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ARTICLE INFO ABSTRACT

Keywords: Timber is emerging as a key bio-based material for decarbonizing the construction sector and supporting circular
Eﬂgiﬂe_eFEd timber economy goals. This study explores how Design for Deconstruction and Reuse can extend the timber value chain
Cascading by enabling the reuse of structural components with the same function after disassembly. Current regulations
LCA fi hereby limiting the circul ial of timb ddress thi b

End-oflife often prioritize energy recovery, thereby limiting the circular potential of timber. We address this gap by

modelling ex-ante cascading reuse scenarios for a timber building and assessing the generated environmental
benefits through Life Cycle Assessment. Results show that maintaining the structural function of timber across
multiple lifecycles significantly reduces environmental impacts compared to downcycling or incineration. This
approach provides a systems perspective on timber use, aligning with the need for sustainable, bio-based solu-
tions in the construction industry. To fully leverage timber’s potential for carbon sequestration and resource
conservation, standards must evolve to support reuse strategies that preserve material value across the built

Reuse with the Same Function
Design for Deconstruction and Reuse
Wood value chain management

environment.

1. Introduction

Urban contexts will play a pivotal role in fighting climate change as
the world’s population continues to increase, and it is impractical to
reduce the construction of new houses and buildings. The construction
industry is recognized as a significant driver of socio-economic growth
in all countries (UNEP, 2021), but it is also the primary consumer of
energy and natural resources. The construction sector consumes
approximately 50 % of all raw materials extracted, and globally, more
than 42 billion tons of material are used per year (UNEP, 2021). It also
generates one-third of all waste worldwide (UNEP, 2021) and accounts
for 37 % of global energy-related CO5 emissions (UNEP, 202.3). About 10
% of these emissions are due to construction materials (UNEP, 2023).
The building sector contributes 21 % of total global greenhouse gas
(GHG) emissions (12 Gt COzeq), 18 % of which are attributed to the
concrete and steel used in construction and refurbishment stages
(Cabeza et al., 2022). Given the construction industry’s nature as a
driver of economic growth and its significant impacts, its role in
accomplishing the UN Sustainable Development Goals (UN, 2015) and
reducing environmental impacts (Maier, 2021) through the principles of
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circularity and sustainability (Roithner et al., 2022; UNEP, 2023) could
be substantial. The choice of building materials is crucial for reducing
the embodied emissions of buildings (Hu, 2023; Pomponi and Mon-
caster, 2016; Pomponi et al., 2020).

Timber products have recently gained attention as a potential solu-
tion for transforming the building sector from a carbon emitter to a net
carbon sink (Churkina et al., 2020; Le et al., 2024). A new category of
wood building materials that utilizes low-grade, smaller-diameter trees
and manufacturing waste as the primary raw materials has gradually
emerged (Duan et al., 2022). These products, known as mass timber
construction products, are exceptionally durable and versatile within
their use phase (Duan et al., 2022). The use of wood in the construction
sector can replace more carbon-intensive non-renewable materials,
contributing to climate change mitigation and resource conservation
(Amiri et al., 2020; Hildebrandt et al., 2017; Sikkema et al., 2023). There
has been recent interest in the environmental impact of mass timber
construction products, particularly cross-laminated timber (CLT) and
glulam, due to their lower contribution to global warming compared to
concrete and steel (Duan et al., 2022; Rasmussen et al., 2021). Most
articles on this topic compare Life Cycle Assessments (LCAs) of buildings
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constructed with reinforced concrete and CLT. Global Warming Poten-
tial (GWP) and Life Cycle Primary Energy (LCPE) are the most
commonly evaluated categories. Duan et al. (2022) reviewed 62 papers
and found that mass timber buildings generally have lower GWP and
LCPE than reinforced concrete or steel buildings.

Several studies have demonstrated that increasing the use of wood-
based building materials is an effective method for storing carbon
above ground (Arehart et al., 2021; Churkina et al., 2020). Wood is a
renewable resource produced by forests that absorb carbon dioxide
(COy) as they grow. By using wood to produce durable goods, such as
buildings, carbon can be stocked for a long time, generating a large
mitigation benefit (Churkina et al., 2020). Thus, buildings can be a sort
of “second forest”, and while they continue to store carbon, further wood
can be provided sustainably by forest regeneration (Churkina et al.,
2020; Garcia et al., 2020). For the sake of simplicity, we hereby refer to
the carbon transfer between the atmosphere and the wooden biomass as
CO,, regardless of the carbon oxidation status, instead of referring to
CO4, for the absorption and to carbon for the storage (or stock) in wood.

The Circular Economy is one of the main building blocks of the EU
Green Deal (EC, 2019), Europe’s agenda for sustainable growth. The
EU’s new Circular Economy Action Plan (EC, 2020) paves the way for a
cleaner and more competitive Europe. Among its aims, it focuses on the
sectors that exploit the most resources and where the potential for
circularity is high (including construction and buildings), aiming to
make circularity work for people, regions, and cities.

In this context, the high recovery and recycling potential, as well as
the possibility of multiple reuses of wood, allow for a reduction in waste
generation and extend the lifetime of wood as a material. Compared
with concrete, wood generally has a much higher potential for flexible
building assets and reversible construction due to the lightweight of the
material and the dry connections (Klinge et al., 2019; Munaro et al.,
2022). Timber construction material lends itself to cascading (multiple
reuse), defined by Vis et al. (2016) as “the efficient [use of] residues and
recycled materials [......] to extend total biomass availability in a given
system”. Technically, cascading occurs when wood is processed into a
product and then used at least once more, either as a material or for
energy recovery (Vis et al., 2016). Depending on the number of final uses
and times of reuse, cascading is categorized as single-stage (the wood
product is used once more for energy purposes) or multi-stage (it is used
at least once more as a material before disposal or energy recovery) (Vis
et al., 2016).

Post-consumer waste wood is often chipped to produce particleboard
(PB) (Besserer et al., 2021; Vis, 2016), used in packaging and furniture
(Husgafvel et al., 2018), or burned to recover energy (Ramage et al.,
2017). Using wood in a cascading manner can lead to lower energy
consumption and CO5 emissions (Thonemann and Schumann, 2018). By
implementing LCA of various cascading options, Risse et al. (2017)
demonstrated that utilizing wood in a cascading manner can greatly
lower resource consumption and enhance the efficiency of wood. Bru-
net-Navarro et al. (2021) showed that the long-term reuse and recycling
of timber can promote CO; storage and reduce CO, emissions by
replacing non-wood materials. However, none of these previous as-
sessments of the environmental benefits of cascading wood consider the
possibility of reusing recovered timber for the same function (namely as
construction material) at the end-of-life stage and quantifying the
benefits.

Currently, the wood value chain is managed through linear business-
as-usual (BaU) practices, in which energy recovery is considered the best
option for waste wood (Niu et al., 2021). However, better end-of-life
strategies and waste valorization are envisaged for their environ-
mental benefits (Arias et al., 2025). The lack of European standards and
regulations for wood recovery makes the reuse of wood difficult. How-
ever, a few individual countries already have rules in place that support
the implementation of some level of cascading. Another barrier is the
current low demand for recovered material (Cristescu et al., 2020; Le
et al., 2024).
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The standards that currently guide LCA of buildings (EN
15804:2012+A2:2019 and the specific EN 16485:2014 for wood mate-
rials) have some shortcomings for wooden buildings: EN
15804:2012+A2 does not allow selection of “cradle to gate” system
boundaries for products containing biogenic carbon and the inclusion of
biogenic carbon storage. This implies overlooking its potential in miti-
gating climate change. EN 16485 (2014) considers four possible
End-of-Life (EoL) scenarios for construction wood after a single use
lasting as long as defined by the reference service life (RSL): landfill (i.e.,
release of CO; stored in wood); energy recovery (i.e., burn); recycle (cut
and burn); reuse (chip and burn). This would imply that burning wood is
a carbon-neutral activity, regardless of where and especially when the
CO4, is absorbed or released. However, all options mandate burning the
wood as the only possible final step, incurring the release of all the CO,
absorbed and stocked in wood during tree growth, even if a recycling
process is selected. Therefore, the four scenarios considered for the
end-of-life might not be entirely carbon neutral.

This paper aims to stimulate better management of the wood value
chain by promoting the reuse of mass timber construction products,
maintaining their original function before downgrading, and diverging
from current regulations. LCA is applied to the illustrative case of a
timber building designed ex-ante to enable multi-stage cascading. This
highlights the potential environmental benefits that a longer wood value
chain can generate through the multiple reuse of mass timber con-
struction products for the same function.

2. Materials and methods
2.1. Case study

Our approach is based on a theoretical structural frame for a five-
storey commercial timber building, utilizing prefabricated elements, a
non-structural facade, and a post-and-beam system, all of which adhere
to the Design for Deconstruction and Reuse principles to ensure high
versatility and adaptability (Kibert, 2003). Adopting the post-and-beam
system and reducing the number of structural elements provides the
desired versatility. The Design for Deconstruction and Reuse system
enables the individual components of the building to be readily sepa-
rable and reused elsewhere, thus meeting the rapid change needs of
urban contexts (Kibert, 2003). The building has an area of 7290 m? and a
total height of 20 m (see Figure S1 in the Supplementary Materials). The
assessment only includes the main and structural building components,
i.e., reinforced concrete foundations and stairs, glulam beams and col-
umns, CLT slab, roof and core walls, laminated veneer lumber (LVL)
facade, insulation, and steel facade cladding. Thus, this study does not
refer to a completed commercial wooden building, as only the main
structural components are accounted for and considered in the
cascading evaluation.! Additionally, we assumed a very conservative
building composition, with approximately 55 % concrete (weight basis),
to comply with Danish standards regarding acoustic performance (BR10,
2010). In other countries, standards may be more flexible, enabling a
reduction in the proportion of concrete and an increase in the amount of
wood. In this case, our results would be even more favourable for wood
reuse. It is worth noting that this case study is presented as a theoretical
application scenario grounded in state-of-the-art construction tech-
niques, with a particular emphasis on dry-assembled elements and me-
chanical connection strategies that facilitate disassembly, reuse, and
enhanced end-of-life management (Waugh Thistleton Architects, 2024).
The proposed solutions have been partially explored through a
small-scale demonstrator, which remains in operation and provides

! 1t should be noted that the amount of engineered timber considered in the
current evaluation is less than what could constitute a finished building.
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preliminary insights into their feasibility®

All wooden components are postulated to come from sustainable
forest management practices (Churkina et al., 2020; Hafner and Schafer,
2018). Since we focus on the primary wood elements, minor and
furnishing elements (such as internal partitions made of gypsum plas-
terboard, fixtures, tiles, doors, and windows), as well as equipment and
plumbing, are excluded from the assessment. The RSL of the building is
set at 50 years, as in most LCA studies (Marsh, 2017), and as imposed by
1SO 15686-1 (2011) and BS EN (1990) (Eurocode 0).”

2.2. System modelling

By definition, the system considered by standards is confined to the
life cycle of a single building. This excludes any possible destiny other
than the 4 “EoL” in EN 15804:2012+A2:2019 and, thus, truncates the
system boundary of the underlying wood value chain. Consequently, a
change in terms of what the system is considered is necessary to allow
for any other destiny, including reuse for the same function. In our
study, this shift involves expanding the system boundaries forward in
time to fully utilize the properties of timber elements that were safe-
guarded after their initial use. Therefore, rather than considering the life
cycle of a single building, we consider the service provided by two
identical buildings with the same life cycle, existing side by side in time.
The EoL is subsequent to this time and follows the options proposed by
standards, resulting in system boundaries coinciding with twice the use
time of the timber elements, reaching 100 years (50+50).

2.3. Cascading modelling

Two different cascading scenarios were considered for the building
elements (Fig. 1):

e REUSE WITH THE SAME FUNCTION (RUSF) SCENARIO (Fig. 1i):
after 50 years, the building is disassembled: the timber elements (i.e.,
framework, slab, core, facade) are reused, the degree of reusability
depending on the element’s function (see Material for reuse (%),
Table 1). Timber elements are reused at a different site for the same
purpose (i.e., constructing a new building). The timber elements
suitable for reuse are reassembled in a new building with the same
structure, characteristics, and RSL. Scraps from disassembly are used
to produce PB or are incinerated and replaced with virgin material
during new construction. At the end of the second building’s life
cycle, the post-consumer waste wood from its dismantling is assumed
to be cascaded and recycled into PB, as it cannot be reused for
another timber building due to technical reasons, specifically the loss
of the required mechanical properties of the wood. When the PB
reaches the end of its life, it is incinerated.

BUSINESS AS USUAL (BaU) SCENARIO (Figure 1ii): After 50 years
(end of RSL), the building is demolished and disposed of; the wood
elements (i.e., CLT, glulam, and LVL) are incinerated.

In the RUSF scenario, the recovery of timber elements from the first
building, which is reused in the second building, can be influenced by
factors such as wood quality and the deconstruction phase. The amount
of wood suitable for reuse will depend on the quality of the material at
RSL. To be reused, the elements and their mechanical properties must be
unaltered. Since all the wood used in the building is protected and not
exposed to external or internal weathering, it falls in use class 1 (EN

2 See https://www.build-in-wood.eu/post/new-timber-test-building-to-help-
the-construction-sector-build-in-wood

3 In some Environmental Product Declarations (EPDs), companies may
declare that wood has RSLs of >100 years in service classes 1 and 2 (e.g., the
EPD of Stora Enso company for its CLT (EPD reference number S-P-02033));
however, 1SO 15686-1 and BS EN 1990 (Eurocode 0) impose 50-year RSLs.
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335:2013), and its durability is guaranteed. Thus, in a best-case sce-
nario, 100 % of the wood used in the first building can be reused in the
second. However, taking a conservative approach that considers
deconstruction operations and ease of disassembly (components like the
facade might be more challenging to disassemble), a lower recovery rate
is assigned to these elements than to more easily dismantled beams and
columns (see Material for reuse (%), Table 1). Empirical studies indicate
that reuse rates can range from 50 % to nearly 100 % when appropriate
disassembly and recovery methods are employed, depending on the
building type and design strategy (Ahn et al., 2022; Bertin et al., 2020;
Di Ruocco et al., 2023). Although degradation mechanisms such as
fastener corrosion, moisture damage, and design limitations may reduce
reuse potential in practice, currently timber system designs are
increasingly conceived for durability and planned disassembly, as in the
case considered in the present study (Waugh Thistleton Architects,
2024). This perspective is consistent with De Wolf et al. (2020), who
demonstrated that design-for-disassembly approaches and related
technological solutions significantly enhance the likelihood of reuse,
supporting the assumption that service lives can extend up to 90-100
years.

Thus, we defined three options for RUSF of the first timber building
structural frame: “best” Scenario 1, “intermediate” Scenario 2, and
“worst” Scenario 3 (Table 1). Scrap from the first building unsuitable for
reuse is treated as post-consumer waste wood that may be incinerated or
recycled to PB, leading to at least two additional hypotheses (hereafter
referred to as configurations). Scrap from the first building can be
incinerated (Configuration A) or recycled to produce PB and then
incinerated (Configuration B) in varying percentages. Thus, we have six
possible RUSF cases for the timber building (Table 1).

Fig. 1 shows the two cascading scenarios. In the BaU scenario (1i),
red arrows indicate material flows of virgin wood from the first to the
second building, recycling 2nd building to PB, and incineration of PB at
EoL. The brown arrow indicates the percentage of wood scrap from
dismantling the 1st building that was recycled to PB (post-consumer
wood). In the RUSF scenario (1ii), the red arrows indicate the material
flows of timber from the first and second buildings to incineration at
EoL.

2.4. Life cycle assessment

A Life Cycle Assessment (LCA) was conducted in accordance with the
ISO 14040:2006 and ISO 14044:2020 standards, as well as the EN
15804:2012+4+A2:2019 requirements. To compare scenarios, BaU and
RUSF must fulfil the same function and be based on a common func-
tional unit. The functional unit used to ensure scenario comparability
was the commercial service provided by a building (its structural
framework) over a 100-year period. This is the simplest choice to ensure
direct comparability. In any case, as long as the building surface area
(7290 m?) and material quantities are maintained, other options could
be suitable for the second building’s design, obtained by a different
assembly of the engineered timber components. This choice also as-
sumes that the second building is placed in the same climatic and
normative context as the first building, which could approximately
mean a country-wise applicability or, at least, a sub-national region-wise
applicability. In fact, we assumed reuse in an area nearby; therefore, the
transport phase linked to the reuse can be neglected. Instead, other
functions, such as the domestic use of the material recovered from the
first building, are harder to envision due to the close relationship be-
tween the design of the components and the building’s function (Yang
et al., 2024). Moreover, using the commercial service provided by a
building over a 100-year period as the functional unit makes it possible
to avoid allocation problems between life cycles, since, regardless of the
allocation choices applied, the total sum of impacts and benefits remains
the same over 100 years of commercial service. For the allocation be-
tween reusable elements and particleboard (PB), we followed EN
15804:2019 by applying the 0-100 approach. This choice aligns
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Fig. 1. Representation of the system under assessment i) BaU scenario (in 100 years, two buildings of virgin timber are built); ii) RUSF scenario (red arrows show the
flow of timber up to 100 years with reuse of timber and scrap, i.e., post-consumer wood). Note that the RUSF cases are modelled to generate the same amount of
particleboard as the respective BaU, meaning that wood scrap from other origins, such as sawmills (pre-consumer wood), is needed.

Table 1

RUSF cases for the first building (virgin wood label in Fig. 1i) based on different reuse rates and treatment of scrap (quantity of PB produced by each scenario in

Table 3).

Element and component Glulam framework, CLT slab

CLT core

LVL facade

Case Material for Scraps (%) Material for Scraps (%) Material for Scraps ( %)
0/ * D/ * 0/ *
SCENARIO  Configuration reuse (%) Incineration = PB reuse (%) Incineration = PB reuse (%) Incineration  PB
production production production

1 A 98 2 - 90 10 - 70 30 -

B 98 1 1 90 5 5 70 15 15
2 A 75 25 - 70 30 - 50 50 -

B 75 12.5 12.5 70 15 15 50 25 25
3 A 50 50 - 50 50 - 30 70 -

B 50 25 25 50 25 25 30 35 35

Configuration A: 100 % of scrap (i.e., wood unsuitable for reuse) is incinerated (i.e., 2 %, 10 %, and 30 % in Scenario 1 for Glulam framework, and CLT slabs, CLT core,
and LVL facade, respectively; 25 %, 30 % and 50 % in Scenario 2 and 50 % and 30 % in Scenario 3).
Configuration B: 50 % of scrap (i.e., wood unsuitable for reuse) is incinerated, and 50 % is cascaded to PB.

* expert judgment.

perfectly with the system and cascading modelling described above and
diverges from the common practice induced by standards (e.g., treating
a building as a system product and establishing a temporal boundary of
50 years).

Table 2 lists the variables used for comparison of the two scenarios.

Given the different reuse rates and scrap treatment (Table 1), the
volume of PB produced by each RUSF case varies (Table 3).

This led to further considerations for properly comparing the results
of the two systems. Given the system expansion represented by the PB
production add-on, there are three possible ways to implement the
comparison:

1) Assuming that all cases (1A, 1B, 2A, 2B, 3A, 3B) and BaU scenario
produce the same overall volume of PB as 3A from the two buildings
(1080 m3, Table 3), which represents the minimum volume of post-
consumer wood for PB production. Any excess scrap generated in the
other case is incinerated.

2) Comparing each RUSF case with an equivalent BaU scenario that
produces the same amount of PB. Each RUSF case produces a
different amount of wood scrap, which is used in the production of

PB. The corresponding BaU scenario is set to produce the same
amounts of PB from pre-consumer wood.

3) Assuming that all cases (1A, 1B, 2A, 2B, 3A, 3B) and BaU scenario
produce the same overall volume of PB as 1B (2254 m3, Table 3),
which represents the maximum volume of PB production.

Nevertheless, the comparison based on the maximum volume of PB
was not carried out because the results would have been misleading and
out of the scope of the present work. Case 1B produces the greatest
volume of PB (2254 m®, Table 3), but setting this volume as the output to
compare cases with the corresponding BaU scenario would have meant
that the missing volume of wood for PB production of all the cases would
come from pre-consumption wood. Such a comparison would not have
been useful for evaluating how cascading can affect the impacts of
timber buildings at the end of their life, but would have been influenced
by the addition of a certain amount of PB from pre-consumption wood in
all cases. The optimization is kept strictly related to the functional unit,
i.e., the building service, rather than to the production of PB from pre-
consumer scrap. For reference, we also modeled the calculation to
match the potential PB production for each case.

Regarding the system boundaries, the analysis employs a cradle-to-



N. Patrizi et al.

Table 2
Variables used for comparison of cascading scenarios (BaU and RUSF).

Variables BaU SCENARIO RUSF SCENARIO
Number of buildings 2 1 + a percentage of virgin wood
in virgin wood (variable according to scenario)
to replace wood scrap from
deconstruction
Number of stories 5 5
Reference Service Life 50 years (total 50 years (total timespan 100
of each building timespan 100 years) years)

Origin of wood

PB production (wood
origin)

Building End of Life
and treatment of
wooden elements

Virgin wood for both
structural frame of
buildings

Pre-consumer waste
wood from sawmills
Demolition and
incineration

e 1st building (structural frame):
virgin wood

© 2nd building (structural frame):
wood recovered from 1st and a
percentage of virgin wood
(variable according to scenario)
to replace deconstruction scrap
Post-consumer wood residues
from dismantling both buildings
e 1st building (structural frame):
dismantling and reuse of wood in
2nd building.

o2nd building (structural frame):
wood recycled to particle board

Table 3
Volume of particle board (PB) produced by RUSF cases (total and for 1st and 2nd
building).

RUSF PB from scrap of 1st PB from dismantling of 2nd ~ PB total
case building (m®) building (m%) volume (m?)
1A 0 2199 2199

1B 55 2199 2254

2A 0 1657 1657

2B 345 1657 2002

3A 0 1080 1080

3B 615 1080 1695

A technical loss of 5 % due to transport and production processes was included in
the PB calculation (Hoglmeier et al., 2015).

grave approach, starting with the extraction of raw materials and
concluding at the end-of-life stage of the considered products. Regarding
the lifecycle of the two buildings (structural frame), modules A and C
(from cradle to grave, as defined in EN 15804:2019) were included in
the assessment. Since the assessment focuses on the timber elements and
their potential for reuse, the operational phase (Module B) was
excluded. Nor was the replacement of material for maintenance
included, as it was assumed to be unnecessary for an RSL of 50 years.

Credits generated by recycling or energy recovery (module D) were
assumed to be zero (prudential approach). In line with EN 15804:2019,
the 0-100 approach was followed to allocate the impacts to the building;
therefore, the scrap for the PB production is burden-free. The impacts of
energy recovery were assigned to the product system that generates the
waste.

All input flows related to materials, energy demand, chemicals, and
auxiliary materials involved in the lifecycle phases analysed are
included in the boundaries. Regarding geographical scope, the study is
limited to European countries.

For the Life Cycle Inventory (LCI), foreground data concerning the
composition of the building, i.e., the list of building components and
their quantities, are presented in Table S1 of the Supplementary Mate-
rial, which also details the different cases for virgin wood used. The
design and calculation of the buildings meet the most restrictive stan-
dards for acoustic performance and fire safety (in compliance with
BR10, 2010). As such, the relative quantities of some materials
(particularly concrete) may be higher than the European average. The
demountability of the system may therefore be higher than that of
existing solutions, resulting in a consequent reduction in the amount of
topping concrete layer above the CLT slabs.
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Background data were sourced from Ecoinvent 3.6 (Wernet et al.,
2016), which provides representative European averages and is widely
recognized as a reliable database for life cycle assessments. Since the
study focuses on the European context, this choice ensures consistency
and comparability with other research in the region. Nevertheless, since
the study focuses on reuse in the same location and the case study is
hypothetical, we opted to use average data. Nevertheless, it should be
acknowledged that regional variations (e.g., differences in energy mixes
or timber sourcing practices) may influence the absolute impact values,
but it is not the core of the current study, and as such, we suppose that
the results and the validity of the proposed approach will not be altered.
SimaPro v. 9.0 software was used to perform the Life Cycle Impact
Assessment (LCIA).

The extraction of raw materials used in the building was modeled
using Ecoinvent 3.6 (Wernet et al., 2016). The manufacture of timber
elements (glulam, CLT, and LVL) was inventoried using confidential
primary data from an engineered timber company and from the litera-
ture (Riiter et al., 2012). For all other materials, the production process
upstream was based on data from Ecoinvent 3.6 (Wernet et al., 2016)
and Environmental Product Declarations (EPDs). For transport of ma-
terials from the factory to the building site and from the building site to
the waste treatment plant, we assumed a distance of 100 km (Hoglmeier
etal., 2015). We assumed 16-32 metric ton trucks (gross weight) and an
emission class of Euro V. The energy demand associated with the con-
struction phase (A5) was calculated, starting with the diesel and elec-
tricity consumption declared in the EPDs. For disassembly (RUSF
scenario), energy consumption was assumed equal to that of assembly.
Fuel consumption for demolition (BaU scenario) was estimated using the
model developed by Ivanica et al. (2022). Waste treatment was
modelled according to European waste treatment statistics for steel and
concrete (Eurostat, 2018) and statistics declared in EPDs for the other
materials.

The method EF 3.0 (Fazio et al., 2018), which is aligned with EN
15804:2019, was used to perform LCIA. The impact indicators selected
were: Climate Change (CC), Depletion Potential of the stratospheric
Ozone layer (ODP), Acidification Potential (AP), Eutrophication Po-
tential freshwater (EP-freshwater), formation potential of tropospheric
ozone (POCP), Abiotic Depletion Potential for non-fossil resources
(ADP-mineral & metals), and Abiotic Depletion Potential for fossil re-
sources (ADP-fossil).

Regarding the biogenic carbon cycle, timber products were assumed
to be carbon neutral, according to the standards. Thus, no biogenic CO»
uptake during forest growth nor emissions associated with biogenic CO,
release at end-of-life were computed.

Since we adopted a conservative precautionary approach, credits for
avoided impacts (e.g., from burning wood with energy recovery) were
not assessed, which is why we refer to “incineration” of wood instead of
“energy recovery’.

2.5. Validity of the study

The study is grounded in a theoretical case application, com-
plemented by a small-scale demonstrator. The proposed dry-assembly
and mechanical connection strategies constitute the fundamental con-
dition for enabling the reuse-with-same-function approach. Regardless,
modelling choices such as the share of reusable materials (Table 1), even
if in line with other studies (see, for example, Ahn et al., 2022; Bertin
et al., 2020; Di Ruocco et al., 2023), will require validation through
empirical evidence, which will, however, be possible in the future. The
range of shares considered addresses this uncertainty to compensate for
the lack of empirical evidence.

For the background data, this work relies on the Ecoinvent 3.0
database, which is Europe-centred. This might limit the global repre-
sentativeness of the results in absolute and potentially relative terms, for
instance, due to possible variability in timber quality and disassembly
efficiency. Further work should investigate the validity of the proposed
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building system solution in other contexts and link the related fore-
ground system with background data retrieved from different databases,
such as USLCI" for the United States context. The intra-European val-
idity might also be subject to uncertainty, mainly due to the existence of
country-specific regulations that might be more or less restrictive.
However, the Danish context is among the most restrictive in Europe;
thus, the validity of the study can be expected at least in the European
context.

Moreover, the study focused on a specific design that follows the
Design for Deconstruction and Reuse principle (Waugh Thistleton Ar-
chitects, 2024). However, other relevant solutions, as well as combi-
nations of them, should be considered to investigate their potential to
further increase the environmental benefits. For instance, modular
building systems, hybrid materials, or recycled components could be
combined with the solution studied in this paper to further gain insight
into the potential of buildings to mitigate environmental impacts.

3. Results

The Life Cycle Assessment (ISO 14040:2006 and ISO 14044:2020)
used a cradle-to-grave approach. Specifically, the RUSF scenario con-
siders the reuse of timber components that fulfill the same function in a
second building with the same characteristics and size as the first
building. After this stage, the wood is cascaded and used to produce PB.
For the RUSF scenario, six cases were developed based on different as-
sumptions regarding the share of wood destined for reuse and waste
treatment operations for the remaining wood scraps, i.e., recycling into
PB or incineration.

3.1. Environmental impact assessment of the RUSF scenario

The Life Cycle Impact Assessment (LCIA) was conducted by consid-
ering the aforementioned assumptions regarding the amount of PB
included in the comparison. As such, the product system (BaU and RUSF
scenarios, Fig. 1 and Table 2) has been assessed considering that all cases
produce the same volume of PB, equal to the minimum volume produced
by the RUSF scenario (i.e., case 3A). The potential environmental impact
assessment and comparison results are reported in the centre column of
Table 4. In a second comparison, the product system of Fig. 1 was
assessed considering that each RUSF case matches its potential PB pro-
duction (Table 3) and is compared to its equivalent BaU. Results are
reported on the right side of Table 4. The table shows all the impact
category indicators and the percentage variation in RUSF cases 1B and
3A compared to the corresponding BaU for the two PB production hy-
potheses (Tables S2 and S3 show the assessment and comparison for
RUSF cases 1A, 2A, 2B, and 3B). Cases 1B and 3A recycle the most
considerable quantity of material (2254 m* of PB) and produce the most
energy (producing 1080 m? of PB only), respectively. The other cases
represent intermediate states.

The results indicate a reduction in emissions for all indicators in
cases, irrespective of the amount and destination of wood scrap
assumed. These reductions show similar values for both calculation
approaches (i.e., minimum PB production volume or potential PB pro-
duction). In the least-impact case identified by the analysis (case 1B),
GWP is reduced by ~13 %, ODP by ~19 %, POCP by 25 % maximum, AP
by up to 16 %, EP by ~24 %, ADP fossil by up to 17 %, and ADP minerals
and metals by 1 %. The results of the latter two environmental impact
indicators should be interpreted with caution, as recommended by EN
15804:2012+A2:2019, because uncertainties in these results are high,
or limited experience exists for the indicator. We therefore focus on
interpreting the other categories.

* https://www.nrel.gov/analysis/Ici
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Table 4

Results of cases 1B and 3A and variation (%) between them and the corre-
sponding BaU scenario. The centre column shows figures derived from the
assumption that PB production equals the RUSF case 3A (1080 m®) for all cases.
The right columns compare 1B and 3A with the corresponding BaU, where the
PB output matches the actual production potential. Note that in this instance, the
results for case 3A would be unchanged and are therefore not shown.

PB minimum production volume PB potential

production volume

Cases BaUsza 1B 3A BaU;p 1B
PB hypothesized 1080 1080 1080 2254 2254
(m*)
Climate change
(GWP)
t COz eq 3066.6 3248.0 3293.6
Variation from BaU —12.84 -7.69 % —13.36
(%) % %
Ozone depletion
(ODP)
kg CFC11 eq 0.41 0.3 0.4 0.5 0.4
Variation from BaU - -19.36 —11.48 - -19.21
(%) % % %
Photochemical
ozone formation
(POCP)
t NMVOC eq 16.3 12.7 13.9 18.8 14.1
Variation from BaU - —22.08 —14.45 - —24.73
(%) % % %
Acidification (AP)
kmol H+ eq 17.5 14.8 15.9 19.7 16.6
Variation from BaU - —15.37 -9.12% - —-15.65
(%) % %
Eutrophication,
freshwater (EP)
kg P eq 154.2 117.3 133.8 166 125.8
Variation from BaU - —23.89 -13.20 - —24.22
(%) % % %
Resource use,
fossils (ADP
fossils)
GJ 52,899.3  44,040.4 47,807.9 58,4429  48,887.0
Variation from BaU - -16.75 -9.62% - -16.35
(%) % %
Resource use,
minerals and
metals (ADP
minerals)
kg Sb eq 40.9 40.5 40.7 41.2 40.7
Variation from BaU - —1.00 % -0.58% - —1.10 %
(%)

3518.4 3801.3

* To avoid repetition, the second part of the results for 3A and corresponding
BaU are not shown, being the same as in the central column. Even when
considering a different perspective of comparison, 3A remains the highest-
impact case.

4. Discussion
4.1. Comparison with other studies

Due to differences in the systems under assessment, it is not possible
to compare these results with the scientific literature on cascading
principles and timber buildings (Cordier et al., 2022; Duan et al., 2022;
Szichta et al., 2022; Thonemann and Schumann, 2018). In previous
studies, the reuse of timber with the same function has only been hy-
pothesized, and related discussions are speculative rather than sup-
ported by quantitative estimations of environmental benefits, or reuse is
not considered at all, or is considered only as a biofuel (Piccardo and
Hughes, 2022; Thonemann and Schumann, 2018). Instead, we consid-
ered the fundamental importance of the ex-ante design of buildings,
which enables the reuse of a large amount of the structural components
for the construction of another building at the end of its life, providing
quantitative estimates of the environmental benefits and filling the
existing knowledge gap. By postulating the reuse of timber for the
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construction of another building as the second stage, we highlighted the
maximum valorization of quality in opposition to downgrading, con-
sisting in a better value chain management, while other papers consider
recycling in terms of other wood-based products (thus resulting in a
downgrading of the timber). This is achieved by expanding the system
under assessment in line with the extended lifetime of engineered timber
elements, and in accordance with the desirable elongation of the timber
value chain. Ignoring the possibility of a timber building becoming a
second timber building fails to fully appreciate the benefits of engi-
neered timber over traditional construction materials. Our assessments,
considering multiple reuses through cascading, can be regarded as a first
step towards evaluating the environmental virtues of timber buildings.

The evaluation of circularity in terms of material reuse for the same
function was not directly addressed in this study, as this aspect has
already been thoroughly investigated in existing literature (Feng et al.
2022, Lisco and Aulin, 2024) and is further supported by ISO 20887
(2020), which states that introducing design-for-disassembly principles
can reduce or prevent waste and increase resource efficiency. Never-
theless, the assessment of circularity as a broader concept remains
contested, with no universally accepted methodology currently avail-
able (Khadim et al., 2023). In recent years, several frameworks and in-
dicators tailored to the building and construction sector have been
introduced (Akanbi et al., 2019; Khadim et al., 2022, 2023) due to the
particular characteristics of the construction industry; among the others,
longer service life, multiple stakeholders, customization, and
context-dependency (Akanbi et al., 2019). However, none has been
standardized (Khadim et al., 2023). The diversity of approaches makes
the selection of a specific indicator inherently subjective (Lisco and
Aulin, 2024).

On this basis, the present study does not re-examine material reuse as
a circular practice. Instead, it focuses on its environmental implica-
tions—for example, its potential to mitigate climate change
impacts—acknowledging that circular practices, while valuable, do not
inherently lead to more sustainable buildings or ensure a reduction in
environmental burdens (Buyle et al. 2019).

While not directly addressing engineered timber, several studies
have explored modular systems, hybrid solutions, and recycled com-
ponents, providing useful benchmarks for comparison. Minunno et al.
(2020) quantified the savings from reusing the components of a modular
building made of steel and concrete compared to recycling, highlighting
a 27 % lower GWP of the building designed for recycling compared to
the same building designed for reuse, and a 78 % reduction of the
recycled one versus the same building made of virgin materials. The
study was limited to a 50-year lifespan and did not focus on the second
life cycle of the reusable components, but simply postulated their re-use.
Antwi-Afari et al. (2022) conducted an LCA study on a steel-based
building with a concrete foundation designed with modular compo-
nents and a lifespan of 100 years. In this case, only the recyclability of
the materials was assessed across various scenarios and different allo-
cation approaches, regardless of EN standards, whilst no reuse options
were considered. Yang et al. (2024) investigated the reuse of a free-
standing modular unit made of a structural steel frame and a precast
concrete slab, following the design for disassembly principle with a
lifetime of 50 years, comparing different allocation approaches high-
lighting how such a modeling choice affects the results across subse-
quent life cycles, but did not quantify the impact of savings compared to
linear scenarios. Joensuu et al. (2022) compared three design options for
the same building: 1) concrete-based, 2) timber-based, and 3)
concrete-based with non-structural timber components, the latter
following the design for disassembly principles. The study considered
both a 30-year and a 50-year lifespan of the building and subsequent
uses. The study found that the second option would save approximately
13 % of the GHG emissions compared to the first (business as usual)
option, while the second option would achieve a 16 % reduction. While
not considering reuse, Zahabi et al. (2025) compared a hybrid
timber-steel building with full timber, full steel, and full concrete
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equivalent alternatives, identifying the full timber option as the least
impactful in terms of GWP (—16 % compared to concrete, the worst
case). Al-Najjar and Dodoo (2021) studied a modular CLT multi-storey
building, focusing on the sensitivity of the results on the modeling
choices. However, no reuse after the first life cycle is considered, but
only recycling. Lukic et al. (2020) investigated the production of three
low-energy modular buildings made with reinforced concrete, masonry,
and CLT, highlighting the GHG emission savings provided by the CLT
compared to the other two materials. Still, no reuse or comparison with
non-modular equivalent buildings was performed. Passarelli (2019)
compared a modular CLT-based system allowing reuse against a
non-modular CLT system without reuse over two life cycles of 30 years,
showing that only a sustainable management of the forest can enable
savings. However, the studied building is limited to a studio module,
rather than a multi-storey building. This highlights the distinct advan-
tage of timber-based modular systems in extending material lifespans,
while also pointing to the need for robust modeling of reuse scenarios
beyond single life cycles.

4.2. Benefits of cascading in the assessment of timber buildings

We modelled and assessed RUSF cases with the main aim of high-
lighting the fundamental property of timber buildings for a circular
economy in urban contexts: the possibility of re-using timber at least
three times (twice for building and then for PB) before EoL energy re-
covery. The more wood reused and the more scrap recycled to PB before
incineration, the greater the benefits. Case 1B (green in Table 4) exhibits
the best environmental performance across all indicators and achieves
the most significant emission reduction. It maximizes the amount of
wood suitable for reuse and recycling. By contrast, case 3A (red in
Table 4), in which post-consumer wood waste recovered for material
reuse or recycling is the lowest, shows the worst environmental profile
of the RUSF cases and the lowest emission reduction with respect to BaU
for all indicators (see Tables S4 and S5 for LCIA results and comparison
of case 1A, 2A, 2B, and 3B). Our results show that a RUSF case for timber
constructions based on circularity would reduce environmental impacts
under all hypotheses. This can be considered a test of robustness. The
results obtained considering the whole system show that significant
emission savings can be achieved with respect to business-as-usual (i.e.,
reuse with the same function vs incineration/energy recovery). While
we focused on a commercial building, the same approach can be applied
to other building types, such as residential ones, to obtain similar ben-
efits. This is due to the focus on the building system (i.e., post and beam
with reusable elements) rather than the specific shape (and related
function) of the building itself. This should support policymakers in
planning the urban development of future sustainable cities.

4.3. Sensitivity analysis

Further circular use of wood scrap can be hypothesized: 1) energy
recovery from incinerating post-consumer wood scrap (from disman-
tling buildings) could fuel PB production, replacing electricity from the
grid and natural gas; 2) varying PB quantities (Table 3) influence the
energy obtained from incineration, with different sensitivity outcomes.
Based on the RUSF scenario, energy recovery in a cogeneration plant
(Ecoinvent 3.6) with 15 % electrical and 45 % thermal efficiency
partially/fully replaces grid electricity and gas heat (see Sensitivity
analysis on further circularity measures, Supplementary Materials, for
assumptions, computations, and results). This additional hypothesis
highlights further environmental impact reductions for RUSF cases with
higher wood recovery (Case 1A under both hypotheses, as shown in
Tables S6 and S7 in the Supplementary Materials). The results highlight
that environmental trade-offs emerge when comparing cases with higher
PB production (Case 1B) to those with lower PB production (Case 3A).
As shown in Table 4, if scraps are burned, the benefits do not compen-
sate for the emissions due to the additional scrap collection and
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processing. As such, the downcycling of timber into PB does not offset
the benefits of RUSF. Consequently, while PB production can marginally
contribute to energy substitution, the overall climate benefit can be
better achieved through direct reuse of timber with the same function.
Therefore, in the case of energy valorization of wood scraps the results
suggest that the environmental investment (i.e., emissions resulting
from scrap collection and processing to produce PB) exceeds the
reduction in environmental impact. Thus, it can be argued that when
timber cannot be reused for construction, it is wiser to recycle it to
higher-quality and longer-lasting products such as furniture and
flooring. This would increase the useful life of wood towards 100 years
(so that the temporal horizon of GWP100 is matched) or enable one or
two forests to mature (assuming an average regrowth period of ~75
years - Stewart et al., 2009). This suggests that improved wood value
chain management can be achieved by prioritizing the secondary reuse
of post-consumer wood as a key factor in stimulating higher levels of
sustainability within the construction sector and related sectors, thereby
establishing a longer and more circular value chain. It should be finally
emphasized that the theoretical PB outcomes are primarily a function of
disassembly efficiency: the more effective the selective dismantling and
recovery of intact elements, the smaller the scraps available for down-
cycling into PB. In this respect, the PB values presented here serve as an
indirect indicator of dismantling performance rather than as fixed ma-
terial flows. This interpretation is consistent  with
design-for-disassembly approaches, which highlight that connection
techniques and documentation practices strongly determine recovery
rates (De Wolf et al., 2020). Furthermore, since the case study applies
Danish construction standards—among the most restrictive in Europe
and with the highest concrete percentage over the total mass—the sce-
nario is already precautionary, thereby reinforcing the robustness of the
findings. In less stringent regulatory contexts, it is reasonable to hy-
pothesize better environmental performances; nevertheless, further
investigation is necessary.

4.4. Standards

International building and construction sector standards are the basis
for planning future development of cities that are committed to reducing
the impact of climate change (to comply with the International Agree-
ments on Climate Change, for instance, see the Paris Agreement, Global
Covenant of Mayors). Yet they were formulated for traditional buildings
and materials; they cannot be correctly applied to engineered timber
buildings. Two main limitations emerge from our study, where general
international building standards were applied strictly:

- ISO 15686-1 (2011), ISO 15686-8 (2008), and BSN (1990)
EUROCODE-O set the RSL of a building at 50 years, though timber
buildings may last more than 100 years, and even with an RSL of 50
years, disassembled materials can be reassembled into a “new”
building, doubling the RSL to 100 years or more;

- Applying cascading according to the current
EN15804:2012+A2:2019 standard, only avoidance of extraction of
virgin wood for new CLT and glulam is accounted for, ignoring the
carbon stock maintained in the recycled wood, until it is finally
burned. Nor is forest renewal accounted for during the life of the first
timber building. There is no regrowth or renewability in the case of
concrete.
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If these principles were observed by the standards, our results would
be very different. A step in this direction is the recent Italian Decree n. 90
of 8 May 2023,° envisaging the reuse of engineered timber as a
replacement for virgin timber, rather than a waste material. This high-
lights the current and future regional variability of regulations and
linked practices.

Our work suggests that the reuse with the same function for timber
elements should be included among the possible EoL scenarios allowed
by EN 16485 (2014), allowing the expansion of the assessed system, and
the consequent change in terms of system boundaries and functional
unit in LCA, before applying any other existing EoL scenarios currently
allowed.

5. Conclusions

The implementation of circular economy practices in the construc-
tion sector is crucial for reducing its massive resource exploitation and
emissions, and wood can help achieve this objective, spurring the sus-
tainability of cities’ planning and development. Timber is more abun-
dant, renewable, and has higher reuse and recycling potential than
fossil-based materials (e.g., concrete and steel). When even just a
small part of the engineered timber is reused, benefits are obtained.

Our study shows that reusing recovered timber for the same function
should be considered the preferred option in conceiving a timber
building and its life cycle, so that it is designed to generate climate
benefits. We show that to capture such benefits, it is necessary to shift
from an analytical perspective focused solely on the building to a sys-
tems approach with the entire value chain, including reuse and recycling
phases, resulting in better value chain management, thus implementing
a sort of “systems industrial ecology”. Such a shift should capture benefits
not only in environmental but also in socio-economic terms by involving
different stakeholders (Bastianoni et al., 2023). Our work represents a
first step toward a more comprehensive appraisal of the environmental
benefits of timber buildings, focusing on multiple circular reuse within
cascading systems that begin with a “first reuse” serving the same func-
tion as the “first use”. This is meant to help fill the knowledge gap and
address regulations limitations, revising circular economy practices and
guidelines within LCA standards (Malabi Eberhardt et al., 2021).

Timber buildings must be designed for easy deconstruction and
reuse, with high timber recovery rates. This would foster a new eco-
nomic sector, currently prevented by the lack of raw materials (reusable
engineered timber) and corresponding regulations for new use. The
regulations, currently designed for fossil-based buildings, should align
with revised standards, allowing for the full capture of the benefits of
using, and especially re-using, engineered timber as a building material
with the same function as the original.

According to Stewart et al. (2009), a 75-year reference service life
would ensure that a new forest can grow during the building’s life,
replacing the wood used and creating a twin forest. By definition, LCA
focuses on the "technosphere", beginning with human intervention and
evaluating its environmental impacts. It does not account for the
resource itself, its availability, or renewability, nor for the role of the
ecosystem in providing it; rather, it focuses on the various impacts a
production process is expected to have locally and globally. These lim-
itations hinders fully capturing the benefit of using timber for building,
neglecting its renewability and its reusability (Sporchia et al., 2025).

The reuse of engineered timber elements with the same function is
one of the aims of the Circular Economy Action Plan, which seeks to

5 Ministero dell’ambiente e della Sicurezza Energetica, DECRETO 8 maggio
2023, n. 90 Regolamento recante inserimento del legno lamellare in forma di
cippato nell’allegato X, parte II, sezione 4, paragrafo 1, alla parte quinta del
decreto legislativo 3 aprile 2006, n. 152. (23G00098) (GU Serie Generale n.165
del 17-07-2023) available at: https://www.gazzettaufficiale.it/eli/id/2023/07/
17/23G00098/sg
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increase circularity in the construction sector, as well as two of the three
urgent paths towards decarbonizing the construction sector outlined by
UNEP (2023). As such, only by embedding reuse with the same function
into design practices and regulatory frameworks can timber buildings
make a meaningful contribution to a circular, low-carbon, and
resource-efficient built environment.
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