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Abstract

Purpose Existing life cycle assessment (LCA) methods for buildings often overlook the benefits of product recovery poten-
tial, whether for future reuse or repurposing. This oversight arises from the limited scope of such methods, which often ignore
the complex interdependencies between building products. The present paper, backed by its supplementary Python library,
introduces a method that addresses this gap, emphasizing the influence of product interdependencies and future recovery
potential on environmental impact.

Methods Implementing the proposed method requires adding a phase, the recovery potential assessment, to the four phases
that constitute an LCA according to the ISO 14040/14044 guidelines. Given the disassembly sequence for each product, in
the first step of the recovery potential assessment, a disassembly network (DN) is created that displays structural and acces-
sibility dependencies. By calculating the average of the disassembly potential (DP) of each structural dependency (second
step) associated with that product, we obtain the DP (0.1-1) at the product level in a third step. Because there is no empirical
data available to support a specific relationship between product disassembly potential and recovery potential (RP) (0-1),
we employ, in a fourth step, a flexible model specification to represent scenarios of how this relationship may look like.
Ultimately, for each scenario, the resulting RP is used to enable a probabilistic material flow analysis with a binary outcome,
whether to be recovered or not. The resulting product-level median material flows are then used to quantify the building’s
environmental impact for a given impact category in the life cycle impact assessment (LCIA). The results are interpreted
through an uncertainty, hotspot, and sensitivity analysis.

Results and discussion Our results show that not considering the interdependencies between building products in building
LCAs results in underestimating the embodied greenhouse gas (GHG) emissions by up to 28.29%. This discrepancy is pri-
marily attributed to a failure to account for additional material flows stemming from secondary replacements owing to the
interdependencies during the life cycle. When accounting for end-of-life recovery benefits, a zero-energy building (ZEB)
design incorporating some DfD principles demonstrated up to 45.94% lower embodied GHG emissions than the ZEB design
with low disassembly potential when assuming that recovered products will be reused.

Conclusions Our approach provides first-of-a-kind evidence that not accounting for recovery potential may significantly
distort the results of an LCA for buildings. The method and its supporting code support the semi-automated calculation of
the otherwise neglected potential environmental impact, thus helping to drive the transition towards a more sustainable built
environment. The supporting code allows researchers to build on the proposed framework if more data on the relationship
between DP and RP become available in the future. Finally, while applied to buildings in this paper, the proposed framework
is adaptable to any complex product with limited modifications in the supporting code.
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EU European Union

GHG  Greenhouse gas

HDP  High disassembly potential
LCA  Life cycle assessment

LCIA Life cycle impact assessment

LCI Life cycle inventory

LDP  Low disassembly potential
MFA  Material flow analysis

MC Monte Carlo

OAT  One atatime

PEF Product environmental footprint
RP Recovery potential

SL Service life

SD Structural dependency

ZEB  Zero-energy building

1 Introduction

The building sector plays a critical role in global carbon
emission reduction (Lu et al. 2020). The European Union
(EU) (EC 2021) and international organizations (IEA 2021)
have both mandated the achievement of complete decarboni-
zation by 2050. Existing energy efficiency measures have
led to a substantial 49% reduction in global emissions from
residential buildings (IPCC 2022), yet buildings remain
responsible for 21% of total global greenhouse gas (GHG)
emissions (IPCC 2022). Furthermore, this industry con-
sumes approximately 40% of all materials (Solis-Guzméan
et al. 2014) and generates over a third of all waste in the EU.

Life cycle assessment (LCA) is a method of calculating the
environmental impacts of buildings throughout their lifespan and
is growing in prominence in the building sector (Rgnning and
Brekke 2014). LCA is becoming mandatory for new buildings
in several EU Member States (ECologique 2021; NMD 2022;
VCBK 2022; Ympéristoministerio 2022). Moreover, LCA has
become pivotal in the realm of green public procurement and
industry competition (Scherz et al. 2022), further emphasizing
the importance of environmental impact quantification as it can
influence permits and market access.

Embodied environmental emissions arising from produc-
tion, replacement, transport, and end-of-life (EoL) treatment
of building products account for 21% of a building’s lifecycle
GHG emissions (Rock et al. 2020) and about 4% of global
GHG emissions (IPCC 2022). As we move towards energy-
efficient buildings, these embodied emissions could represent
up to 90% of total lifecycle GHG emissions (Eberhardt 2020).
This necessitates accurate LCA quantification to avoid the
burden shifting from operational to embodied impacts (Khan
et al. 2022).

Various strategies have been proposed to reduce these
embodied emissions (Zhong et al. 2021), including the use
of low-carbon materials (Alaux et al. 2023; Cabeza et al.
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2013; Chan et al. 2022; Das et al. 2021), demand reduction
and increased production efficiency (Miiller 2006; Hertwich
et al. 2020; Masanet et al. 2021; Milford et al. 2013), and
lifetime extension (Cai et al. 2015; Hertwich et al. 2020).
Another promising strategy, design for disassembly (DfD),
enables resource efficiency by using recycled or reclaimed
materials (Antunes et al. 2021; Georgiou and Loizos 2021;
Zhao et al. 2021). DfD is defined as “an approach to the
design of a product or constructed asset that facilitates disas-
sembly at the end of its useful life, in such a way that ena-
bles components and parts to be reused, recycled, recovered
for energy or, in some other way, diverted from the waste
stream” (ISO 2020).

A central aspect of DfD is the emphasis on product
recovery, ensuring that materials are not merely consumed
but are continually reintegrated into the building lifecycle
(O’Grady et al. 2021). This method promotes a forward-
thinking ethos where buildings are conceptualized not just
for their immediate function, but also with a vision of their
eventual deconstruction, reuse, and repurposing (Munaro
and Tavares 2023). The ultimate objective is to envision and
actualize structures that, throughout and at the culmination
of their life cycle, can be valuable reservoirs of materials for
new constructions rather than sources of waste.

Despite the benefits of product recovery realized through
DfD in reducing embodied GHG emissions (Aye et al. 2012;
Dara et al. 2019; Rios et al. 2019), fewer than 1% of build-
ings incorporate DfD principles (Munaro and Tavares 2023).
The limited adoption of DfD is further highlighted when
observing the high recycling rates in the EU’s building sec-
tor. The sector showcases an average recycling rate of 71%,
with certain Member States, such as the Netherlands, achiev-
ing an impressive 100% (Sonmez and Kalfa 2023). Yet, in
stark contrast, the rate of construction products recovered
for reuse remains alarmingly low, standing at less than 1%
of total used construction products (Deweerdt and Mertens
2020). This disparity is largely attributed to the lack of
building designs that accommodate disassembly and recov-
ery (Gerhardsson et al. 2020; Guy and Ciarimboli 2012),
mainly due to the lack of incentives (Adams et al. 2017).
However, other factors contribute to this disparity, includ-
ing legal (Zatta 2019), logistical (Knoth et al. 2022), and
economic barriers (Nordby 2019).

While building LCA methods emphasize the merits of
recycled or reclaimed content, they largely neglect the inte-
gral role of future product recovery through DfD (Guy and
Ciarimboli 2012; Hossain and Ng 2018; Rasmussen et al.
2019). This narrow perspective tends to obscure the poten-
tial environmental gains from designing with future disas-
sembly and recovery at the forefront. Paradoxically, this
skewed focus can drive up the demand for virgin materials,
even as the significance of recycled materials is championed
(Atherton 2007). For a holistic environmental evaluation
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and a genuine shift towards a circular construction para-
digm, incorporating the potential for future product recovery
through DfD into LCA methodologies is essential.

To ensure that the benefits of product recovery through
DfD are accounted for, Lei et al. (2021) identified the need
for LCA to take into consideration DfD’s environmental
advantages. A refined approach should explore the interde-
pendencies among building products in depth (Vandervaeren
et al. 2022), assessing how the complexity and the degree of
effort of their disassembly process directly influence future
product recovery and the broader environmental conse-
quences associated with buildings.

While progress has been made in understanding the net-
work of interdependencies among products in systems, as rep-
resented in works by Denis et al. (2018), Sanchez and Haas
(2018), and Vandervaeren et al. (2022), the impact of their
future recovery (Bernstein et al. 2012) and advancements
in DfD assessments is to facilitate future product recovery
for buildings (Cottafava and Ritzen 2021; Durmisevic 2006;
Lam et al. 2022). The prevailing methods often neglect or
inadequately address the nuanced complexities of product
interdependencies and their implications for future recovery.
This oversight may lead to undervalued environmental ben-
efits of DfD strategies and a misguided focus in sustainabil-
ity efforts. Therefore, our goal in this study is to introduce
an integrative LCA framework that not only acknowledges
these insights but also centers them, offering a more holistic
approach to understanding the environmental advantages of
strategies emphasizing future product recovery using DfD in
the building sector.

In this paper, we aim to showcase the extent to which
ignoring interdependencies influences environmental impact
estimates. To reach that goal, we integrate two strands of
research. First, we adopt the foundational principles of DfD
assessment and building product disassembly potential as
explored by Cottafava and Ritzen (2021) and Durmisevic
(2006). We define disassembly potential (DP) as a quanti-
tative measure that indicates how readily a product can be
disassembled at any stage of its life cycle, whether for main-
tenance, repair, component replacement, or when it reaches
its EoL phase. Secondly, we apply the methods and insights
derived from the research of Denis et al. (2018), Sanchez
and Haas (2018), and Vandervaeren et al. (2022), which
focused on developing building disassembly networks (DN).
A DN is defined as a systematic representation of the order
and interdependencies involved in disassembling building
components. The creation of these sequences is fundamental
to comprehending the complex relationships among build-
ing elements and the impacts of their disassembly on the
overall structure.

We utilize material flow analysis (MFA) to measure the
inflow and outflow of materials in the system (van Stijn
et al. 2021), taking into account the recovery potential (RP)

of materials during the lifetime of the building and at the
EoL. The RP builds upon the DP by quantifying the likeli-
hood of a product’s full intact recovery for potential reuse
or repurposing, either onsite or in another project. While
disassembly is a necessary step for recovery, the actual reuse
or repurposing of recovered materials depends on various
other factors, emphasizing the nuanced distinction between
recovery and reuse in circular economy practices in the
building sector.

We apply this approach to a zero-energy building (ZEB)
case study, seeking to offer insights into trade-offs and
opportunities for reducing embodied emissions and mini-
mizing environmental impact in the building sector. We
chose the ZEB case study because embodied emissions in
such buildings dominate the emissions from the building’s
operational life (Chastas et al. 2016).

The remainder of the paper is structured as follows. Sec-
tion 2 presents the proposed method’s framework. In Sec-
tion 3, we introduce the ZEB case study. In Section 4, we
apply this method to a case study where two scenarios of
building designs are created, focusing on varying the con-
nectivity of the products. Here, we present a high disassem-
bly potential (HDP) scenario as a hypothetical optimized
scenario and a low disassembly potential (LDP) scenario
as a hypothetical worst-case scenario. These scenarios are
then compared to a business-as-usual (BAU) scenario, which
represents current building practices that incorporate some
elements of DfD. This section also showcases the results
from the uncertainty, sensitivity, robustness, and hotspot
analyses across the three scenarios. Finally, in Section 5,
we summarize our findings, discuss their implications, and
suggest potential directions for future research.

2 Methods

Our method comprises five main steps, which are out-
lined below and visualized in Fig. 1. As can be seen, our
method adds one step to the conventional four steps under
ISO 14040 (ISO 2006a) and 14044 (ISO 2006b). Step (1)
is to define the goal and scope of the assessment. In this
stage, the system boundaries and the functional unit are
established. Step (2) is the inventory analysis. This pro-
cess involves compiling a detailed product inventory of
the building system, which includes gathering life cycle
inventory (LCI) datasets for each product’s production,
transport, and EoL stages. Service life (SL) scenarios for
each component are also established at this stage. A cru-
cial part of this step is to identify each product’s disas-
sembly sequence and the dependencies that might affect it.
In Step (3), we add the recovery potential assessment. To
perform this assessment, we utilize fuzzy number logic to
evaluate the dependencies identified in the previous step.
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Fig. 1 Method framework
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This analysis allows us to calculate the DP of each prod-
uct, which we define as a measure of how easily a product
can be disassembled and recovered. A positive correlation
is established between the DP and the RP by assuming a
functional relationship, with components having a higher
DP also showing a higher RP.

Step (4) is integration of MFA and LCIA, in which a
full life cycle probabilistic MFA is generated based on the
RP determined in the previous step. Subsequently, the life
cycle impact assessment (LCIA) is conducted as a func-
tion of the probabilistic MFA, providing a comprehensive
view of the environmental impact across the building’s
life cycle.

Finally, Step (5), interpretation, involves interpreting the
results of the LCA. This includes conducting uncertainty,
hotspot, and sensitivity analyses to test the reliability and
validity of our findings. This step also involves the formu-
lation of conclusions and recommendations based on the
LCA results.

To make the method widely accessible and practical for
use, we have incorporated it into an open-source Python-
based library (AbuGhaida et al. 2023).
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2.1 Goal, scope, and inventory analysis

The foundation of our method begins with articulating its
goal and scope. The goal defines the main objective of our
study, which is to showcase the extent to which ignoring
interdependencies influences environmental impact esti-
mates resulting from LCA. The scope, meanwhile, deline-
ates the boundaries of our study and specifies the aspects
of the building system’s life cycle that we will consider in
our analysis. These aspects typically include the produc-
tion, transportation, use, maintenance, and EoL stages of the
building products. The scope also determines which build-
ing products are included in our study and how detailed our
assessment of these products will be.

The next step (inventory of the building system in Fig. 1)
involves identifying and cataloging all building products that
constitute the building system. Each product is examined
in depth, capturing detailed information about its physical
properties and functional roles.

Our approach utilizes a vertical hierarchical catego-
rization, following the principles of systematic building
decomposition, akin to the methodologies outlined in
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Soust-Verdaguer et al. (2023). We structure our data across
five levels: material, product, assembly, system, and build-
ing. This also resonates with sustainability frameworks such
as Level(s) (Dodd et al. 2017).

In this context, a “product” is defined as any manufac-
tured item used in construction, for example, a gypsum
board or a precast concrete beam. This definition is particu-
larly significant for composite items, where the flexibility
in defining a “product” impacts the structure of the LCI. At
the material level, we consider basic substances necessary
for manufacturing products, such as water, glass fiber, and
stucco for a gypsum board. Further up in our hierarchical
model, an assembly is understood as a grouping of prod-
ucts, such as an interior wall composed of steel studs and
gypsum board.

We source information from various documents, includ-
ing bill of materials (BoM), technical drawings, and building
information modeling (BIM) models to identify and cata-
log the building products. BoMs list the necessary products
and assemblies for constructing the building, complete with
quantities, specifications, and part numbers. Technical draw-
ings visually represent the system, revealing individual prod-
ucts’ spatial relationships and functional roles. BIM models
digitally present the physical and functional characteristics
of the building, providing multidimensional data. Upon

End of Life Scenario

product identification, we record detailed information into
an Excel spreadsheet, including factors such as embodied
materials and gross weight. We also determine the disas-
sembly sequence or the order in which the product should
be disassembled by reversing the initial assembly steps. This
information is paramount in evaluating the product’s DP as
it reveals the complexity of the disassembly process and
how the disassembly of one product might influence others.

Furthermore, we gather life cycle information for each
product, including production, transportation, and EoL.
stages, as part of the LCI. This information, which deter-
mines the environmental impact of each product through-
out its life cycle, forms the basis for our subsequent LCIA.
Finally, we determine SL scenarios for each product to
model its expected useful life and replacement intervals.
This added layer of information contributes to the depth
and accuracy of our product catalog, which is the final
step in “Map Building Products to LCI” step in Fig. 1. For
a clear understanding of our data collection and organiza-
tion process, please refer to Fig. 2, which provides a visual
representation of how various scenarios and databases are
interconnected to enrich the information about a product
in terms of its LCI and SL. The centerpiece of this dia-
gram is the “Product”, highlighting its significance in the
entire framework.
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The “end-of-life scenario” describes the eventual fate of a
product, detailing how it is handled post-use. It encompasses
factors such as disposal methods and their corresponding
LCIs (such as recycling and incineration), the product’s
lower heating value, and percentages indicating how much
of the product is landfilled, incinerated, or recycled. Cru-
cially, the EoL details are connected to an overarching LCI
database, which links back to the product.

Similarly, the “transport scenario” addresses the move-
ment and logistics surrounding the product. It details the
percentage of the product transported under various circum-
stances, such as directly to the construction site or via a sup-
plier, and the distances involved in these transports. Again,
this scenario is tied to the same LCI database, ensuring that
transportation’s environmental ramifications are incorpo-
rated into the product’s profile. The LCI Database serves as
a rich reservoir of background LCI data. It captures crucial
details such as technosphere and biosphere flows, and uncer-
tainty distribution types.

On the far right, the “Service Life Scenarios” delve into
the expected longevity of the product. With a range of service
life data, from maximum and minimum to various quartiles,
it provides a multifaceted view of the product’s durability.
This section’s data, too, flows back into the central “Product”
database, adding another dimension to our understanding.

2.2 Recovery potential assessment
2.2.1 Constructing a disassembly network

The second phase (Step 1 in the recovery assessment phase
of Fig. 1) of the method centers on the creation of the DN,
and this is achieved using a specialized Python library
designed for constructing directed/undirected network
graphs (Aric et al. 2004). The primary aim of this network
is to identify and depict the relationships and dependencies
within the building system being studied. We use the DN
as a systematic tool to visually structure and navigate the
complexity of product connections within the system.

The concept of the DN is based on several previous stud-
ies (Bernstein et al. 2012; Denis et al. 2018; Durmisevic
2006; Sanchez and Haas 2018; Smith et al. 2012; Smith
and Chen 2011; Vandervaeren et al. 2022; Yu 2017) and
provides a robust blueprint for portraying the dependen-
cies within a given system. This methodology has proven
invaluable in representing complex systems in an intuitive,
graphical form, making the disassembly process more com-
prehensible and manageable.

In constructing the DN, we focus on the “parent-child”
relationships among the products. This nomenclature was
inspired by the work of Formentini and Ramanujan (2023).
Within this framework, a “parent product” is a product
that supports or otherwise interacts directly or indirectly
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with another product, referred to as the “child product”. A
child product depends on its parent product for structural
support or access. The fundamental idea behind the con-
struction of the DN is to map the disassembly sequence
to clarify the relationships between the products and the
disassembly sequence. Each product in the building system
under analysis is treated as a separate entity, or node, in
the network.

Each node corresponds to a unique product, and each
relationship or dependency is represented as an edge con-
necting the nodes. The direction of the edge represented by
the arrow indicates the direction of disassembly, as shown
in Fig. 3. For example, Beam (B1) and Column (C1) are
considered two unique nodes in the D. The Edge C1-B1
represents the dependency between C1 and B1, where C1
is the parent product and B1 is the child product. This
is further emphasized by the arrow direction. The arrow
points from the parent product to the child product, indi-
cating the disassembly direction. In this case, it means that
B1 needs to be removed before C1 can be removed.

The value of such a network becomes evident when
considering the complexity and interrelatedness of build-
ing systems. A building is more than just a collection of
individual products; it is a system of systems where each

Fig. 3 Example of a DN on a hypothetical case
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product can have multiple dependencies (Vandervaeren
et al. 2022), both upstream and downstream.

2.2.2 Disassembly network assessment

In the second step (Step 2 in the recovery assessment phase
of Fig. 1), we categorize interdependencies into structural
and accessibility dependencies. Structural dependencies
(SD) refer to the physical connections between products,
while accessibility dependencies (AD) involve products
that are not physically connected but may obstruct or
facilitate the disassembly of other products (Vandervaeren
et al. 2022). We evaluate each SD between products in the
building system based on four indicators: connection type,
connection access, form containment, and crossings. This
assessment enables using a numerical value to the connec-
tions, ranging from 0.1 to 1, using fuzzy number logic based
on the work of Cottafava and Ritzen (2021), Durmisevic
(2006), van Vliet (2018), and Verberne (2016). The higher
the value, the higher the DP of the SD.

We assess the four indicators mentioned earlier for each
SD. Connection type values were assigned based on the ease
of disassembly. For example, magnetic connections receive
a value of 1, and hard chemical connections have a value of
0.1. Connection access, form containment, and crossings
were similarly evaluated based on their influence on the
disassembly process; the used values are shown in Fig. 4.

We then calculate the DP of each SD by using a weighted
average approach as given in Eq. 1. However, due to the lack
of information on the relative importance of each indicator

of Fig. 4, we set all the weights to 1. This provides a single
value between 0.1 and 1, representing the overall DP of that
specific SD. We then followed a cut-off approach, where
any SD with any indicator value of 0.1 was categorized as
non-disassemble. The cut-off approach ensures that unreal-
istic scenarios are avoided. For example, if two products are
glued together using a hard chemical glue, the DP would
be 0 regardless of the other indicators. The cut-off and DP
calculation algorithm are shown in Fig. 5.

op— Zl'.’zl(lna’icator value; X Indicator weight,)

i 1
.. Indicator weight; M

where i is each indicator (connection type, connection
access, crossings, and form containment).

Figure 6 presents a stylized example of an application of
the DN assessment on the same structure shown in Fig. 3,
with the physical structural system removed to emphasize
the network graph and the evaluated dependencies. In this
figure, each node represents a unique product within the
building system, and each edge, marked by arrows, signifies
the relationship or dependency between two products.

2.2.3 Product disassembly potential

In the third step (Step 3 in the recovery assessment phase
of Fig. 1), we transition from assessing interdependencies
or edges of the DN to aggregating the results to the DP for
each individual product in the building system. A critical
part of this stage involves distinguishing between base and

Fig.4 Fuzzy number-based assessment of structural dependencies
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Fig.5 Algorithm for performing the calculation of the disassembly potential for each structural dependency

auxiliary products. Base products serve as the foundation
or starting point for assembling various components in a
building (Durmisevic 2006).

Base products, which are the primary structural and
functional components of a building, are largely impacted
by other base products because their mutual dependencies
greatly influence the overall stability, functionality, and DP
of the building system.

On the contrary, auxiliary products, which play second-
ary roles within the structure, can be affected by both base
and auxiliary products. However, auxiliary products often
provide more flexibility during disassembly, as their removal
or alteration generally does not compromise the DP of the
critical base products. This distinction is key because it high-
lights the need for a comprehensive approach to DP evalua-
tion that fully acknowledges the intricate interdependencies
and variable influences among the base and non-base prod-
ucts in a building system.

When we evaluate the DP of a particular product, we
pay special attention to the nature of its interdependen-
cies. For instance, if a parent base product depends on a
child auxiliary product, this dependency should not sig-
nificantly influence the DP evaluation of the parent base
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product. This is because removing or altering the child
product is unlikely to substantially impact the DP of the
base product. For example, if we consider a relationship
between a parent base product (such as a wall) and a child
auxiliary product (such as a railing), the SD of the railing
on the wall should not be factored into the DP assessment
of the wall. This is because the railing can be disassem-
bled/demolished without significantly affecting the wall.

The DP of a given product is determined by calculating
the average of the DPs of each SD associated with that
product based on Eq. 2. This approach ensures that the
overall DP of a product incorporates the cumulative DP of
all its associated SDs, thus providing a more comprehen-
sive view of its fit within the broader DN.

Ly pP, if T = base
DPr=9 1 b , 1 . . )
— Y DP,+ — Y. DP, if T = auxiliary
"b g
where DP; is the DP of the target product, DP, is the DP of
base children products, DP,, is the DP of auxiliary children

products, 7, is the number of base children products, and n,,
is the number of auxiliary children products.
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Fig.6 Application of disassembly network assessment

Equation 2 emphasizes the significance of product clas-
sification when assessing DP. If assessing a base product,
only base SDs are considered. In contrast, auxiliary prod-
uct assessment involves considering all related SDs, both
base and auxiliary.

2.2.4 Recovery potential assessment of products

In the fourth step (Step 4 in the recovery assessment phase
of Fig. 1), we shift our attention to the RP for each product.
This measure represents the likelihood that a product can
be recovered fully intact during the disassembly process,
preserving its potential for future reuse. Given the lack of
empirical data on the relationship between DP and RP, we
turn to a flexible model, as depicted in Eq. 3.

This equation allows us to account for material-specific
properties that may influence the RP of different construc-
tion products given their DP. The reason for this nuanced
distinction between DP and RP is that disassembly is a
necessary step for recovery. However, some types of prod-
ucts can be more fragile than others; in other words, we
must consider material characteristics to generalize that
at a specific DP, a product can be recovered. By adjusting
the constants a, b, ¢, and d based on the characteristics and

X

behavior of different materials, we obtain a more realistic
and adaptable model that captures the complex interplay
between DP and RP. This flexibility ensures that the model
remains relevant and accurate across a range of construc-
tion products with varying attributes.

a +d)

where RP is the recovery potential of a product; DP is the
disassembly potential of a product; and a, b, c, d are con-
stants based on product properties.

To determine these constants, we apply a non-linear
least squares regression using the Levenberg-Marquardt
algorithm (Moré 1978). The optimization searches for the
best-fit parameters that describe the relationship between
the input and output variables, which can be used to pre-
dict or to gain insight into the underlying relationship
between the variables (RP and DP). Building on Durmise-
vic’s work (2006), we consider three scenarios reflecting
different relationships between DP and RP:

1. S1 — (S-curve) Approach: Based on Durmisevic’s
assumptions, this scenario presents an approach, where:
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High DP (greater than 0.67) results in less than
25% waste produced during deconstruction.
Medium DP (between 0.33 and 0.66) leads to a waste
percentage of 25-80%.

Low DP (less than 0.33) sees waste production
higher than 80%.

It models a situation where initial improvements in DP
rapidly increase the RP, but beyond a certain point, further
improvements in DP do not significantly increase the RP.

2. S2 - Semi-linear approach: This scenario assumes a lin-
ear relationship between DP and RP. Every increase in
DP directly corresponds to an increase in RP.

3. Cutoffs approach: These eight scenarios indicate that

the RP drops to zero beyond a certain DP. This might
be relevant if there are stringent constraints that make
recovery impossible beyond a certain point.

These 10 scenarios serve as the basis for creating various
hypothetical situations (illustrated in Fig. 7), demonstrating dif-
fering degrees of sensitivity to DP, offering a broad perspective
on how DP affects RP under a variety of conditions. The con-
stants for each curve, derived from our non-linear least squares
regression, can be found in Supplementary Information A.

One of the main benefits of this approach is its flexibil-
ity, which allows for a wide range of possible relationships
between DP and RP to be modeled. This flexibility acknowl-
edges the varied nature of product types and properties, rec-
ognizing that the link between disassembly and recovery
may differ across products.

Moreover, our approach utilizes expert knowledge in
the field, specifically the work of Durmisevic (2006). By
adopting Durmisevic’s assumptions to model the S curve
relationship, we incorporate the understanding that initial
enhancements in DP can lead to significant increases in RP,
although these improvements may gradually reach a plateau.
Our method also provides preparedness for a variety of sce-
narios. By considering different hypothetical situations, we
gain a broad perspective on how DP might influence RP
under diverse conditions. This strategy not only prepares us
for numerous scenarios, but also provides a robust founda-
tion to respond adaptively as more data become available.

Our utilization of non-linear least squares regression
ensures that we obtain the best-fit parameters to describe
the relationship between DP and RP. This mathematical
technique offers a data-driven way to refine our model,
improving its accuracy as more empirical data is gathered.
Even though there may not be enough empirical data at pre-
sent, the established relationship between DP and RP within
our model allows us to make predictions. In the sensitivity
analysis, we will show how changes in DP might impact the
RP in order to verify the robustness of our main findings.

2.2,5 Material flow analysis

MFA (Step 5 in the recovery assessment phase of Fig. 1) is a
crucial aspect of this study, conducted on a product-by-prod-
uct and year by year basis. This method enables an exhaus-
tive life cycle analysis for each product by constructing a

Fig. 7 Curves for the relation-
ship between DP and RP at the 100% 4 = e e e e
product level
80% -
e
L
c
% 60% - — S1
< S2
o —-= cutoffs
S 40% A
o
20% A
0% T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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detailed narrative of the product’s material flow. The MFA
considers the service life of both the product and the build-
ing and the RP. Its supporting algorithm’s outline is depicted
in Fig. 8.

At the onset of the MFA, the material flow begins at year
zero, representing the initial placement of materials during
the construction phase. The primary consideration at this
stage is the calculation of the number of times a product
would need to be replaced during the building’s service
life. This calculation, derived from the service lives of the
building and the product, provides the basis for subsequent
analyses and enables temporal tracking of material flows.

Given a building and product with service lives of 50 and
25 years, respectively, the product will require replacement once
at the 25-year mark. To identify the specific years when product
replacements would occur, the formula shown in Eq. 4 is used.

. . . SLbuilding
R [i] =iXSL, 4> fori€ § 1,2,..., S| 1
‘product
)

D

Starting year
Year: Amount 9y

where R, [i] refers to the i-th replacement year and i ranges
from 1 to the ceiling of the ratio of building service life to
product service life minus 1 (initial placement).

Equation 4 delineates that the i-th replacement year
within a building’s lifespan is determined by multiplying
the integer value i with the product’s service life, where i
spans from 1 to the rounded-up quotient of the building’s
service life divided by the product’s service life, decreased
by one, capturing the periodicity and total number of product
replacements throughout the building’s lifecycle.

A substantial complexity layer of the MFA emerges when
considering interactions between parent products and their
downstream child products. Following the flow of Fig. 8,
suppose a parent product is scheduled for replacement dur-
ing a specific year. In that case, the analysis proceeds to
investigate all its associated child products. If a child product
is also due for replacement in the same year, it is bypassed,
as it would be replaced regardless. However, if the child
product is not due for replacement, the algorithm then evalu-
ates its RP. A product that cannot be disassembled requires
full replacement, which contributes to the total material
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flow. Conversely, a product that is capable of disassembly
propels the algorithm to calculate a probabilistic material
flow based on RP. The probabilistic material flow process is
reminiscent of a Monte Carlo (MC) simulation. It involves a
random draw from a uniform distribution between 0 and 1,
repeated multiple times with each draw recorded. A number
less than the RP indicates successful disassembly, and no
additional material is added to the material flow. If the num-
ber exceeds the RP, the product is assumed to be demolished
and replaced.

Despite sharing similarities with an MC simulation, this
process is distinct due to its binary outcomes; either the
product is recovered fully intact, or it is not recovered. This
reflects the real-world scenario where a product, given cer-
tain conditions, will either be recovered or not, unlike typical
MC simulations that draw random values from a distribution
of possibilities, resulting in a spectrum of outcomes. This
method effectively captures the unpredictability of real-world
product recovery. All random draws are recorded, creating a
probabilistic material flow over the life cycle of the building
that embodies the inherent variability and uncertainty in the
product recovery process. More specifically, the probabilistic
material flow analysis ultimately generates an array of size
equal to the number of draws by summing horizontally across
the result of the probabilistic MFA for each time a product
can be recovered. Each row in the resulting array represents
the mass flow for a given product over the building lifecy-
cle, which is either a zero or any discrete number of times
the product can be replaced over the course of the building
lifetime, including at the end of the building’s service life,
multiplied by the mass of that product.

At the end of the building’s service life, the entire process
is repeated, assuming that the whole building will undergo
selective disassembly. Products that can be disassembled and
have residual service life are assumed to be recovered for
further use. Those that cannot be disassembled are assumed
to be demolished and downcycled. Similarly, during the
building’s lifecycle, products that cannot be recovered are
assumed to be demolished and downcycled. If recovery is
possible, the product is assumed to be recovered and reused
or repurposed on-site.

2.3 Material flow analysis and life cycle
impact assessment

2.3.1 Life cycle impact assessment

The LCIA quantifies the potential environmental impacts
on specific impact categories of a product throughout its
life cycle (EC et al. 2010). The LCIA is executed for each
distinct stage of the life cycle based on the data provided by
the LCI. For each life cycle stage—production, transport,
use, and EoL—a unique LCI is derived. These LCIs are
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extracted during the second step of our inventory analysis
(Section 2.2.1). This systematic approach to LCIA enables
us to track and quantify the environmental impacts at every
stage of the product’s life cycle.

Following the construction of the LCIA for every single
declared unit at each life cycle stage, the total LCIA for each
product is calculated by multiplying the median value of the
material flow from the MFA by the LCIA of one declared
unit (Eq. 5).

Ik = LCIAk ) MFAmedian 5)

where [, represents the total environmental impacts of the
kth impact category of a life cycle stage, LCIA, is computed
as the product of the impact of the kth impact category per
one declared unit, and MFA .4, represents the median total
material flow in the declared unit.

The probabilistic MFA generates an array of possible
values, reflecting the potential variability in material flows
across different scenarios and stages of the life cycle. In the
context of our analysis, choosing the median value over the
mean serves the purpose of maintaining mass balance. This
is because the median, as the middle point in a distribution,
identifies an actual mass flow rather than an average and,
consequently, potentially hypothetical value over the array
of possible mass flows. Note that we made the outcome of
the RP assessment binary; in other words, each material flow
related to a product is fully recoverable or not at all.

2.4 Interpretation
2.4.1 Uncertainty analysis

Understanding the inherent uncertainty in LCA is para-
mount for improving the reliability of the results and guiding
decision-making processes (Inti et al. 2017). In this section,
we elaborate on the procedures used to handle uncertainty
within our model, primarily focused on two components: the
MC LCIA and the MC MFA.

In the context of our model, the LCIA provides a deter-
ministic account of environmental impacts associated with
one unit of a product through each life cycle stage. However,
in the real world, variations are unavoidable due to chang-
ing operational conditions and technologies. Therefore, the
LCIA values are subject to a degree of uncertainty stemming
from these variables, which we capture using a traditional
MC simulation (Sonnemann et al. 2003). The MC LCIA
provides an analysis that incorporates uncertainties associ-
ated with technosphere and biosphere inputs and with impact
category characterization factors and reflects them in the
outputs as a distribution of potential impacts rather than a
single deterministic value. In parallel, the probabilistic MFA
generates an array of possible values, reflecting the potential
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variability in material flows across different scenarios and
stages of the life cycle. Here, we make use of this informa-
tion, whereas the median material flow for a product was
used to obtain baseline results.

As such, we construct a three-dimensional matrix that
integrates uncertainties from both MFA and LCIA. We
accomplish this through a matrix operation using each reali-
zation of MC MFA and MC LCIA, leading to a comprehen-
sive distribution of possible environmental impacts. This
operation is represented by Eq. 6:

L =LCIA; - MFA, (6)

where LCIA;, is computed as the product of the jth draw
from the distribution of the kth environmental impact
category.

MFA,; , represents the different realizations (i) of the
probabilistic MFA for a given product. Its unit is kg.

1; . ;» therefore, represents the total potential environmental
impact score of a product over the building’s service life.

In this equation, /;, ; represents the total environmental
impact owing to a product for each realization from the
MFA and each impact category from the LCIA. This pro-
cess effectively creates a three-dimensional matrix where
each dimension represents a realization from the MFA, a
realization from the LCIA, and an impact category from the
LCIA. Therefore, each element in this matrix represents a
potential total environmental impact value considering all
possible combinations of LCIA and MFA uncertainties.
By performing this operation, we generate a detailed repre-
sentation of the uncertainty associated with each product’s
environmental impact throughout its life cycle. This matrix
provides an understanding of the environmental impacts
associated with our product’s life cycle that is much more
detailed and comprehensive than a deterministic analysis.
This uncertainty analysis informs decision-makers about the
level of confidence they can have in the results of the LCA
(Bamber et al. 2020) and where efforts could be directed to
reduce uncertainty.

2.4.2 Hotspot analysis

The hotspot analysis provides insights into the areas of the
life cycle with the most significant environmental impact,
which helps identify opportunities for potential improve-
ments. As a hotspot analysis at product level would be cum-
bersome to interpret, owing to the number of products being
modeled, we decided to dissect the environmental impacts
across the various life cycle stages and building layers.
Although this provides a less granular view, we believe that
it still provides a sufficiently informative understanding of

the environmental performance of the building, while being
more parsimonious.

Building assemblies in our analysis are categorized into
distinct horizontal layers following Brand’s concept of build-
ing “shearing layers” (Brand 1995), which are functionally
grouped as described in Soust-Verdaguer et al. (2023). These
layers typically include structure, space plan, skin, and ser-
vices, each of which serves a distinct purpose within the
building system and has different life spans and environ-
mental impact profiles. The structure layer, which is typi-
cally the most permanent and resource-intensive, includes
components like the foundation and load-bearing elements.
The space plan layer comprises more flexible elements like
partitions and interior layout features. The skin layer encom-
passes the facade and other external elements, while the ser-
vices layer contains the mechanical, electrical, and plumbing
systems. Each of these layers contributes differently to the
life cycle stages of production, transport, use, and EoL. For
example, the structure layer may have significant impacts on
the production and EoL stages due to its resource-intensive
nature and the difficulty in reusing or recycling some of
its components. The services layer, on the other hand, may
contribute significantly during the use stage due to energy
consumption. Understanding these nuances allows us to bet-
ter target interventions for reducing environmental impacts.

2.4.3 Sensitivity and robustness analyses

Sensitivity analysis and robustness analysis are critical
techniques used in LCA studies to ascertain the reliabil-
ity and stability of results. In essence, sensitivity analysis
investigates the effect of changes in individual parameters
on the overall LCA outcomes, for example by employing
the one-at-a-time (OAT) method. Here, one parameter is
adjusted while others are held constant to understand the
distinct influence of that particular parameter (Baagel
et al. 2023). On the other hand, robustness analysis evalu-
ates the consistency of the primary findings across vari-
ous scenarios. In our study, this robustness analysis was
particularly pertinent for examining the stability of our
findings across different SL and RP curve scenarios. Our
core objective was to explore whether overlooking the
interdependencies of building products in LCA would lead
to discrepancies in results. Understanding the influence
of various parameters on the calculated environmental
impacts of a building system is pivotal in refining the LCA
methodology and demonstrating the reliability of results.
Sensitivity and robustness analyses form a key part of
this understanding (Chouquet et al. 2003). These analyses
make it possible to verify whether the results obtained are
robust against variations in these parameters (Buyle et al.
2018). This section will focus on two key parameters: (1)
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the SL of the products and (2) the scenario depicting the
relationship between DP and RP.

First, the SL of individual building products within the
building system also plays a significant role in determin-
ing the overall environmental impacts. Similar to the build-
ing’s service life, the service life of products influences the
frequency of replacement required, which affects the life
cycle stages of the products. Products with a longer service
life may reduce environmental impacts by requiring fewer
replacements and, in turn, secondary replacements, leading
to less production and transportation-related impacts. By
conducting a sensitivity analysis of the product’s service
life, we can identify products for which a small change in
service life can result in a significant change in the total
environmental impacts. Such products are prime targets for
design optimization to increase their service life. Conversely,
the analysis can also reveal products whose environmental
impact is relatively insensitive to their service life, indicat-
ing areas where efforts to increase durability might not yield
substantial environmental benefits.

Secondly, we also conduct a detailed investigation of the
scenario defining the relationship between DP and RP. Given
the intricate link between these two parameters, understand-
ing their interplay is vital to our overall assessment. We
account for the lack of empirical data on the relationship
between DP and RP by employing a series of hypothetical
scenarios that describe this relationship differently, which
are S1, S2, and the eight cut-off approaches discussed in
Section 2.2.2. By examining these different scenarios, we
gauge how the interplay between DP and RP under diverse
conditions influences the results for each impact category.
This helps us to identify which scenarios are most sensitive
and therefore require the most attention. Additionally, by
comparing the results obtained from these varying scenarios,

Fig.9 BIM exploded view of
the case study building
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we also assess the robustness of our study, ensuring its reli-
ability despite the uncertainties involved.

3 Case study

The case study of interest in this research is a 150 m? single-
family house built in 2018, shown in Fig. 9. It is situated in
the Netherlands and is characterized as a ZEB. This case
study has been selected for a variety of reasons, primarily
its design, construction method, and environmental impact.

The architectural design of the house incorporates sev-
eral sustainable construction principles. It has been designed
with future disassembly in mind, employing DfD principles.
This aspect is crucial to this study, as it enables the explo-
ration of how these principles affect the building’s overall
environmental impact, especially during the EoL stage and
replacements. Moreover, it aids in understanding how opti-
mization of the DfD aspects might further improve the envi-
ronmental performance of each of Brand’s shearing layers.
The construction of the house is guided by passive house
principles, which emphasize energy efficiency in the build-
ing design and reducing the building’s environmental foot-
print. This attribute of the house makes it a fitting subject for
the LCA, given our focus on embodied impacts.

In terms of construction materials, the house mainly uti-
lizes concrete and steel products for its structural elements,
while the facade is constructed from composite materials.
These materials, commonly used in modern construction
(Allen and Iano 2019), offer a representative overview of
the environmental impacts typically associated with building
material production, transportation, and end-of-life. Study-
ing their use within the case study building can provide
broader insights that are applicable to many other buildings.
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Most notably, the ZEB house is primarily characterized by
its embodied environmental impacts rather than operational
impacts. The choice of a ZEB aligns perfectly with the focus
of this research, which seeks to investigate these embodied
impacts in detail.

4 Results and discussion
4.1 Goal and scope
4.1.1 Goal

The study’s primary objective is to showcase the extent to
which ignoring interdependencies and future RP influences
environmental impact estimates resulting from LCA. At the
same time, by applying the method to a ZEB case, we make
sure that our supporting Python library is fully functional.
To this end, we introduce two scenario’s besides the as-is
or BAU evaluation of the ZEB. In an HDP scenario, we
modify the building’s connections to be fully disassem-
blable, in other words a DP score of 1. The HDP model
represents an optimistic scenario where we emphasize easy
disassembly. This mirrors the contemporary approach to
LCA. Historically, traditional LCAs operate on the assump-
tion that each product exists in isolation, unaffected by the
dynamics of replacements in the system. Conversely, the
LDP scenario represents a more conservative approach.

It is conceived by reducing the ease of disassembly in the
building’s connections, without a thorough assessment of
the structural implications. In other words, the DP was set
to its minimum value.

The inclusion of these scenarios allows us to explore the
environmental impacts of differing DPs. It is worth not-
ing that while the HDP and LDP were crafted by tweaking
connection values, the emphasis was on environmental out-
comes rather than structural soundness.

In essence, the scenarios are built to better understand
how varying DP impacts the environmental footprint of a
building. Ultimately, a sensitivity analysis helps to iden-
tify the critical parameters that significantly influence the
results, ensuring a comprehensive understanding of the
methodology’s robustness.

4.1.2 Scope

We adopted the modular structure prescribed by EN 15804
(CEN 2019) to demarcate the building’s life cycle. As illus-
trated in Fig. 10, Module A emphasizes the production of
the building, capturing the entirety of material flows essen-
tial for the construction phase. Module B delves into the
building’s use phase, encapsulating the materials introduced
during this period, such as replacements or refurbishments
that sustain the building’s function. Module C homes in on
the EOL phase, accounting for all materials that leave the
building system due to various methods such as disposal or
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recycling. The final segment, Module D, underscores the
avoided impacts, presenting potential environmental advan-
tages derived from the post-EoL recycling or reuse of mate-
rials. In this analysis, we have included Modules A1-A4, B4,
C2-C4, and D, while the other modules were left out due to
data constraints.

4.2 Life cycle inventory analysis

Detailed datasets were obtained for different life cycle
stages, namely, production, transportation, EoL processes,
and potential benefits from recycling or incineration. For
production, the primary data source was the Environmental
Product Declarations (EPD) supplied by the construction
company. These EPDs were instrumental in delineating the
materials and processes for the manufacturing of each build-
ing product. For the sake of parsimony, we have, in certain
cases, defined multiple of the same products as a single,
uniquely identified product. If this was done, the result-
ing mass and impacts are set equal to the mass and impacts
resulting from one product times the number of products that
were aggregated into a uniquely identified product. We have
only considered this simplification if it does not affect the
evaluation of the dependencies. Consequently, the obtained
results are identical to the ones that would be obtained with
more disaggregated data, but with fewer input records. The
latter is important as, later on, the multiple simulations put
considerable strain on a regular laptop’s memory/RAM.

With this input data in hand, we reconstructed the corre-
sponding LCIs using the Ecoinvent v3.8 database (Ecoinvent
2021). This reconstruction allowed us to identify equivalent
LClISs in the database, ensuring that our study was grounded
on well-recognized, standardized metrics. Transportation
parameters (such as transport distances and type) were
sourced from the MMG methodology (TOTEM 2021), which
is a Belgian integrated LCA approach that offers generic LCI
datasets along with a normalization and weighting approach
for LCA. In our study, the MMG methodology was utilized
for its comprehensive transport scenarios. This involved
using its detailed database for average transport distances
and vehicle types (such as large, medium, or small trucks)
for the conveyance of materials from production sites to con-
struction sites and from demolition sites to sorting facilities.
This data proved crucial in accurately modeling the transport
parameters within our life cycle inventory analysis.

For EoL sorting datasets, we used the Ecoinvent database
to find the closest matches to the types of products used in
the construction. We assumed that all products would be
subjected to sorting and transportation at the EoL, irrespec-
tive of the scenario. A similar logic was applied to find the
closest matches in Ecoinvent for landfill and incineration
datasets. When modeling the default EoL scenario, which
we assumed to be demolition, we consulted the product
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environmental footprint (PEF) documentation (EC 2019).
The PEF provides average values for probable EoL scenarios
in the EU, describing the percentages of specific products
that are typically recycled, landfilled, or incinerated. This
served as a foundational dataset for our default EoL scenario.

To model the environmental benefits at the EoL, we
consulted existing literature and EPDs to gather data on
recycling processes. Our aim was to identify the types of
materials that products are commonly recycled into and the
environmental benefits of their substitution in new prod-
ucts. In cases where specific information about recycling
or substitution was unavailable, we assumed that recycled
products would replace the same materials from which they
were originally made. Moreover, we assumed that the envi-
ronmental impact of the recycling process would essentially
mirror that of the original production process, except for
the replacement of raw materials. To capture incineration’s
benefits, we utilized the lower heating value of materials
sourced from the Ecoinvent database.

4.3 Recovery potential assessment

The assessment of the RP started with the task of determin-
ing the DP for each product based on the DN of the BAU
scenario of the building. The construction company supplied
two distinct BIM models. The SketchUp (Trimble 2023a)
model primarily addressed the architectural nuances, while
the Tekla model (Trimble 2023b) was oriented towards
structural analysis. These models, in conjunction with the
detailed construction plans, served as the primary reference
points for our evaluation. They offered a granular view of the
building’s design, components, and their interconnections.

To further enhance the accuracy of our assessment, we
also utilized photographs taken during the construction pro-
cess. These images were instrumental in identifying spe-
cific elements such as connection types, connection access,
form containment, and crossings. Such visual aids provided
a more tangible understanding of the building’s assembly
process and the intricacies of its components. Our input was
not solely reliant on these digital and visual resources. We
collaborated closely with the company’s engineers, espe-
cially in instances where the plans, BIM models, or pho-
tographs posed ambiguities. Their expertise and first-hand
knowledge of the building’s design and construction process
were pivotal in clarifying doubts and ensuring a more accu-
rate evaluation.

Practically, the DP assessment was done based on the out-
put of the Python model, which provides a CSV file contain-
ing all the dependencies in the building system, amounting
to 709 interdependencies (edges) for 335 products (nodes),
shown in Fig. 11. We first categorized the dependencies into
SD and AD and then assessed the connection type, connec-
tion access, form containment, and crossings for each SD.
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Fig. 11 DN of the BAU case study

The Tekla model proved invaluable for the differentiation
between base and non-base products. Given its emphasis on
structural details, the model facilitated the identification of
primary structural and functional components (base prod-
ucts) and their auxiliary counterparts. We loaded the CSV
file back to the Python model to finalize the assessment.
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Despite being grounded in empirical data and expert
insights, the assessment of DP still harbors a degree of sub-
jectivity. For instance, the evaluation of connection access can
vary based on an engineer’s perspective and interpretation.

Upon obtaining the DP values by applying the DP
algorithm as shown in Fig. 5 and Eq. 2, we proceeded to
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estimate the RP for each product using the designated equa-
tion (Eq. 3). A timeline was constructed for the building’s
life cycle, commencing at the point of construction and
culminating at the assumed EoL at 60 years. To determine
the SL of products, we relied on the median value sourced
from Goulouti et al. (2021). This data, in conjunction with
insights from the DN, enabled us to pinpoint, within the
60-year timeframe, the specific moments when each prod-
uct would necessitate replacement using and which products
would need to be disassembled or removed to facilitate such
replacements using the DN.

4.4 Life cycle impact assessment

The LCIA was conducted using the EF v3.0 EN15804
method (EC 2016). This method evaluates 19 distinct impact
categories, providing a comprehensive assessment of the
environmental impacts of the building products. Given the
built environment’s substantial contribution to global GHG
emissions and its pivotal role in climate change, our analysis
focuses on global warming potential (GWP). However, the
results for the 19 impact categories are included in Supple-
mentary Information B. Utilizing the default assumptions,
being the S1 curve for the relationship between DP and
RP, and median product SL. We conducted a comparative
analysis of the GHG emissions across the three building
scenarios: BAU, HDP, and LDP.

Table 1 presents the GWP measured in kg CO, eq./m%/
year for the three building scenarios across their included
life cycle stages. The area of the building is 150 m?, and
the assumed SL of the building is 60 years. For the BAU
scenario, the impact is 13.93 kg CO, eq./m*/year, highlight-
ing the current state of emissions for the building. In com-
parison, the HDP scenario, optimized for high DP, resulted
in 9.99 kg CO, eq./m?/year, which showcases the poten-
tial reductions or increases in emissions when prioritizing
sustainable design and construction. This signifies that the
HDP scenario brings about a relative reduction of 28.29%
in emissions compared to the BAU scenario. Using the HDP
as a benchmark, we can draw parallels with the traditional
LCA methodology that tends to overlook product inter-
dependencies. By this comparison, the conventional LCA
approach might have omitted nearly 28.29% of the GWP,

predominantly arising from secondary replacements. As
discussed in Section 4.1.1, the reason why we can draw
conclusions from the HDP scenarios with the traditional
LCA method is that the model essentially behaves the same
whether we assume that every single product can be disas-
sembled and fully recovered (that is, HDP) or every product
is in isolation (that is, traditional building LCA).

Conversely, the LDP scenario, with its conservative
approach, registered 15.76 kg CO, eq./m*/year, offering
insights into the emissions when ease of disassembly is not a
primary design consideration. Relative to the BAU, this indi-
cates a 13.16% increase in emissions, and when compared
to the HDP, it represents a significant increase of 41.46%.
The disparities in emissions between the three scenarios
underscore the tangible impact of design and construction
decisions on a building’s environmental footprint.

The potential for reducing embodied GHG emissions
becomes more pronounced when considering the EoL sub-
stitution benefits (Module D). Under the assumption that all
recovered products will be reused, the HDP scenario dem-
onstrates a substantial decrease, reaching 2.93 kg CO, eq./
m?/year. This represents a 67.70% reduction compared to
the BAU’s 9.07 kg CO, eq./m*/year. On the other hand, the
LDP scenario, with its more conservative design approach,
records an emission of 13.23 kg CO, eq./m*/year, a 45.94%
increase from the BAU. For the BAU scenario, even if the
products are downcycled at the EoL, the impact remains
lower than the LDP at 11.56 kg CO, eq./m?/year; this is due
to the benefits of avoiding secondary replacements in the
B4 phase.

These findings emphasize the significant environmental
benefits that can be achieved through design strategies that
prioritize disassembly and reuse, especially when the poten-
tial EoL benefits are taken into account. While this serves as
a best-case scenario and might not reflect actual practices, it
still paints a compelling picture.

4.5 Interpretation
4.5.1 Uncertainty analysis

As the building progresses through its lifecycle, the certainty
associated with material flows diminishes. The primary

Table 1 LCIA GWP results measured in kg CO, eq./m?/year for the three building scenarios using S1 Curve and Median SL of products

Building var. A1A3 A4 B4 C2 C3 C4 D1 assuming D2 assuming recovered  Total Total Total
recovered products products are downcycled excluding including including
are reused D D1 D2

BAU 7.03 012 6.27 0.09 0.02 039 -—4.86 -2.36 13.93 9.07 11.56

HDP 7.03 012 242 0.06 0.01 034 -7.06 -2.25 9.99 2.93 7.74

LDP 7.03 0.2 7.87 0.11 0.02 0.61 -2.33 -2.53 15.76 13.23 13.23
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concern here is the unpredictability surrounding the disas-
sembly of specific products. Even if a product is designed
with disassembly in mind, there is no guarantee that it will
be disassembled fully intact and without damage during
its lifecycle. This introduces a probabilistic element to the
material flows in the subsequent life cycle stages. Conse-
quently, while Module A remains unaffected by this form
of uncertainty, the subsequent stages, which account for the
use, maintenance, and end-of-life of the building, are subject
to these probabilistic variations. In essence, while the ini-
tial construction phase (Module A) has a more deterministic
nature, the subsequent stages introduce layers of complexity
and uncertainty due to the dynamic nature of building usage
and the unpredictability of product disassembly outcomes.
Recognizing and accounting for these uncertainties are cru-
cial for comprehensive and credible LCAs.

We stored the results of the uncertainty analysis for
each life cycle stage and building scenario. The results are
essentially arrays of dimensions (100, 19, 100). Here, the
first dimension of 100 represents the MFA simulations, the
19 corresponds to the distinct impact categories, and the
final 100 encapsulates the LCIA simulations. This structure

allowed for a comprehensive representation of the uncertain-
ties across multiple facets of the study. The resulting box-
plots, which are given for each life cycle stage, are presented
for the three scenarios in Fig. 12. Note that the Y-axis is
different for each plot. The product stage, defined by A1A3
(production) and A4 (transport), is fairly consistent across all
three building scenarios. Interestingly, the minor variations
observed in these stages are not due to differences in mate-
rials or design choices, but are attributed to random errors
emanating from the MC LCIA simulations. These errors are
expected to diminish with a greater number of simulations,
offering more accurate and consistent results.

The real differentiation emerges during the B4 phase
(replacements). Here, the data show significant variations
in environmental impacts across the three scenarios. HDP,
being a best-case scenario where products are designed for
maximum recoverability, shows the smallest spread in val-
ues. This means there is a high certainty that HDP products
will be recovered, requiring fewer replacements. On the
contrary, both LDP and BAU scenarios demonstrate larger
spreads, indicating higher uncertainties regarding product
recoverability. LDP, which leans towards less optimized
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Fig. 12 Uncertainty analysis of GWP results measured in kg CO, eq./m?/year for the three building scenarios using S1 curve and median SL of

products
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dismantling, has an increased spread compared to HDP.
This trend of uncertainty is also reflected in the EoL stages.
In C2 (Transport at EoL), C3 (Sorting), and C4 (Landfill),
the impacts of the varying degrees of certainty in product
recovery between HDP, LDP, and BAU are evident. Given
HDP’s optimized design, there is a higher likelihood of sort-
ing and transporting fewer products to landfills. Conversely,
LDP and BAU, with their higher spreads in the replacement
stage, likely contribute more to landfill and associated envi-
ronmental impacts.

Lastly, we come to the D stage, concerning product recov-
ery. The data reflect two contrasting scenarios: one showcas-
ing a worst case scenario where products are downcycled
at the EoL even if recovered (D recovered but downcycled)
and another showcasing a best case scenario where recov-
ered products are reused (D recovered for reuse). LDP has
a prominent credit in the downcycled segment, stemming
from the fact that LDP sees more products replaced during
its lifecycle, which leads to greater benefits when these prod-
ucts are recycled, albeit in a downcycled manner. For further
information, a table showcasing the full uncertainty statisti-
cal analysis can be found in Supplementary Information C.

4.5.2 Hotspot analysis

An environmental hotspot analysis was conducted for the
BAU scenario, assuming the median SL scenario and the
S1 curve for the RP, categorizing products into four distinct
layers—structure, space plan, skin, and services—based on
Brand’s shearing layers. This methodical framework facili-
tates a detailed examination of the environmental performance
of different components and systems within the building.

The results in Fig. 13 suggest a preponderance of the
structure layer’s contribution to the GWP across multiple life
cycle stages of the building. The significant environmental
impact of the structure layer is particularly evident in the
A1A3 and A4 phases, underscoring its role in the build-
ing’s environmental footprint. The skin layer, with an impact
of 8056 kg CO, eq. in the A1A3 phase, which account for
15.1% of GWP of that stage, showcases, on average, the
second largest environmental footprint. However, when con-
sidering the end-of-life stage with its recovery benefits, the
skin layer’s environmental impact decreases, highlighting
the potential benefits of material recovery strategies.

The space plan layer registers a high environmental
impact during the B4 stage, with a GWP of 15,998 kg CO,
eq. Despite considering end-of-life recovery benefits, the
cumulative impact of the space plan layer remains high,
emphasizing the importance of sustainable choices in
interior space planning and design. Despite its mitigation
potential at the EoL stage, the structure layer exhibits a
pronounced environmental impact, specifically 36,589 kg
CO, eq. in the A1A3 stage. This emphasizes the need for
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innovative and sustainable building products to reduce its
environmental impact.

Meanwhile, although the services layer has a lesser over-
all footprint than others, it shows a significant environmen-
tal contribution in the B4 stage, considering all layers when
strategizing for comprehensive sustainability in building
design. In our subsequent hotspot analysis, we took a com-
parative approach to delineate potential areas of improvement
by setting the BAU scenario as a benchmark. This meant ana-
lyzing the differential impact of tweaking the DP of individual
layers while keeping the others constant to the BAU configu-
ration. The results of this comparison and hotspot analysis of
HDP and LDP, which include 18 additional impact categories,
can be found in Supplementary Information D.

4.5.3 Robustness and sensitivity analyses

In our robustness analysis, we investigated the consistency
of the environmental benefits offered by HDP designs under
various SL assumptions and with differing inclusion levels
of Module D. Our study reveals that HDP designs typically
result in lower embodied GHG emissions compared to BAU
across a range of SL scenarios.

However, an exception arises in a specific case: when it
is assumed that all products achieve their maximum possible
service life and Module D is excluded from the analysis.
Under these conditions, the consistent advantage of HDP
designs becomes less evident. Despite this exception, the
robustness of our findings extends across all 19 environ-
mental impact categories evaluated in our study, indicating
the significance of HDP designs in reducing environmen-
tal impacts. This comprehensive analysis highlights the
importance of considering a wide range of life cycle stages,
including those encapsulated in Module D, to fully capture
the environmental benefits of HDP designs. For detailed
insights into these analyses, including their impact across
the various categories and scenarios, we refer to Supple-
mentary Material E.

The heatmap presented in Fig. 14 demonstrates how var-
iations in SL and RP curves can profoundly impact GWP
outcomes. Our sensitivity analysis was designed to dissect
the model’s reaction to these changes, considering their
real-world variability. The heatmap represents the results
of the OAT sensitivity analysis, offering insights into two
specific system boundaries. The first system excludes the
EoL recycling and reuse benefits (Module D), while the
second assumes total product reuse upon recovery, incorpo-
rating these benefits. The GWP results with the exclusion
of Module D show subtle changes, indicating sensitivity to
different service life scenarios within this specific bound-
ary. On the other hand, the introduction of the C8 sce-
nario in the RP curve yields noticeable variations in GWP
results, revealing its pronounced sensitivity irrespective of
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Fig. 13 Hotspot analysis—contribution of each brand layer to GWP of each life cycle stage using S1 curve and median SL of products

the boundary being examined. Further scrutiny shows that
the RP curve’s relationship with service life scenarios and
system boundaries is not straightforward. The effect of the
RP curve fluctuates based on the SL scenario in play and
is further influenced by the chosen system boundary. These
observations stress the intricate relationships between the

parameters and their collective impact on the environmen-
tal outcomes of building products. While the OAT method
provides valuable insights into the individual influences
of parameters, it is crucial to recognize its limitations. The
method might not encapsulate the full picture when multi-
ple parameters undergo changes simultaneously.
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5 Conclusion

In the rapidly evolving field of sustainable building design,
the potential to mitigate the embodied environmental
impacts remains a pressing area of investigation. Address-
ing these concerns, our research centered on unraveling
the influences of product interdependencies in buildings
on embodied environmental impacts, mainly GWP. Such
a focus emerged from the recognition that many conven-
tional LCAs do not capture the repercussions of these
interdependencies and do not recognize the significance of
EoL RP, which potentially leads to both an oversight in the
embodied environmental impact assessment and an under-
accounting of the potential benefits stemming from future
recovery initiatives. The application of our method to a
ZEB case study revealed a significant, often omitted, envi-
ronmental impact of building products resulting from their
interdependencies. We compared the findings of the BAU
scenario, which represents how ZEB was designed and
implemented in real life, to a HDP scenario that assumes
every product in the building can be disassembled and
recovered, which mirrors the traditional building LCA’s
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view on treating products in isolation. Accordingly, we
determined that overlooking interdependencies in building
LCAs can lead to an underestimation of embodied GWP
by as much as 28.29%. If we neglect to account for the
benefits of future product recovery, we are substantially
underestimating the potential of DfD. When we incor-
porate EoL recovery benefits (Module D), particularly
under the assumption that recovered products are reused
in subsequent projects, a ZEB designed with specific DfD
principles can achieve a reduction in embodied GHG emis-
sions of up to 45.94% compared to a LDP design.

Using our proposed method, the GWP impact of our
building case study stood at 13.92 kg CO, eq./m*/year
when excluding Module D. However, when considering
the best-case scenario encompassing selective demolition
and reusing recovered products, this value drops to 9.07 kg
CO, eq./m?/year, leading to significant environmental ben-
efits. Standard demolition practices resulted in a slightly
higher impact of 11.56 kg CO, eq./m?/year. Our uncertainty
analysis, which factored in various elements of unpredict-
ability, placed the potential impact within a range of 12.571
to 15.978 kg CO, eq./m*/year.
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The hotspot analysis highlighted some stark realities about
construction materials. Primarily, the structure layer, which is
heavily reliant on concrete and steel, emerged as the primary
contributor to environmental impacts. However, by compar-
ing different scenarios, focusing on the adjustment of DP at
the individual layer level, we found that the space plan layer
holds substantial promise. It emerged as the component with
the highest potential for curbing GWP, emphasizing the sig-
nificance of informed interior design choices. Our findings
are robust to variations in the relationships, with the notable
exception of the C8 curve scenario, and the results demonstrate
a pronounced sensitivity to product service life assumptions.

Building upon these findings, it is pertinent to recog-
nize certain limitations and potential pathways for further
research. The postulated connection between product DP
and RP remains primarily theoretical. A promising avenue
would be to develop material passports enriched with prod-
uct-specific parameters. Such passports can elucidate the
nuanced relationships between product assembly, disassem-
bly, and the overarching RP, thereby refining assessments
related to circularity within building systems. Furthermore,
although the current SL scenarios are commonplace in build-
ing LCAs, they require more granular databases to cater to
specific material types. Our system boundaries, which over-
looked phases such as C1 and A5, could present consequen-
tial gaps. Especially in DfD-designed structures, variations in
assembly/disassembly processes could be significant.

5.1 Future research

In exploring product reuse in more depth, it is vital to con-
sider the actual wear and tear of products, known as their
technical life, rather than just depending on SL scenarios
based on data from demolitions. This is because the SL
might not always match the real service life of a product.
Looking at the costs of disassembly is also an important area
for our next steps in research. By factoring in these disas-
sembly costs into our methods, we can refine the accuracy
of our approach. This will ensure that our environmental
evaluations match real-world situations better, given that
decisions about disassembly and recovery are often influ-
enced by economic benefits.

BIM integration, with its vast potential, could be har-
nessed more effectively to assess recovery potentials within
LCAs, driving enhanced efficiencies. Given the temporal
nature of LCA, especially considering that EoL impacts
manifest over extended durations, prospective LCAs can be
instrumental. Such futuristic assessments, accentuated with
evolving datasets, can cast a spotlight on the benefits span-
ning recovery, recycling, and other EoL processes.

Lastly, future research could extend the method presented
in this paper to include ISO 20887:2020 principles focusing

on remanufacturability and refurbishability. This integration
will enhance our framework’s ability to assess lifecycle sus-
tainability and resource efficiency in the built environment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11367-024-02324-8.
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