mid-rise residential
CLT and RC buildings across three Australian cities. The study highlights that extending a
building service life significantly influences the environmental impacts of CLT in terms of
carbon footprint [90].
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In summary, as far as the literature on the topic of indicators for circularity in MWBs
is concerned, the focus is on energy and carbon footprint in evaluating the environmental
impact of different MWBs. Therefore, the content analysis of selected papers on circularity
indicators in MWBs points to the need for a standardized flow measurement indicator to
assess resources inflow and resources outflow in MWB construction.

Tools and Methods for Evaluating the Environmental Benefits and Burdens of CE
Strategies in MWBs

Table 5 highlights content analysis of the selected papers on tools and methods for evalu-
ation of CE in MWBs. The identified methods are life cycle assessment (LCA) and multi-
criteria assessment (MCA) with twelve (12) papers addressing LCA and one paper focusing
on MCA.

Concerning the 12 papers addressing LCA, their scope encompasses cradle-to-gate
approach to cradle-to-grave and, further, to cradle-to-cradle, integrating CE concepts. To
fully assess the environmental impact of EoL and post-EoL options within CE concepts,
various studies propose combining CE-related options, such as cascading and reuse of mate-
rials and building components, in LCA assessment [85, 86, 105] in the context of MWBs.
Ahn et al. [86] employed conventional static and dynamic LCA approaches to compare the
GWP impacts of conservative and optimistic EoL scenarios for mass timber products in
MWaBs. The study further highlights the benefits of dynamic LCA in capturing more realis-
tic GWP impacts by accounting for GHG flow variations and their atmospheric decay[86].
Allan and Phillips [102] adopted LCA method in quantitative analysis of EoL scenarios to
compare mid-rise mass timber buildings and conventional steel-framed structures, demon-
strating the environmental benefits in reducing global warming potential. Similarly, Vidal
et al. [104] highlighted reduction in GWP due to the carbon dioxide sequestration proper-
ties of the wooden materials in LCA of a residential CLT building. Additionally, Lolli et
al. [97] conducted a comparative analysis of embodied and operational GHG emissions of
two nearly zero-energy residential buildings in different Nordic countries with LCA. The
study findings indicate that substituting concrete with CLT in structural frames significantly

Table 5 Tools and methods for CE strategies in MWBSs in the selected papers

References
Dodoo et al.

Context
EoL of CLT panels

Tools and methods ~ Description

Life Cycle Assess-  LCA is a systematic methodol-

ment (LCA)

Multi-criteria As-
sessment (MCA)

ogy used to evaluate the resource
flow and environmental impacts
of a product, process, or service
throughout its entire life cycle

MCA is a decision-making method-
ology used to evaluate and compare
different options based on multiple
criteria

Structural engineer-
ing design and carbon
footprint

EoL and post-EoL op-
tions of CLT panels

Whole building

[79], Hosseini et
al.[83], Dodoo and
Muszynski [85], Ahn
et al. [86], Jayalath et
al. [90], Di Ruocco
et al. [94], Lolli et al.
[97], Al-Najjar and
Dodoo [98], Allan
and Phillips [102],
Vidal et al. [104],
Dodoo et al. [105]

Tupenaite et al. [77]
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reduces total GHG emissions. In contrast, the use of CLT in external walls and internal
floors adds only marginal emissions per unit area, with variation in operational emissions
due to energy sources [97]. Jayalath et al. [90] conducted a comparative analysis of lifecycle
GHG emissions and lifecycle costs for two types of reinforced concrete and CLT mid-
rise residential buildings across three Australian cities. The results showed that CLT build-
ings offered lower emissions and costs during the initial and EoL phases. The study further
highlights that extending a building service life significantly influences the environmental
impacts for CLT in terms of carbon footprint [90].

Hosseini et al. [83] proposed a framework to evaluate the circularity of residential mass
timber buildings using three scenarios for a reference building. The study adopted the LCA
method to assess different CE strategies at the EoL stage, comparing their environmental
impacts. The findings highlight that adopting a circular approach significantly reduces envi-
ronmental impacts across all studied categories, demonstrating the benefits of CE strategies
in mass timber construction. Additionally, Dodoo et al. [79] utilized LCA in the exploration
of the synergy between structural design solutions and carbon footprint in CLT multi-sto-
rey buildings, focusing on material optimization, construction methods, service-life risks,
and lifecycle carbon impact. Notable lack of comprehensive LCA on modular multi-storey
building using CLT volumetric elements. Al-Najjar and Dodoo [98] indicate that lifecycle
impacts vary significantly based on the energy production profile of the building. The study
further shows that a reduction in the total GWP can be achieved through optimized wood
configuration and efficient fasteners, underscoring the need for further strategies to enhance
the environmental performance of modular CLT buildings [98].

For the paper dealing with MCA in MWBs, Tupenaite et al. [77] proposed a three-dimen-
sional sustainability assessment approach for high-rise timber buildings. The study meth-
odology integrates a hierarchical system of indicators within a multi-criteria assessment
framework to comprehensively evaluate environmental, economic, and social dimensions
of sustainability. Furthermore, the approach of Tupenaite et al. [77] demonstrates the effec-
tiveness of MCA in assessing diverse sustainability aspects, providing valuable insights for
designers, planners, and developers in MWBs.

In summary, this study highlights the adoption of the LCA approach to measure the car-
bon footprint and energy benefit of circularity in MWBs and the need to expand tools and
methods to evaluate circularity in MWB construction.

Challenges and Limitations Hindering the Application of CE in MWB Construction

Twenty-three (23) out of 34 of the selected papers focused on challenges and limitations
hindering the application of CE in MWBs (see Table 2). Table 6 summarizes the challenges
and limitations noted in the selected papers. The content analysis shows that the selected
papers address six categories of issues: design (4 papers), economic (5 paper), environmen-
tal assessment (8 papers), organization and collaboration (8 papers), policy and regulation
(8 papers), and technical aspect (12 papers).

Design

A key CE challenge for MWBs is incorporating effective EoL considerations at the early
design stages. Dodoo and Muszyniski [85] observed that the lack of design for deconstruction
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Table 6 Challenges and limitations of CE application in MWBs

Category Challenges and limitations References
Design Lack of EoL management design Dodoo and Muszynski [85], Dodoo
et al. [105]
Lack of clear circularity typology Ilgin et al. [75], Vandamme and
Rinke [87]
Difficulty due to evolving technologies and Ilgin et al. [75]
construction techniques
Limited adaptability design strategies Vandamme and Rinke [87]
Economic High cost associated with customized reversible ~ Piccardo and Hughes [76], Oberg et
joints and fastenings al. [92], Klinge et al. [95]
Increased construction time Piccardo and Hughes [76], Gosselin
et al.[91]
High incentives on energy recovery Piccardo and Hughes [76]
Cost of reuse material Myhren et al. [106]
Environmental ~ Lack of empirical data on EoL management Ilgin et al. [75], Dodoo et al. [79],
Assessment Mpyllyvitta et al. [82], Dodoo and

Organization and
Collaboration

Policy and
Regulation

Lack of realistic assumptions in circularity
approaches

Limitations of conventional LCA approaches
Uncertainty of EoL scenarios in LCA

Uncertainty assessment and scenario analysis
High variability in displacement factor

Limitation in the dynamic approach of
assessment

Unclear circularity metrics and indicators

Lack of conceptualization and categorization of
CE principles

Lack of collaboration among stakeholders

Limited knowledge and reliable CE information

Limitation in CE business model
Lack of innovative design thinking

Insufficient knowledge and application of CE
design strategies

Fragmentation of actors within the value chain

Limitation of regulations constraint material
recovery and cascading

Lack of standardised construction techniques
and material

Lack of supporting policies hinders recycling

Challenges of current standards (energy ef-
ficiency and acoustic)

Lack of clear criteria for salvaged wood
elements

Restriction of legislation on hazardous chemicals
Complexity of policy and legislation
Inconsistent regulations and standards to support
CE strategies

Muszynski [85], Ahn et al. [86]
Dodoo and Muszynski [85], Ahn et
al. [86]

Ahn et al. [86]

Hosseini et al. [83], Dodoo and
Muszynski [85], Ahn et al. [86]

Myllyvitta et al. [82]
Myllyvitta et al. [82]
Myllyvitta et al. [82]

Piccardo and Hughes [76]
Westerholm and Franssila [89]

Westerholm and Franssila [89],
Myhren et al. [106]

Balasbaneh and Sher [81], Lolli et
al. [97]

Ahn et al. [86]

Ottenhaus et al. [80]

Balasbaneh and Sher [81], Lolli et
al. [97], Vandamme and Rinke [87]

Abad et al. [88]
Dodoo and Muszynski [85]

Ottenhaus et al. [80], Myllyvitta et
al. [82], Jockwer et al. [96], Svatos-
Raznjevi¢ et al. [99]

Myllyvitta et al. [82]

Piccardo and Hughes [76]

Piccardo and Hughes [76]

Piccardo and Hughes [76]
Ottenhaus et al. [80]
Abad et al. [88], Gosselin et al. [91]
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Table 6 (continued)

Category

Challenges and limitations

References

Technical Aspect

Technology challenges in material recovery and
cascading

Limitations with adhesive types hinder recovery
and recycling

Limitation with connection leading to material
loss

Restriction in flexibility due to early-phase
technical specification

Uncertainty of material properties (quality, high
moisture, grading and metal residues)

Limited assessment of structural integrity/dura-
bility concerns

Limited residual capacity

Limited practical application

Myllyvitta et al. [82], Dodoo and
Muszynski [85], Myhren et al. [106]
Dodoo and Muszynski [85], Abad
et al. [88]

Ottenhaus et al. [80], Dodoo and
Muszynski [85]; Abad et al. [88],
Jockwer et al. [96]

Westerholm and Franssila [89],
Gossellin et al.[91]

Piccardo and Hughes [76], Gosselin
etal. [91]

Vandamme and Rinke [87], Abad

et al. [88]

Ottenhaus et al. [80], Phung et al.
[84], Gosselin et al. [91]

Abad et al. [88], Svato§-Raznjevic

et al.[99]

strategies is a key challenge to post-use CLT panels recovery and reuse in MWBs. More-
over, current building design and construction practices hinder effective material recovery,
reuse, and recycling after the building’s reference life [75]. Ilgin et al. [75] highlighted
two key barriers of CE at the design stages, namely: (i) current construction technologies
associated with MWBs; and (ii) connection techniques in MWB construction. Additionally,
lack of a clear circularity typology with design and construction associated with MWBs
hinders application of CE principles [75]. Thus, designers face challenges of evolving tech-
nologies and construction techniques of wood products to align with building codes, mar-
ket demands, regulatory conditions, different contexts, and climate. Sun et al. [100] noted
challenges in directly linking component detachability to recycling potential and the recy-
clability quality of MWBs materials. Highlighting the importance of early design stages to
optimize recycling balance material mass ratio [100]. Vandamme and Rinke [87] identified
limitations in the concept of adaptability in timber construction literature, highlighting that
it is primarily addressed at the element and material levels, irrespective of their roles and
positions within the building. Additionally, Dodoo et al. [105] highlighted that CLT MWBs
are typically not designed and constructed to ensure efficient material recovery at the end of
their service life. The authors highlight that the implementation of this concept of adaptabil-
ity faces challenges, especially considering growing trends in timber building fabrication
and the increasing use of volumetric modules in MWBs.

Economic

The economic challenges and barriers include those related to extended time and additional
costs due to the need for customized reversible joints and fasteners when incorporating CE
strategies in MWBs [76]. Piccardo and Hughes [76] highlighted the extra costs associated
with designing for disassembly, requiring customized reversible joints and fastenings to
facilitate wood reuse in buildings. Klinge et al. [95] identified the high cost of reversible
connections as a key barrier to implementing design concepts such as reversible buildings
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and design for disassembly. Thus, additional costs may be a limiting factor for the imple-
mentation of circularity in MWBs. In a study involving stakeholders along the value chain
of CLT multi-storey buildings, Myhren et al. [106] noted cost constraints associated with
material reuse as a primary challenge to circularity transition in MWB construction. The
study shows that stakeholders often perceive reusing materials as more costly than using
virgin materials. In summary, resource efficiency and circularity offer economic benefits
associated with EoL management but require careful management to address challenges and
ensure equitable distribution across the value chain. Additionally, Piccardo and Hughes [76]
argued that energy recovery incentives further limit the recycling and reuse of load-bearing
wood elements, for downstream circular design strategies in MWBs.

Environmental Assessment

Most of the studies reviewed (Table 6) identified a lack of empirical LCA data on the service
life and EoL stages of MWBs [75, 79, 82, 85, 86]. The study by Dodoo and Muszynski [85]
identified a lack of empirical data associated with EoL management of CLT multi-storey
buildings for post-use material recovery and environmental benefits. These findings align
with studies by Ahn et al. [86], which reported a lack of reliable empirical data in envision-
ing mass timber buildings for circularity and adopted LCA with different EoL and post-EoL
options. In summary, LCA primarily relied on conventional LCA methodologies, limiting
the capacity for rigorous analysis. However, conventional LCA may be deemed limited as
this method typically focuses on the first life cycle and thus is insufficient to assess the ben-
efits of CE strategies that can extend beyond the first life cycle [85, 86]. Accordingly, other
studies [79, 82] suggested the need for a dynamic LCA approach to assessing the climate
impact and benefits of MWBs.

Another common limitation observed in the existing studies on MWBs is the uncertainty
of EoL scenarios, which hinders thorough assessment and valid comparisons for effective
CE strategies to minimize environmental impact [82, 83, 85, 86]. Most studies utilized
static analyses, ignoring timeframe scenarios for EoL environmental assessment in MWBs.
Myllyvitta et al. [82] noted that high displacement factor variability complicates the gen-
eralisation of scenarios of different building types in MWBs circularity assessment. So far,
existing studies have indicated the difficulty associated with measuring and monitoring the
efficiency of CE strategies [76, 89]. Thus, there is a need for metrics and indicators to
measure the progress and implementation of circular strategies in MWBs. Complex CE
evaluation methods are needed involving design, material selection, EoL reuse, recycling,
and energy recovery applications. Furthermore, most studies face significant bottlenecks
in assessing EoL options for MWBs due to oversimplified assumptions, leading to limited
environmental data and a reliance on theoretical scenarios [83, 85, 86].

Organization and Collaboration

Transition to CE in MWB construction demands a robust collaboration among stakeholders.
Abad et al. [88] and Myhren et al. [106] highlighted the need for social network analysis to
examine stakeholders’ perceptions and collaboration across the value chain. From a stake-
holder perspective, Myhren et al. [106] reported that logistic chains for reused materials,
as well as CE labelling, and warranties for reused material represent key limitations to the
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circularity of MWBs. These findings align with Westerholm and Franssila [89] highlight-
ing the lack of collective effort among project managers to advance CE due to the limited
resources of single actors in the construction network in MWB construction. Hosseini et al.
[83] highlighted the need for proper business models with collaboration across the value
chain for circularity in MWB construction.

The knowledge and information on CE concepts and strategies are still lacking among
different stakeholders in MWB construction [81, 88]. Thus, there is insufficient knowledge
on the application of CE design strategies and a lack of reliable information on material prt
knoperties at EoL phase and assessment methods for circularity in MWBs [81, 87]. Lolli
et al. [97] acknowledged key limitations, notably the lack of comprehensive lifecycle data
within EPDs and insufficient information detail regarding material sourcing, both of which
constrained accurate calculation of environmental impact assessments. These findings
underscore the need for increasing the awareness and understanding of CE among differ-
ent actors and design thinking innovation to change the risk-averse behaviour of designers
and engineers towards circularity [80]. Similarly, in the study, Morales-Beltran et al. [103]
identified key challenges to circularity in residential timber multi-storey building construc-
tion, including limited stakeholder awareness and the need to promote the reuse of existing
building stock.

Policy and Regulation

Previous studies highlighted that existing policies hinder circularity by restricting wood
recycling and reuse due to hazardous chemicals and sorting [76, 80]. Similar conclusions
were drawn by Myllyvitta et al. [82] who highlighted the lack of supporting policies that
hinder recycling in wood construction products. Morales-Beltran et al. [103] highlighted
restrictive building codes as a key challenge to circular practice in MWB construction.
Abad et al. [88] posited that there are inadequate regulations and standards to support CE
practices in MWB construction. Lack of standardised construction techniques and materi-
als is also noted as a hindrance to CE implementation in wood-frame building construction
[82]. Ottenhaus et al. [80] suggested establishment of a standardised protocol for assessing
the integrity and toxicity of salvaged elements is crucial and lacking in MWB construc-
tion. Implementing these protocols will facilitate the broader utilisation of wood component
reuse in MWBs by assuring safety, durability, and compliance with regulations, eliminating
liability issues. However, Piccardo and Hughes [76] noted that the challenge of meeting cur-
rent building standards (energy efficiency and acoustic) hinders the application of circular
strategies in MWB construction, such as limiting design-for-adaptability or design-for-dis-
assembly and increasing material complexity. Therefore, policies and legislations could be
enhanced and established to support the implementation of CE in MWB construction [80].
Gosselin et al. [91] identified several barriers to advancing circular practices in construction
including challenges related to building codes and technology transfer, which hinder wide-
spread circularity adoption in MWBs. Jockwer et al. [96] identified lack of standardization
and specialized connections in timber building construction as a key challenge to circularity,
noting that standardized components and adaptable connections are essential for enabling
reuse, ease of deconstruction, and improved structural resilience. Oberg et al. [92] identi-
fied cost consideration and technical solutions as the primary barriers to implementation of
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circularity in DfSA, with regulatory constraints and limited material traceability emerging
as significant challenges.

Technical Aspect

Effective EoL management of wooden products, in line with CE principles in MWB could
promote the development of a circular bio-economy in the future [74]. Nonetheless, Picca-
rdo and Hughes [76] opined that the reuse of salvaged wood is hindered by high moisture
content associated with storage conditions, grading difficulty for load-bearing elements,
and the presence of metal residues such as nails and screws. Similar conclusions were
drawn by [82, 85, 92], demonstrating that technology limitation constrains material recov-
ery and cascading. Westerholm and Franssila [89] emphasized the importance of defining
technical solutions early in the planning phase of mid-rise timber construction to over-
come challenges in promoting CE. Challenges in directly linking component detachability
to recycling potential and the recyclability quality of MWBs materials were highlighted
[100]. Gosselin et al. [91] identified several barriers to advancing circular practices in
construction, including material durability and other technical and performance-related
properties. Additionally, cultural resistance within the industry and limited material avail-
ability further hinder widespread circularity adoption [91]. Additionally, Westerholm and
Franssila [89] indicated a lack of conceptualization and categorization in assessing CE
principles in MWBs. Additionally, limitations such as the lack of detailed location analy-
sis, climate impacts, a small expert pool for indicator significance, and reliance on the Sim-
ple Additive Weighting (SAW) method, require validation using additional multi-criteria
approaches [77].

Although the review highlights challenges associated with connections [80, 85, 88, 96],
most studies emphasize their critical role of connection in enhancing circularity by support-
ing disassembly and reuse in future multi-storey wood structures. Nevertheless, material
losses due to reduced reusable areas of CLT panels [85], non-reversible deformation hinders
disassembly and reuse [80], and lack of suitable connectors that facilitate the deconstruction
phase [88, 96] limit the repurpose and reuse of MWBs components. Vandamme and Rinke
[87] noted challenges in assessing the structural integrity of load-bearing wood elements for
reuse due to trends in timber building fabrication and volumetric adaptability issues. For
example, Abad et al. [88] emphasized that issues with moisture, infestation, decay, and fire
affect durability and reusability.

Vandamme and Rinke [87] identified adaptability as often conceptualized at the element
and material level, without considering their functional roles. Thus, flexibility of EoL man-
agement is restricted by vacancies rather than structural constraints. In most MWBs, par-
ticularly residential structures, adaptability is restricted by rigid structural grids and limited
spans [87]. Challenges associated with the residual capacity of reclaimed timber elements
hinder reuse [80]. Additionally, Phung et al.[84] highlighted challenges in incorporating
additional openings, specifying demountable connections, and addressing loadings, trans-
portation, and modularisation of systems in CLT MWBs. The study also emphasized the
need for deconstruction-focused connections to support the reuse of units. Svatos-Raznjevic
et al. [99] emphasized that conventional timber systems, characterized by standardized and
rigid unidirectional grids constrain architectural design possibilities often resulting in rec-
tilinear layouts that hinders circular design principles in practice. Finally, Abad et al. [88]
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emphasized that the lack of empirical research and real-life projects of CE design strategies
in MWB construction limits practical application.

Recommendations for Future Studies

The review analysis highlighted critical gaps in the application of CE in MWB construction,
as discussed below and summarized in Table 7. Most studies explore CE strategies but focus
on design aspects without integrating them into a broader CE framework for MWB con-
struction. To facilitate circularity, technical solutions for reversible connection systems need
to be developed. Such development should account for system adaptability for connections

Table 7 Identified gaps in the literature, and recommendations for future research

Gaps identified Description/Issues Future research directions Refer-
ences
Circular design Current CE research in MWBs pre- < Integration of CE strategies across [76,
and construction  dominantly focuses on design-level different life cycle stages to establish 85,
solutions strategies without embedding them a holistic CE framework for MWB 100]
within a comprehensive CE frame- construction
work, limiting strategic coherence  « Development of technical solu-
from a life cycle perspective tions to enhance flexibility and extend
Absence of robust technical solu-  component service life, to support CE
tions constrains opportunities for ~ in MWBs while ensuring structural
disassembly, reuse, and compo- resilience of elements
nent replacement thereby limiting
material circularity and lifespan
extension in MWBs
Environmental Limited indicators and metrics to ¢ Development of comprehensive indica- [76,
assessment assess the circularity potential of  tors capable of measuring the circularity 79,
MWB construction potential, impacts and benefits of MWB 82,
Lack of methodological harmoni-  construction across multiple life cycles 83,
zation limits the reliability of LCA ¢ Formulation of an LCA framework tai- 85,
outcomes in supporting circularity  lored to the CE principles and practices ~ 86]
decision making in MWB construction
Absence of established precedents Establishment of a validated EoL
and standards for assessment of assessment framework, guidelines and
CE practices at the EoL stages of  standards for CE in MWB construction
MWBs
Technical Limited evaluation of the quantity  * Development of standardized testing [80,
solution and condition of reusable building  procedures to quantify material recover- 82,
components in MWBs at the EoL  ability at the EoL in MWBs 92,
Lack of empirical evidence hinders < Integration of material reusability 96]
the accurate estimation of material analytics with digital tools to estimate
recovery potential in MWBs material recovery potential in MWB
construction
Economic Uncertainties regarding the * Leveraging circular business models [83,
incentives economic viability and benefits of and CE frameworks to enhance the scal- 88,
CE practices reduce incentives for  ability and feasibility of circularity in 103]

investment in the area

MWB construction

* Integrating robust economic assess-
ment with environmental and social
evaluations for a holistic understanding
of the potential, impacts and benefits of
CE strategies in MWBs
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between modular units, replacing structural elements, prefabrication level, and standardiza-
tion potential in large-scale structures in extending elements’ lifespan in MWBs.

Few studies define indicators and metrics to assess the circularity potential of MWBs,
largely due to lack of established precedents. While design concepts address deconstruc-
tability, adaptation and reusability, the durability or residual capacity of the reclaimed
members after EoL is often overlooked. Limited case studies have estimated the reusable
quantity of building components of MWBs at the EoL, without systematic testing across
different scales and environments. Future efforts should focus on quantifying recoverable
building materials at the EoL and integrating material reusability analytics with digital tools.
Additionally, investigating the feasibility of real-life circular building scenarios is crucial,
along with identifying barriers to implementation to enhance the resilience and longevity of
members and components to support CE objectives in MWBs.

Future research should target EoL strategies for material recovery and reuse from a mul-
tiple life cycle perspective. Hence, there is a need for practical testing to inform clear disas-
sembly procedures and regulations in the construction of MWBs. There is also an urgent
need to develop standardized calculation methods for assessing disassembly potential, sup-
ported by case studies and digital models to enhance consistency in evaluation.

Achieving circularity in MWBs requires a comprehensive approach that integrates
collectiveness among stakeholders in the value chain. With single actors having limited
resources to promote circularity in a construction actor-network, future research should
explore the challenges and opportunities in integrating circularity across the value chain
from sustainable sourcing to EoL reuse and recycling in the wood building industry. Also,
the need to evaluate the distinct characteristics of circular business models in the wood
building industry, compared to other sectors, can aid scalability and feasibility in MWB
construction. Therefore, research should investigate bidirectional relationships among bar-
riers and drivers for promoting the CE in MWB construction. Further, empirical research is
recommended to develop frameworks that address key economic, technical, and organisa-
tional challenges in implementing CE in MWBs.

Conclusions

This paper presents SLR on CE in MWB construction, based on an analysis of thirty-four
(34) contemporary studies. The review addresses CE strategies, circularity indicators, tools
and methods for evaluating CE, and challenges and limitations hindering the application of
CE in MWBs. It identifies current research gaps and highlights future research needs and
opportunities to advance CE in MWBs.

The analysis of the selected studies shows a positive trend in research interest on the sub-
ject in recent years. Content analysis shows that most studied theme concerns “challenges
and limitations hindering the application of CE in MWBs”, whereas the theme of “environ-
mental impact indicators for circularity in MWBs” and “tools and methods for evaluating
CE in MWBs” remains somewhat underexplored.

Concerning CE strategies in MWBs, the findings highlight that key aspects include
design strategies such as design for disassembly, adaptability, durability, and design for
manufacturing and assembly to enhance component reusability. This suggests that enhanc-
ing the circularity of MWBs requires early design strategies focused on material selection
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and adoption of adaptable connection system from the outset of the design process. Revers-
ible connectors and joints play a crucial role in this regard, enabling future disassembly and
reuse while minimizing material loss. Considering EoL management earlier in design and
construction increases the potential for circularity in MWBs. These findings highlight the
need for incorporating design for adaptability concepts, such as functional layer separation
and spatial overcapacity to enhance circularity in MWBs.

The present study identified carbon footprint and energy benefits as the notable envi-
ronmental impact indicators employed in the literature to evaluate the circularity strategies
of MWBs within the context of CE. Furthermore, it highlights the need for a structured
framework incorporating standardized flow indicators such as resource inflow and outflow
percentages, to effectively track circularity progress and ensure long-term environmental
benefit in MWBs, in alignment with the current International Organisation of Standards
(ISO) guidelines.

In the area of tools and methods for evaluating CE strategies in MWBSs, the results show
that the LCA has been widely applied to assess environmental performance of CE strategies
for MWBs. However, to fully assess and understand the environmental impacts and benefits
of CE in MWBs, LCA as a methodology needs to be further enhanced to account for mul-
tiple life cycles of buildings, and environmental performance of CE strategies for post-use
materials and components.

With regards to challenges and limitations hindering the application of CE in MWBs, the
findings highlight a lack of empirical data on LCA at service life and EoL stages, unsuitable
connectors to enable deconstruction, unclear circularity typology in relation to CE princi-
ples, and the absence of standardized construction techniques for MWBs. Other limitations
and barriers include challenges in assessing the residual capacity of reclaimed timber ele-
ments, additional cost associated with disassembly-friendly designs, the need for custom-
ized reversible joints, lack of CE knowledge and reliable information on EoL circularity
management.

This study systematically synthesizes the current state-of-the-art research on CE prac-
tices in MWBSs, with a framework that highlights key challenges, existing knowledge gaps,
and emerging opportunities within the field. This study serves as a foundation for guiding
future research and practice aimed at enhancing circularity in timber-based construction.
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