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Abstract
Purpose  This study advances building LCA methodology by introducing time-resolved prospective LCA (trP-LCA). This 
approach improves upon static LCA through both the integration of projected changes in background LCI data as well as the 
consideration of product recovery potential following Abu-Ghaida et al. (2024). We quantify differences between static and 
time-resolved approaches and assess whether embodied greenhouse gas (GHG) benefits of Design for Disassembly (DfD) 
remain sizable across various future scenarios.
Methods  The trP-LCA method generates lifecycle inventories for each building product over its use timeline, including 
construction, replacement cycles, and end-of-life. We forecast inventory databases across nine scenarios, interpolating in 
5-year increments for higher resolution temporal mapping. This methodology is applied to a case study of a single-family 
zero-energy building in the Netherlands, comparing three design variants: a business-as-usual design with conventional DfD 
elements, a variant with high disassembly potential, and one with minimal disassembly considerations.
Results and discussion  Our results indicate that for the zero-energy building case study, static LCA (excluding Module D 
benefits) overestimates embodied GHG emissions by up to 32% relative to trP-LCA, with discrepancies increasing over 
the building’s lifespan. Enhanced disassembly potential consistently reduces embodied emissions by 12 – 25% across all 
projected future scenarios. Module D benefits for material recovery exhibit counterintuitive trends; as production processes 
become cleaner in sustainable scenarios, the environmental burden of the avoided virgin production diminishes, thus reducing 
the calculated credit. These findings underscore that static LCA fails to capture the technological improvements over time, 
leading to inflated emission estimates, particularly for replacements produced decades after construction.
Conclusions  Incorporating product recovery potential, trP-LCA yields substantially different impact estimates than static 
LCA for long-lived buildings, especially in replacement and end-of-life phases. Although the absolute benefits of DfD may 
shrink in greener futures, the relative advantages persist across all scenarios. Our study contributes to sustainable building 
design by providing a dynamic framework that informs designers and policymakers about long-term environmental impacts, 
thereby supporting the transition to low-carbon, resource-efficient built environments.

Keywords  Time-resolved prospective LCA · Design for disassembly · Embodied carbon · Buildings · Circular economy · 
Prospective LCA · Product recovery potential

1  Introduction

The building sector is pivotal in global sustainability efforts, 
accounting for approximately 34% of global energy con-
sumption and 37% of energy and process-related greenhouse 
gas (GHG) emissions (UN Environment Programme 2024). 
As the industry strives to meet ambitious decarbonization 
targets for 2050 (European Commission 2021; International 
Energy Agency 2021), attention is shifting from operational 
to embodied GHG emissions. These embodied emissions, 
arising from the production, replacement, transport, and 
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end-of-life (EoL) treatment of building materials, represent 
21% of a building’s lifecycle GHG emissions on average 
(Röck et al. 2020) and are projected to dominate total life-
cycle emissions in highly energy-efficient structures (Anand 
And Amor 2017).

Life Cycle Assessment (LCA) has emerged as a crucial 
tool for quantifying the environmental impacts of buildings 
throughout their lifespan (Buyle et al. 2013). However, tra-
ditional LCA approaches face limitations in capturing the 
dynamic nature of technological progress, policy changes, 
and evolving energy systems (Frischknecht And Stucki 
2010; Pauliuk et al. 2017; Voglhuber-Slavinsky et al. 2022).

These limitations are particularly pronounced when 
assessing long-lived structures such as buildings, where 
impacts can vary significantly over time (Van de moortel 
et al. 2022; Fnais et al. 2022). Traditional LCA is especially 
ill-suited for evaluating the full potential of circular econ-
omy principles, which are inherently time-dependent. The 
benefits of strategies such as Design for Disassembly (DfD), 
for instance, are realized at a building’s use and end-of-life, 
under technological and economic conditions that may be 
vastly different from today. The same challenge applies to 
other key circular strategies: the value of durability and 

service life extension is determined by the environmental 
cost of the future replacements it avoids; the benefits of 
adaptability and flexibility are realized when a building is 
modified decades after construction, preventing emissions 
from demolition and new builds.

To address these temporal dimensions, LCA methodolo-
gies can be broadly categorized into three approaches: static, 
dynamic, and prospective. While these share foundational 
principles, they differ significantly in their treatment of time 
and future projections (Arvidsson et al. 2018; Cucurachi 
et al. 2022). Figure 1 illustrates the key differences between 
these approaches and our proposed trP-LCA method.

Static LCA, as standardized in ISO 14040, aggregates 
all environmental impacts to a single point in time, regard-
less of when they occur during a product’s life cycle. This 
approach neither accounts for temporal emission varia-
tions nor considers background system changes over time. 
Dynamic Life Cycle Assessment (DLCA) incorporates 
time-dependent variations in inventory flows and char-
acterization factors, though our study focuses only on 
dynamic inventories to specifically isolate the impact of 
evolving background technologies. This approach particu-
larly enhances the assessment of climate change impacts, 

Fig. 1   Comparison of LCA 
approaches and their temporal 
treatment of environmental 
impacts. Static LCA (bottom 
left) aggregates all impacts 
to a single reference point, 
regardless of when they occur. 
DLCA (top left) captures 
temporal variations by tracking 
high-resolution impacts within 
the assessment period. Based 
on different scenarios, PLCA 
(bottom right) projects impacts 
at future points. trP-LCA (top 
right) combines temporal track-
ing with scenario evolution, 
mapping specific impacts to 
their occurrence time while 
accounting for changing back-
ground systems
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where emission timing significantly affects environmental 
consequences (Levasseur et al. 2010). In building appli-
cations, for example, DLCA has been used to capture 
hourly fluctuations in grid carbon intensity (Roux et al. 
2017) and time-dependent biogenic carbon fluxes (Pittau 
et al. 2022). Prospective Life Cycle Assessment (PLCA) 
focuses on evaluating emerging technologies and future 
scenarios, incorporating technological learning curves and 
market development projections (Cucurachi et al. 2018). 
PLCA scenarios typically combine Shared Socioeconomic 
Pathways (SSPs) with Representative Concentration Path-
ways (RCPs) to explore different future trajectories, from 
sustainable development (SSP1) to fossil-fueled growth 
(SSP5) (van Vuuren et al. 2017).

Building on these concepts, this study introduces time-
resolved Prospective LCA (trP-LCA) as a methodological 
framework that combines the temporal tracking of inven-
tory changes from DLCA with the future-oriented scenario 
analysis of PLCA. The concept of “time-resolved LCA” was 
first introduced by Zimmermann et al. (2014) as a middle 
ground between static and fully dynamic methods. In our 
application, trP-LCA maps life cycle inventory (LCI) data 
to specific points in time using projections from integrated 
assessment models (IAMs), which we generate using the 
PRospective EnvironMental Impact asSEssment (PREM-
ISE) framework (Sacchi et  al. 2022). This allows each 
process, product, or service’s environmental impact to be 
calculated using inventory data appropriate for its year of 
occurrence, emphasizing how technological evolution and 
system changes affect life cycle inventories over time.

This paper builds on our previous work, which introduced 
an LCA method for assessing product recovery potential in 
building LCAs using a disassembly network-based approach 
(Abu-Ghaida et al. 2024). While our previous research eval-
uated the environmental benefits of DfD for a Zero-Energy 
Building (ZEB) by accounting for product dependencies, it 
was limited by its static nature. The current study enhances 
this approach by incorporating projected changes in LCI 
data over time, integrating different combinations of SSPs 
and RCPs.

This research has two primary aims: (1) to determine 
whether the environmental benefits of DfD principles remain 
sizable across various future development pathways and (2) 
to quantify the differences in environmental impact estimates 
between conventional static LCA and trP-LCA when assess-
ing building embodied emissions. To test our framework, we 
apply it to a building case study to quantify the embodied 
GHG emissions of three design variants with varying levels 
of disassembly potential: a business-as-usual (BAU) design, 
a high disassembly potential (HDP) design, and a low disas-
sembly potential (LDP) design. By analyzing these variants 
across multiple future scenarios, we can assess the robust-
ness of DfD benefits over time.

The contribution of this research lies in three key aspects: 
(1) it represents the first application of trP-LCA to buildings, 
(2) it is the first study to assess circular economy principles, 
specifically DfD, by using a time-resolved approach, and 
(3) it extends the application of the PREMISE framework to 
building component lifecycles, demonstrating how prospec-
tive LCI data can inform circular economy strategies in the 
built environment.

This methodological approach is particularly relevant for 
long-term infrastructure assessment, where both temporal 
considerations and future projections play essential roles. By 
tracking how LCI data evolves over time while incorporat-
ing different development pathways, the framework provides 
insights into how building design choices affect environmen-
tal performance under different future conditions. A signifi-
cant research gap exists regarding the temporal robustness 
of circular design strategies. As background systems evolve 
toward decarbonization, the environmental advantage of 
strategies such as DfD may theoretically diminish due to 
the decreasing emissions intensity of production processes. 
This research systematically examines this methodological 
question by quantifying the relative benefits of enhanced 
disassembly potential across divergent future pathways, 
addressing what Fnais et al. (2022) identified as a critical 
need in building LCA: the integration of temporal informa-
tion in lifecycle inventories.

The paper is structured as follows: Section “Methods” 
delineates the methodological framework of trP-LCA, 
explaining how it tracks inventory changes while incorpo-
rating future scenarios. Section 3 presents and discusses the 
results, analyzing how different design strategies perform 
across future scenarios and temporal periods. Finally, Sect. 4 
concludes with findings, and implications for sustainable 
building practices.

2 � Methods

Our method expands upon the ISO 14040/14044 LCA 
framework (ISO: 14040 2006a; ISO: 14044 2006b) by incor-
porating recovery potential assessment and temporal evolu-
tion. Before introducing our key methodological advances, 
we outline the foundational components established in Abu-
Ghaida et al. (2024), indicated by gray sections in Fig. 2. 
These components form the essential groundwork for the 
enhanced approach presented in this paper.

The framework begins with Goal and Scope Definition 
(Sect. 1 of Fig. 2), establishing the system boundaries, func-
tional unit, and assessment objectives. This foundational step 
directs all subsequent analyses and connects directly to the 
DfD Assessment (Sect. 3). Supporting Data (Sect. 2) encom-
passes four critical data categories: LCI databases, EoL sce-
narios, Transport scenarios, and Service Life scenarios.
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The DfD Assessment (Sect. 3) quantifies recovery poten-
tial through a systematic process that first creates a detailed 
Building Inventory (Sect. 3a) cataloging all construction 
materials and components. This inventory feeds into the Dis-
assembly Assessment (Sect. 3b), which evaluates the ease 
of building disassembly using indicators such as connec-
tion types, accessibility, form containment, and crossings. 
The assessment culminates in calculating Recovery Poten-
tial (Sect. 3c), determining the likelihood of successfully 
recovering components for reuse or repurposing.

The paper builds upon this foundation by introducing 
temporal dynamics and scenario-based projections, repre-
sented by the white sections in Fig. 2. These enhancements 
capture how technological advancement, energy system 
evolution, and policy changes affect the environmental bur-
den of producing, transporting, and disposing of materials 
throughout a building's lifetime.

To fulfill these assessment objectives, the methodology is 
applied to a specific building case study where we analyze 
three distinct configurations to evaluate the environmen-
tal benefits of DfD principles. The first is a BAU scenario, 
which represents a zero-energy building as constructed 
with limited DfD practices. The second is a HDP scenario 
that maximizes connection reversibility by optimizing all 
connections to achieve the highest possible disassembly 
potential score of 1.0; this involved assuming reversible 

mechanical fasteners replaced adhesives or destructive con-
nections. The third is a LDP scenario representing a theo-
retical worst-case, where easily accessible connections were 
assumed to be replaced with embedded or destructive types, 
assigned the lowest possible score of 0.1.

The methodological framework, case study, and these 
design variants build directly upon our previous work (Abu-
Ghaida et al. 2024). In that foundational study, we explored 
the impact of different service life and recovery potential 
assumptions. The primary goal of this current research is to 
extend that static framework into a time-resolved prospec-
tive one to assess how DfD benefits perform under evolving 
future conditions.

To isolate the impact of the newly introduced temporal 
dynamics, namely, the projected changes in background 
LCI data, we deliberately standardized other key parameters 
using the default median scenarios from our previous analy-
sis. The building’s service life is set to a median value of 
60 years. For individual components, we utilize their median 
service lives based on statistical data from Goulouti et al. 
(2021) following the methodology established in our prior 
work (Abu-Ghaida et al. 2024).The relationship between dis-
assembly potential (DP) and recovery potential (RP) is mod-
eled using the default S-curve (S1). Furthermore, the analy-
sis was updated from Ecoinvent v3.8 to v3.9.1 to ensure the 
use of the most current background data for our baseline. By 

Fig. 2   Overview of computational structure for performing trP-LCA. Gray sections represent the established methodology from Abu-Ghaida 
et al. (2024), white sections show additions made to establish the trP-LCA
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holding these parameters constant, we can confidently attrib-
ute the observed differences in environmental performance 
to the temporal evolution of background systems.

The inventory analysis phase employs three quantitative 
data sources: Building Information Modeling (BIM) mod-
els, technical drawings, and bills of materials. We structure 
this data hierarchically across five levels: material, prod-
uct, assembly, system, and building, following the Level(s) 
framework (Dodd et al. 2017). Each product’s data includes 
physical properties (mass, dimensions), functional roles, 
and specific disassembly sequences derived from revers-
ing documented assembly steps. The inventory maps to 
LCI datasets from Ecoinvent 3.9.1 (Ecoinvent 2022) for 
production impacts, the Environmental profile of building 
elements (MMG) methodology (TOTEM 2021) for trans-
port scenarios with defined distances and vehicle types, and 
Product Environmental Footprint (PEF) documentation for 
EoL pathways (European Commission 2019).

The disassembly network assessment employs Python-
based directed network graphs to represent product interde-
pendencies. Each edge represents a structural dependency 
(physical connection) or accessibility dependency (spatial 
relationship). We quantify four specific indicators for struc-
tural dependencies using fuzzy number logic: connection 
type (scored 0.1 – 1.0), connection access, form contain-
ment, and crossings (Durmisevic 2006).

Product disassembly potential calculation aggregates 
these scores using a weighted average approach, distin-
guishing between base products (structural components) 
and auxiliary products. This differentiation recognizes that 
auxiliary product removal should not impact base product 
disassembly potential. The resulting score ranges from 0.1 
to 1.0, quantifying disassembly feasibility.

Recovery potential assessment builds on these scores 
using non-linear least squares regression with the Leven-
berg – Marquardt algorithm (Moré 1978), enabling system-
atic evaluation of various scenarios from linear to S-curve 
relationships between disassembly and recovery potential.

This paper extends this framework by introducing several 
key additions, as shown in Fig. 2. The Scenarios Selection 
(Sect. 4b) incorporates SSPs, RCPs, and IAMs to model 
potential future conditions, creating a foundation for time-
resolved projections. The Prospective LCI Databases Gen-
eration (Sect. 4c) modifies baseline LCI data to reflect cho-
sen future scenarios, accounting for evolving technologies, 
energy systems, and waste management practices. Current to 
Future Scenario Mapping (Sect.  4d) creates a correspond-
ence between original Ecoinvent LCI datasets and their pro-
jected future versions, establishing a translation system that 
connects present-day inventory data with its projected future 
equivalents.

The Timeline Processing (Sect. 5) addresses the tempo-
ral aspects of the life cycle, determining when replacement 

events occur (Sect. 5a) and assigning specific timestamps 
to all lifecycle events (Sect. 5b). Our previous methodology 
primarily determined replacement frequency to calculate 
total material flows. In contrast, this enhanced framework 
requires high resolution temporal positioning for each activ-
ity to apply the appropriate year-specific LCI data. In static 
LCA approaches, the actual timestamp of an activity is 
irrelevant since impacts are calculated using the same back-
ground data regardless of when the activity occurs. However, 
in trP-LCA, each lifecycle event must be evaluated using 
projected production, transport, and waste management tech-
nologies specific to its occurrence year, making temporal 
positioning critical for accurate impact assessment. The final 
Impact Assessment stage (Sect. 6) calculates environmental 
impacts by incorporating time adjustments (Sect. 6a), group-
ing activities by time for computational efficiency (Sect. 6b), 
and estimating impacts at material (Sect. 6c), product (Sect.  
6 d), and building (Sect. 6e) levels.

This approach represents the first integration of trP-LCA 
with recovery potential assessment for buildings. We project 
material and process impacts into the future (2015 – 2100), 
covering our case study building’s construction in 2018 and 
the entire projection period available from current IAMs. 
Using IAMs, we achieve a higher temporal resolution than 
previous building LCAs through annual interpolation. Our 
method quantifies how embodied emissions differ from tra-
ditional static LCA results across nine distinct SSPs, IAMs, 
and RCP combinations.

The following sections detail how we transform this static 
recovery assessment into a trP-LCA framework for evaluat-
ing building design choices under various future pathways.

2.1 � Life cycle inventory projection and temporal 
mapping

Buildings present unique challenges for life cycle assess-
ment due to their extended lifespans. Our case study build-
ing, constructed in 2018 with an expected service life of 
60 years, will remain operational until 2078. During this 
period, building components will require multiple replace-
ments, each occurring under potentially different future con-
ditions. For example, a window installed in 2018 might need 
replacement in 2048, when production technologies, energy 
systems, and recycling capabilities will likely differ from 
present conditions. This temporal complexity necessitates 
projecting environmental impacts from 2015 (the baseline 
year for our models) through 2100, ensuring coverage of 
the entire building lifecycle, including potential service life 
extensions up to 85 years.

To project these impacts, our framework uses scenarios 
built on the standard climate research matrix, which com-
bines SSPs and RCPs. SSPs are narrative-based projec-
tions that describe plausible future societal developments, 
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outlining different global trajectories for demographics, 
economic growth, and policy implementation (O’Neill 
et al. 2014). They range from sustainable futures with 
low challenges for mitigation and adaptation (e.g., SSP1 
“Sustainability”) to resource-intensive, fossil-fuel-depend-
ent ones with high challenges (e.g., SSP5 “Fossil-fueled 
Development”) (O’Neill et al. 2014; Liao et al. 2023). 
In contrast, RCPs are not socioeconomic narratives but 
rather targets for climate outcomes, defined by the level 
of radiative forcing (the net change in the Earth’s energy 
balance) by the year 2100 (van Vuuren et al. 2011). These 
pathways represent different trajectories of GHG concen-
trations, corresponding to specific warming targets such 
as 1.5 °C or 2 °C (Lechtenberg et al. 2024). By combining 
an SSP with an RCP, a complete and consistent scenario 
is created, linking a societal pathway to a specific climate 
future, which is then modeled within an IAM (Cucurachi 
et al. 2022; Sacchi et al. 2022).

Following this framework, we implement nine selected 
scenarios to ensure consistent comparison across models 
while covering a range of potential future pathways, as 
shown in Fig. 3. The primary scenarios use SSP2 (“mid-
dle of the road” development), which represents moderate 
challenges for mitigation and adaptation, combined with 
three RCPs in each model. In REMIND, these scenarios 
are: SSP2-PkBudg500, aligned with RCP1.9 and aiming 
to limit warming to 1.5 °C with a 500 Gigatons (Gt) CO₂ 
budget from 2005 to 2100; SSP2-Base, which includes no 
additional climate policies beyond existing measures; and 
SSP2-PkBudg1150, aligned with RCP2.6 and pursuing a 
2 °C target with an 1150 Gt CO₂ budget. IMAGE uses the 
equivalent combinations of SSP2 with RCP1.9, Base, and 
RCP2.6, respectively.

We supplement these primary scenarios with additional 
ones to explore a broader range of socioeconomic and cli-
mate futures. As shown in Fig. 3, we include SSP1 (“Sus-
tainability”) Base scenarios from both models, represent-
ing a greener development pathway with lower challenges 
for mitigation and adaptation. We add an SSP5 (“Fossil-
fueled Development”) Base scenario from IMAGE only, 
as REMIND does not model this high-emission pathway 
characterized by resource-intensive lifestyles and limited 
climate policy. By covering multiple SSPs and RCPs, our 
framework captures a spectrum of plausible socioeconomic 
trajectories and climate outcomes (O’Neill et al. 2014; van 
Vuuren et al. 2017).

For Prospective LCI database generation (Sect. 4c in 
Fig. 2), we utilize the PREMISE tool to generate projec-
tions based on the selected scenarios. PREMISE connects 
LCI databases with IAMs to create future-oriented invento-
ries (Sacchi et al. 2022). We work with two complementary 
IAMs: IMAGE (Stehfest et al. 2014) and REMIND (Abou-
mahboub et al. 2020). IMAGE focuses on global environ-
mental issues, land use, and natural resource management, 
employing a process-based approach to simulate interactions 
between human activities and ecosystems (Popp et al. 2014). 
REMIND centers on energy systems and climate mitigation 
strategies, utilizing an optimization framework to explore 
cost-effective energy-transition solutions (Gong et al. 2022). 
Together, these models provide comprehensive projections 
of how material production processes, energy systems, and 
waste management practices might evolve over time.

For each scenario, we create projections at five-year inter-
vals from 2015 to 2100, yielding 18 timesteps. This tempo-
ral resolution matches the native output frequency of our 
IAMs while capturing significant technological transitions. 

Fig. 3   Selected scenario com-
binations across IMAGE and 
REMIND integrated assessment 
models
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The process generates 162 distinct LCI databases (9 sce-
narios × 18 timesteps), each maintaining consistent system 
boundaries with Ecoinvent 3.9.1 while incorporating sce-
nario-specific changes to energy carrier mixes, industrial 
process technologies, material production methods, trans-
portation systems, and agricultural practices (Cox et al. 
2020; Sacchi et al. 2022).

The final step in this section, Current to Future Scenario 
Mapping (Sect.  4 d in Fig. 2), involves creating a corre-
spondence between original Ecoinvent processes and their 
future projections across all scenarios and timesteps. The 
mapping process begins with Ecoinvent 3.9.1 as our base-
line database, containing detailed quantification of current 
production processes, material flows, and environmental 
exchanges. For example, present-day steel production data 
includes specific energy requirements, material inputs, and 
emission factors. These values are then linked to their future 
equivalents in each projected database.

The mapping process requires significant data transfor-
mation to connect conventional LCI datasets with projected 
future equivalents. While PREMISE provides comprehen-
sive projections, additional processing is needed to maintain 
data consistency across temporal boundaries and integrate 
with our building-specific inventory.

We store these mappings in a Structured Query Lan-
guage (SQL) database optimized for efficient retrieval, with 
separate tables for activities, scenarios, impact categories, 
and calculation results. The implementation processes sce-
narios in batches of five timesteps to manage computational 
requirements while maintaining data consistency. Each batch 
generates complete projected databases before proceeding 
to the next, balancing processing efficiency with memory 
constraints.

2.2 � Temporal framework for replacement activities

In this section, we explain how we establish time stamps 
for the entire life cycle of products and generate a product 
replacement schedule, as shown in Fig. 2 (Sect. 5a and 5b). 
Our approach extends the methodology detailed in Abu-
Ghaida et al. (2024) by incorporating a time-resolved assess-
ment. While our previous work already determined when 
replacements would occur to calculate their frequency, this 
enhanced framework requires precise temporal positioning 
of each activity to apply the appropriate year-specific LCI 
data.

The timeline establishment process involves two main 
steps: creating a primary replacement timeline and adjust-
ing it based on interdependencies between products. First, 
we create a primary replacement timeline by comparing 
each product’s service life with the building’s lifetime. For 
instance, if a product has a lifetime of 20 years and the build-
ing’s lifetime is 40 years, the product will need replacement 

at year 20. This process is repeated for all products in the 
building system.

Next, we consider product interdependencies. For 
instance, even if product Y normally lasts 50 years, if it is a 
subcomponent of product X and cannot be separated, it must 
be replaced concurrently with X at year 20. This adjustment 
ensures that cascading effects are accurately captured.

We then make further adjustments to account for the 
cascading effects of replacements. Consider a scenario 
where product A lasts 10 years, and its child product B lasts 
15 years but cannot be disassembled. When A is replaced 
at year 10, B must also be replaced. This shifts B’s first 
replacement from its initially scheduled year 15 to year 10 
(coinciding with A’s replacement), subsequently shifting B’s 
next replacement to year 25. These adjustments are made 
across all products to create a comprehensive replacement 
timeline.

Unlike static prospective LCA approaches that apply 
current technology levels to all future activities, our time-
resolved approach assigns temporally specific impact data 
to each activity based on when it occurs. This fundamen-
tally changes how environmental impacts are calculated and 
allocated throughout the building's lifecycle, as illustrated 
in Fig. 4.

Figure 4 demonstrates how impacts are allocated along 
the building’s lifetime. The timeline begins with mapping 
primary product replacements based on service life compari-
sons. Each replacement event triggers a cascade of activi-
ties, including production, transport, installation, and EoL 
treatment of the replaced components. Rather than using 
fixed impact factors as in our previous paper, each activity’s 
environmental burden is calculated using data projected for 
its specific year of occurrence.

For example, when a product requires replacement in 
2030, its production impacts are calculated using projected 
2030 manufacturing technologies and energy systems rather 
than baseline data from 2018. This temporal specificity 
captures expected improvements in production efficiency, 
evolution of energy grids, and advancements in material 
processing between the building’s construction and each 
replacement event. As shown in Fig. 4, each component’s 
EoL impacts (orange boxes) occur after its replacement, cre-
ating a time lag between production and disposal impacts 
that cannot be captured in static assessments.

The approach becomes particularly significant when con-
sidering interdependent products. If product A’s replacement 
in 2030 forces the replacement of product B due to acces-
sibility constraints, B’s replacement impacts are calculated 
using 2030 technology levels, even if B’s intended service 
life extends beyond that point.

EoL treatment showcases another key difference between 
static and time-resolved approaches. Rather than applying 
current waste management capabilities to all future disposal 
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activities, we project how treatment technologies and their 
associated impacts evolve over time. A product reaching 
EoL in 2050 has its disposal impacts calculated using pro-
jected 2050 waste management technologies and systems. 
Similarly, the benefits beyond the system boundary (green 
boxes in Fig. 4) are also calculated using the appropriate 
year-specific data.

The resulting timeline provides a year-by-year overview 
of material flows and their associated impacts, reflect-
ing how technological advancement and system evolution 
affect environmental burdens over time. This time-resolved 
approach enables a higher temporal resolution assessment 
of long-lived systems like buildings, where assuming static 
technology levels throughout the lifecycle would distort 
actual environmental impacts (Levasseur et al. 2010; Miller 
et al., 2013).

2.3 � Time‑resolved impact assessment 
and multi‑level aggregation

This section covers the final stages of our methodology as 
shown in Fig. 2: Time Adjustment (Sect. 6a), Time-based 
Activity Grouping (Sect. 6b), and the calculation of impacts 
at material, product, and building levels (Sects. 6c-6e).

The life cycle impact assessment (LCIA) at the prod-
uct level uses 26 distinct impact categories, comprising 
the Environmental Footprint (EF) 3.1 method’s stand-
ard 25 categories (European Commission 2019) plus 
the Intergovernmental Panel on Climate Change (IPCC) 
2021 global warming potential methodology. This addi-
tional GWP metric incorporates biogenic CO₂ flows and 
accounts for net negative emission technologies, which is 

particularly relevant for analyzing future scenarios where 
carbon capture technologies become more prevalent (Sac-
chi et al. 2022). The results section focuses primarily on 
GWP due to buildings'significant role in climate change 
mitigation strategies.

Following Fig. 2, we first implement time adjustment 
for LCI data (Sect. 6a). The IAMs provide data at 5-year 
intervals from 2015 to 2100, but our analysis requires 
annual resolution to match replacement timelines. We 
apply linear interpolation, a common approach when 
higher-resolution trend data is unavailable, between avail-
able timesteps (see Supplementary Information S1). This 
adjustment ensures that each activity is associated with 
temporally appropriate inventory data.

For computational efficiency, we implement Time-
based Activity Grouping (Sect. 6b in Fig. 2). This process 
identifies instances where identical activities occur at the 
same timestamp across multiple building components. For 
example, if both steel beams and columns require “steel 
production” activity in 2018, we calculate this impact once 
with the combined quantity rather than processing it twice. 
This eliminates redundant calculations while maintaining 
assessment accuracy.

For Materials LCIA per Functional Unit (Sect. 6c), we 
calculate impacts for each material’s entire lifecycle. Ini-
tial production impacts (Modules A1-A3) are calculated 
for the building’s construction year (2018), incorporating 
material extraction, processing, and manufacturing based 
on quantities determined in the inventory analysis. Trans-
port impacts (A4) are similarly computed for 2018 using 
standard average distances from the MMG methodology 
(TOTEM 2021).

Fig. 4   Temporal distribution of life cycle impacts showing how building components generate production, transport, EoL, and recovery benefit 
impacts at their specific occurrence years throughout the building's lifespan
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The Product LCIA calculation (Sect.   6 d) aggregates 
material-level impacts to product-level, accounting for 
replacement cycles identified in the Temporal Framework 
section. Each replacement generates two distinct temporal 
impacts: EoL treatment of the original product and pro-
duction/transport of its replacement. Unlike static LCA 
approaches, each activity’s environmental impact is calcu-
lated using the projected data specific to its occurrence year, 
capturing technological advancements and system changes 
over time.

EoL processes include transport to waste management 
facilities (C2), material sorting (C3), and final disposal (C4). 
Module D captures benefits beyond the system boundary, 
particularly environmental advantages from material recov-
ery based on recovery potentials determined through disas-
sembly network analysis.

For Building LCIA (Sect. 6e), we aggregate product-level 
results across all nine scenarios, creating a comprehensive 
assessment matrix that captures variations across IAMs 
(REMIND/IMAGE), RCPs (1.9, 2.6, Base, PkBudg500, 
PkBudg1150), and SSPs (1, 2, 5). Our database organiza-
tion preserves temporal resolution by storing impacts with 
corresponding timestamps, enabling aggregated analysis and 
time-series visualization.

The assessment maintains consistency with the ISO 
14040/14044 framework while extending it to incorporate 
time-resolved elements. For interpretation, we compare the 
three building configurations (BAU, HDP, LDP) across dif-
ferent future scenarios to evaluate how design choices per-
form under various potential futures. We maintain consistent 
system boundaries and functional units (per square meter of 
floor area over 60 years) across all comparisons to ensure 
valid evaluation of environmental performance differences.

3 � Results and discussion

This section presents and analyzes the environmental perfor-
mance of different building designs across multiple assess-
ment methods and future scenarios, directly addressing our 
two primary research questions: (1) how trP-LCA estimates 
differ from static LCA for building embodied emissions, 
and (2) whether DfD environmental benefits persist across 
diverse future scenarios. Our analysis first quantifies these 
differences through a comprehensive comparison of assess-
ment approaches and then examines the underlying drivers 
and temporal patterns that explain these results.

Our analysis evaluates three consistently defined build-
ing design variants: (1) BAU – our case study building with 
standard DfD implementation; (2) HDP – the same build-
ing with connections optimized to maximize disassembly 
potential (DP = 1.0); and (3) LDP – the building with con-
nections redesigned for minimal disassembly consideration 

(DP = 0.1). By examining these designs across nine distinct 
future scenarios spanning sustainable development (SSP1), 
middle-of-the-road (SSP2), and fossil-fueled development 
(SSP5) pathways, as well as climate policies targeting dif-
ferent warming thresholds (1.5 °C and 2 °C), we provide 
robust evidence for the environmental benefits of enhanced 
disassembly potential under diverse future conditions.

While our method assessed 25 environmental impact cat-
egories according to the EF 3.1 methodology, we focus on 
global warming potential (GWP) measured in kg CO₂ eq/m2. 
This focus is justified by the building sector’s significant role 
in climate change mitigation strategies and because IAMs 
like IMAGE primarily explore pathways to reach climate 
targets, with less reliable modeling of mechanisms important 
to other impact categories (Bruhn et al. 2023). Results for all 
impact categories are provided in Supplementary material 
S2, where similar patterns of relative performance between 
designs and assessment methods are generally observed.

3.1 � Comparative assessment of building designs: 
static versus trP‑LCA

Our analysis reveals differences in environmental impact 
estimates between static LCA and trP-LCA approaches 
across all building designs. These differences highlight the 
importance of methodological choices when assessing long-
lived infrastructure such as buildings.

Figure 5 illustrates the evolution of cumulative GHG 
emissions from 2018 to 2078 for the three building designs. 
To account for future uncertainty, each design is evaluated 
across the nine distinct future scenarios detailed in Sect. 2. 
The solid line for each design represents the arithmetic mean 
of the GHG emissions across these nine scenarios. The cor-
responding shaded area depicts the full range of outcomes 
(the variation zone), from the most optimistic (lowest emis-
sions) to the most pessimistic (highest emissions) future 
pathway.

Analyzing the mean trajectory, the BAU design exhibits 
distinct increases around 2040, 2055, and again just before 
EoL in 2078, each corresponding to major replacement 
cycles when multiple large components (e.g., cladding, 
finishes) simultaneously reach the end of service. These 
spikes are amplified in the LDP design, where low disas-
sembly potential forces the removal of otherwise functional 
materials. In contrast, the HDP design shows fewer and 
smaller spikes because individual elements can be replaced 
with minimal disruption to adjacent products, producing a 
smoother cumulative emissions trajectory.

By the building’s mid-life (around 2048), HDP averages 
roughly 483 kg CO₂ eq/m2, compared to 527 for BAU and 
556 for LDP. This gap underscores how higher disassem-
bly potential dampens replacement-driven emissions. The 
dashed lines represent static LCA results, which remain 
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above the average trP-LCA trajectories after about 2040. 
By 2078, static LCA can overestimate BAU’s total embod-
ied emissions by up to 32% in the most optimistic sce-
nario. This discrepancy arises because static LCA cannot 
capture the gradual decarbonization of future production 
processes, especially during later replacements.

The slight downward turn at the end of the building’s 
life (2078) is directly related to the application of end-of-
life recovery credits from Module D. This decline in the 
cumulative curve occurs because the environmental benefit 
of recovering materials, which avoids the future produc-
tion of new materials, is subtracted from the building's 
total lifetime emissions. This finding aligns with other pro-
spective studies indicating that circular strategies, such as 

reuse or recycling, offer fewer emission reductions when 
future manufacturing is significantly decarbonized.

Table 1 compares the GHG emission estimates derived 
from static LCA and trP‐LCA for the BAU, HDP, and LDP 
designs with and without Module D benefits. Overall, static 
LCA tends to yield higher emissions for BAU compared 
to trP‐LCA; for example, static LCA estimates BAU emis-
sions at 828 kg CO₂ eq/m2 (excluding Module D), whereas 
trP‐LCA projects a range from 627 to 822 kg CO₂ eq/m2, 
an overestimation of up to 32%.

In contrast, the HDP design consistently exhibits lower 
emissions than BAU. Under static LCA, BAU registers 
828 kg CO₂ eq/m2 (excluding Module D) compared to 
596 kg CO₂ eq/m2 for HDP, a reduction of approximately 

Fig. 5   Cumulative GHG emissions across different building designs 
and scenarios over the 60-year service life. Solid lines represent the 
arithmetic mean across the nine future scenarios studied. Shaded 
areas indicate the full range of outcomes (min – max) across these 

scenarios, reflecting the uncertainty from different socioeconomic 
and climate pathways. Markers indicate specific impact events, and 
dashed lines show static LCA results for comparison

Table 1   Comparison of GHG emissions (kg CO₂ eq/m2) between trP-LCA and Static-LCA methods across three building design variants, show-
ing percentage differences with and without Module D benefits. Note: “Negative difference indicates trP-LCA results are lower than static LCA”

System boundary Design trP-LCA (min – max) Static LCA Difference (%)

Total excluding module D BAU (626.7) – (821.54) 828.42 (−32.19%) – (−0.84%)
HDP (549.81) – (614.22) 596.48 (−8.49%) – (2.89%)
LDP (683.03) – (909.48) 920.84 (−34.82%) – (−1.25%)

Total including module D BAU (441.87) – (532.21) 496.4 (−12.34%) – (6.73%)
HDP (180.48) – (336.29) 115.07 (36.24%) – (65.78%)
LDP (604.29) – (784.96) 764.75 (−26.55%) – (2.57%)



The International Journal of Life Cycle Assessment	

28%. When Module D benefits are included, static LCA 
estimates are 496 kg CO₂ eq/m2 for BAU and 115 kg CO₂ 
eq/m2 for HDP. This difference corresponds to a reduction 
of about 77% for HDP relative to BAU, demonstrating the 
environmental advantage of high disassembly potential. 
Conversely, the LDP design yields higher embodied emis-
sions than BAU under all conditions. Under static LCA, 
LDP’s emissions are about 11% greater than BAU (920 vs 
828 kg CO₂/m2 excluding Module D), and when including 
Module D benefits the gap widens to ~ 54% (765 vs 496 kg 
CO₂/m2). This consistent pattern across assessment methods 
confirms that poor disassembly potential worsens environ-
mental performance regardless of methodological approach 
or future scenario.

These findings underscore that static LCA does not account 
for the gradual decarbonization of production processes over 
time. While static LCA applies current production impacts uni-
formly to all future activities, trP‐LCA adjusts for anticipated 
technological improvements and cleaner production meth-
ods. As future manufacturing becomes less GHG-intensive, 
the benefits from avoided production, captured as Module D 
credits, diminish accordingly. This pattern is consistent with 
the results reported by Šimaitis et al. 2023 on lithium-ion bat-
teries, which found that recycling benefits could decrease by 
up to 75% in future scenarios with decarbonized electricity, 
potentially leading to higher net impacts (Šimaitis et al. 2023). 
This outcome underscores why temporal specificity is essential 
for evaluating circular economy strategies, which derive much 
of their environmental benefit from avoiding future production 
(Gallego-Schmid et al. 2020).

The implications for decision-making in the building 
sector are clear: failing to incorporate temporal dynam-
ics can lead to suboptimal design choices, particularly for 
long-lived structures with multiple replacement cycles. A 

more detailed stage-by-stage analysis is essential to iden-
tify the key drivers behind these aggregate differences 
and to inform targeted strategies for sustainable building 
design.

To understand the drivers behind the overall differences 
in environmental performance, we further disaggregated 
GHG emissions by life cycle stage (see Table 1). This analy-
sis reveals that the most considerable divergences between 
static LCA and trP-LCA occur during the replacement phase 
(B4) and in Module D benefits. At the same time, production 
(A1 – A3) and transport (A4) stages show minimal variation.

Table 2 presents the breakdown of GHG emissions by 
life cycle stage for each building design, comparing static 
LCA with trP-LCA results. Both methods yield nearly 
identical values for production, approximately 445 kg CO₂ 
eq/m2, which is expected since initial production occurs 
in 2018, close to the baseline year. Similarly, transport 
impacts are similar across all designs, with only minor 
differences between methods.

In contrast, the replacement phase shows larger differ-
ences. For BAU, static LCA estimates replacement emis-
sions at about 337 kg CO₂ eq/m2, while trP-LCA projec-
tions range from roughly 147 to 307 kg CO₂ eq/m2. This 
suggests that static LCA can overestimate replacement 
emissions by as much as 130% in more sustainable sce-
narios due to its inability to account for the gradual decar-
bonization of production processes over time. Notably, the 
HDP design exhibits much lower replacement emissions; 
static LCA indicates about 122 kg CO₂ eq/m2 for HDP, 
nearly 64% lower than BAU, while trP-LCA shows a sim-
ilar trend across scenarios. Conversely, the LDP design 
incurs a higher replacement burden compared to BAU, 
confirming that poor disassembly potential exacerbates 
environmental impacts during component replacement.

Table 2   Breakdown of 
greenhouse gas emissions 
(kg CO₂ eq/m2) by life cycle 
stage for each building design, 
comparing static LCA with trP-
LCA ranges and highlighting 
percentage differences between 
methods across production 
(A1-A3), transport (A4), 
replacement (B4), EoL (C), and 
benefits (D) phases

System boundary Design Static LCA trP-LCA (min – max) Difference (%)

A1-A3 BAU 444.59 (441.01) – (465.37) (−0.81%) – (4.47%)
HDP 444.59 (441.01) – (465.37) (−0.81%) – (4.47%)
LDP 444.59 (441.01) – (465.37) (−0.81%) – (4.47%)

A4 BAU 3.79 (3.64) – (3.78) (−4.12%) – (−0.26%)
HDP 3.79 (3.64) – (3.78) (−4.12%) – (−0.26%)
LDP 3.79 (3.64) – (3.78) (−4.12%) – (−0.26%)

B4 BAU 336.83 (146.55) – (307.03) (−129.84%) – (−9.71%)
HDP 122.34 (77.21) – (117.58) (−58.45%) – (−4.05%)
LDP 414.38 (190.21) – (380.03) (−117.85%) – (−9.04%)

C BAU 43.21 (32.99) – (45.35) (−30.98%) – (4.72%)
HDP 25.75 (18.91) – (27.48) (−36.17%) – (6.3%)
LDP 58.07 (44.58) – (60.29) (−30.26%) – (3.68%)

D BAU  −332.02 (−289.33) – (−160.92) (−14.75%) – (−106.33%)
HDP  −481.41 (−409.47) – (−219.67) (−17.57%) – (−119.15%)
LDP  −156.08 (−144.38) – (−78.75) (−8.1%) – (−98.2%)
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EoL impacts (C) also differ between methods, with static 
LCA overestimating these impacts by up to 31% for BAU. 
Module D benefits reveal a critical insight: for BAU, static 
LCA applies a uniform credit of around  – 332 kg CO₂ eq/
m2, whereas trP-LCA yields a range from about  – 289 to  
– 161 kg CO₂ eq/m2. This variation highlights that as pro-
duction processes become cleaner in future scenarios, the 
environmental benefit of avoiding new production through 
material recovery diminishes.

This stage-by-stage analysis shows that replacement 
impacts, and Module D benefits are the primary contribu-
tors to the aggregate differences between static LCA and trP-
LCA. These findings emphasize the importance of incorpo-
rating temporal dynamics into LCA, providing more targeted 
insights for sustainable building design and more accurate 
assessments of long-term environmental performance.

3.2 � Influence of future development pathways 
on DfD benefits

We now examine how future development pathways influ-
ence the environmental benefits of DfD. Table 3 presents 
the three building designs'GHG emissions across socio-
economic scenarios (SSP1-Base, SSP2-Base, SSP5-Base). 
Under the middle-of-the-road SSP2-Base scenario, BAU 
produces intermediate emissions, while HDP consistently 
reduces emissions by about 25% relative to BAU. In con-
trast, LDP increases emissions by roughly 11% compared 
to BAU. Under the sustainable SSP1-Base scenario, BAU 
emissions are approximately 4% lower than under SSP2-
Base, reflecting cleaner background technologies; however, 
HDP still achieves nearly a 24% reduction relative to BAU. 
In the fossil-fueled SSP5-Base scenario, overall emissions 
are highest, yet HDP maintains a reduction of around 25% 

relative to BAU, and LDP remains about 11% higher. These 
trends indicate enhanced disassembly potential offers robust 
environmental benefits regardless of socioeconomic devel-
opment trajectories.

Conversely, under the fossil-fueled SSP5-Base sce-
nario modeled by REMIND, BAU emissions increase to 
822 kg CO₂ eq/m2. In this less sustainable future, HDP 
still performs strongly, reducing emissions to approxi-
mately 614 kg CO₂ eq/m2, a reduction of about 25% rela-
tive to BAU. LDP again exhibits higher emissions, reach-
ing roughly 909 kg CO₂ eq/m2, or 11% above BAU. These 
consistent trends across SSPs illustrate that the benefits of 
DfD are robust regardless of socioeconomic development 
trajectories.

Table 4 extends the analysis to climate policy scenar-
ios. Under the IMAGE-RCP1.9 scenario (targeting 1.5 °C 
warming), BAU emissions are reduced to 627  kg  CO₂ 
eq/m2, reflecting the impact of aggressive decarboniza-
tion measures. In this context, HDP achieves emissions of 
550 kg CO₂ eq/m2, a reduction of about 12% compared 
to BAU. Although the absolute differences are minor in a 
highly constrained climate scenario, the ranking of designs 
remains consistent.

Under IMAGE-RCP2.6 (aligned with a 2 °C target), BAU 
emissions increase slightly to 654 kg CO₂ eq/m2, while HDP 
registers around 561 kg CO₂ eq/m2. The relative reduction 
in this case is approximately 14%. These results indicate that 
the relative advantage of enhanced disassembly potential can 
increase as climate policies become less stringent.

The REMIND peak budget scenarios further reveal 
nuanced differences. In the PkBudg500 scenario (aligned 
with a 1.5  °C target), BAU emissions are estimated at 
653 kg CO₂ eq/m2, with HDP reducing emissions to about 
556 kg CO₂ eq/m2, a 15% reduction. In the less restrictive 

Table 3   GHG emissions (kg CO₂ eq/m2) across socioeconomic pathways for all building designs, with percentage changes from BAU shown in 
parentheses

In the sustainable SSP1-Base scenario, BAU emissions decline to 752 kg CO₂ eq/m2, approximately 4% lower than under SSP2-Base. Despite 
the overall cleaner background conditions, the HDP design still substantially reduces emissions, with levels around 574 kg CO₂ eq/m2. This 
represents nearly a 24% improvement over BAU. Even though absolute emissions are lower in a sustainable development context, the relative 
advantage of enhanced disassembly potential remains pronounced

Design SSP1-Base (IMAGE) SSP2-Base (IMAGE) SSP5-Base (REMIND)

BAU 751.52 783.17 821.54
LDP 826.85 (+10.0%) 866.85 (+10.7%) 909.48 (+10.7%)
HDP 574.16 (−23.6%) 584.72 (−25.3%) 614.22 (−25.2%)

Table 4   GHG emissions 
(kg CO₂ eq/m2) across 
climate policy scenarios with 
percentage changes from BAU 
shown in parentheses

Design RCP1.9 (IMAGE) RCP2.6 (IMAGE) pkBudg500 (REMIND) pkBudg1150 (REMIND)

BAU 626.7 653.58 652.87 680.9
LDP 683.03 (+9.0%) 718.31 (+9.9%) 705.39 (+8.0%) 737.98 (+8.4%)
HDP 549.81 (−12.3%) 561.07 (−14.2%) 555.96 (−14.8%) 565.02 (−17.0%)
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PkBudg1150 scenario (aligned with a 2 °C target), BAU 
emissions climb to 681 kg CO₂ eq/m2, and HDP achieves 
emissions of roughly 565 kg CO₂ eq/m2, corresponding to 
a 17% reduction relative to BAU.

These climate policy scenarios indicate that aggressive 
decarbonization measures lead to lower absolute emissions 
for all designs, narrowing the gap between them. However, 
the consistent relative ranking, with HDP outperform-
ing BAU and BAU outperforming LDP, demonstrates that 
enhanced disassembly potential offers environmental ben-
efits under any climate policy scenario. In contrast, LDP 
consistently increases emissions by about 8 – 10% relative 
to BAU, regardless of the policy pathway.

The variation in absolute benefits across scenarios has 
important implications for policy development. In scenar-
ios with strict climate targets (such as RCP1.9), the overall 
emission reductions are smaller because all designs ben-
efit from cleaner production processes. For instance, under 
IMAGE-RCP1.9, HDP reduces emissions by approximately 
77 kg CO₂ eq/m2 compared to BAU, whereas under SSP2-
Base, the reduction is nearly 198 kg CO₂ eq/m2. This sug-
gests that while DfD remains beneficial in all cases, its abso-
lute impact depends on the broader decarbonization context.

When both socioeconomic and climate policy scenarios 
are considered together, the absolute emissions of all designs 
decline in scenarios with greater technological improve-
ments and stricter climate policies. However, the relative 
performance, HDP performing best, followed by BAU and 
LDP, remains stable. This stability provides strong guid-
ance for building designers and policymakers, confirming 
that enhanced disassembly potential is a robust strategy for 
reducing embodied emissions.

Despite differences in these two IAMs (IMAGE vs. 
REMIND), both yielded very similar relative performances 
for BAU, HDP, and LDP. This consistency across models 
reinforces confidence in our conclusion that enhanced disas-
sembly potential offers environmental benefits under a range 
of future assumptions.

3.3 � Hotspot analysis

The temporal distribution of environmental impacts across 
Brand’s “shearing layers” (Brand 1995; Schmidt Iii And 
Austin 2016) provides insight into how each building system 
contributes to overall GHG emissions over time. Figure 6 
illustrates these accumulations for Structure, Skin, Space 
Plan, and Services, comparing static LCA (dashed lines) 
with time‐resolved results (solid lines). HDP emits less than 
BAU in each layer, while LDP shows higher emissions. The 
shaded bands reflect uncertainty across scenarios, demon-
strating that enhanced disassembly potential consistently 
lowers emissions regardless of future development pathways.

In the Structure panel (upper‐left), structural elements 
dominate total embodied impacts, ranging from roughly 300 
to 600 kg CO₂ eq/m2. While many structural components, 
such as columns or load‐bearing walls, often remain for the 
building's full lifespan, some elements (e.g., floor slabs) can 
require partial replacement if embedded systems like under-
floor heating must be accessed or upgraded. This nuance 
explains why structural layers may not remain entirely 
untouched in specific design variants. Figure 6 also shows 
static LCA consistently overestimating structural impacts 
beyond 2040, owing to its assumption of constant emission 
intensities for steel and concrete. By contrast, time-resolved 
projections incorporate future decarbonization, resulting in 
lower cumulative impacts.

The Skin panel (upper‐right) indicates moderate replace-
ment cycles around 2040 – 2050, increasing GWP from 
approximately 50 to 80 kg CO₂ eq/m2. All three design 
variants follow similar trajectories, suggesting that facade 
connections are less influenced by disassembly potential 
than structural or interior elements. The shaded bands are 
relatively narrow, indicating that changes in future back-
ground processes have a more negligible effect on Skin‐
related emissions than on more material‐intensive systems 
like Structure.

The differences between designs are more pronounced 
in the Space Plan panel (lower‐left). Emissions range from 
around 40 to 120 kg CO₂ eq/m2, with LDP reaching roughly 
85 – 90 kg by 2060 versus about 55 – 60 kg for HDP. Nota-
bly, the BAU line appears nearly identical to HDP in this 
layer, so it overlaps visually. The steeper steps in the LDP 
design highlight how interdependent interior components 
drive cascading replacements when the disassembly poten-
tial is low. In contrast, HDP’s gradual increases indicate 
selective replacement without disturbing adjacent materials.

The Services panel (lower‐right) has the lowest abso-
lute GWP but exhibits distinct replacement cycles every 
15 – 20 years, causing sharp emission spikes, especially 
in the LDP design. By 2060, LDP can reach around 55 
– 60 kg CO₂ eq/m2, whereas HDP remains closer to 30 
– 35 kg. Once again, static LCA overestimates these ser-
vice‐layer impacts as the building ages, diverging from 
time‐resolved results that account for cleaner future manu-
facturing processes.

When comparing all layers, the figure confirms that static 
LCA (dashed lines) remains above time‐resolved trajectories 
(solid lines), particularly after mid‐life replacements. The 
Structure layer contributes the largest share of total emis-
sions, followed by Space Plan, Skin, and Services. Across all 
panels, HDP yields consistently lower cumulative impacts 
than BAU, emitting less than LDP. These trends reinforce 
earlier findings that enhanced disassembly potential miti-
gates secondary replacements and enables greater recovery 
at end‐of‐life. The slight downward turn at 2078 in each 
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panel reflects end‐of‐life recovery, with HDP consistently 
showing the steepest drop, indicating that it maximizes sal-
vageable materials. Figure 6 demonstrates that while the 
absolute magnitude of emissions varies by layer, the relative 
ranking of design variants remains robust, highlighting DfD 
as an effective strategy in any future scenario.

These findings also carry significant policy implications 
by illuminating the relationship between two distinct miti-
gation approaches: system-level strategies that decarbonize 
the background supply chain and project-level strategies that 
focus on building design. Our analysis demonstrates that 
while system-level decarbonization (reflected in the cleaner 
SSP/RCP scenarios) reduces the absolute GHG benefits of 
DfD, the relative advantage of a high-disassembly design 
remains robust across all futures. This insight is crucial for 
policymakers, as it confirms that waiting for a fully decar-
bonized supply chain before mandating circular design 
principles would be a missed opportunity. The benefits of 
avoiding material replacements and enabling component 
reuse are consistently significant, regardless of how “clean” 
future production becomes. By quantifying the distinct 

impacts of both approaches, the trP-LCA framework can 
help policymakers make more evidence-based decisions on 
resource allocation, comparing the environmental return 
on investment from different policies such as a subsidy for 
DfD-compliant connections versus R&D funding for green 
cement. Moreover, our results provide guidance on the tim-
ing of interventions, suggesting that project-level policies 
such as updating building codes to require DfD should be 
pursued in parallel with, not sequentially after, broader sys-
tem-level decarbonization efforts, which often have longer 
implementation timelines. Future research could expand on 
this by incorporating a wider range of building typologies 
and regional contexts, thereby creating a more comprehen-
sive decision-support tool for prioritizing investments that 
maximize long-term environmental benefits for the built 
environment.

3.4 � Future research and limitations

This study has several limitations that warrant further inves-
tigation, beginning with the assumptions made to define its 

Fig. 6   Cumulative GHG emissions across the Brand's shearing layers 
for different building designs over time. Static LCA results (dashed 
lines) consistently exceed trP-LCA results (solid lines), with shaded 

areas representing scenario uncertainty ranges. HDP designs show 
lower emissions across all layers, with Space Plan and Services layers 
demonstrating the most relative improvements
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scope. To clearly isolate the effect of transitioning from a 
static to a time-resolved prospective framework, we delib-
erately standardized several key parameters. For instance, 
while our previous work (Abu-Ghaida et al. 2024) inves-
tigated the significant impact of variations in building and 
component service life, we used fixed median service lives 
in this analysis. Other factors such as the specific build-
ing typology, regional context, and the potential impacts 
of climate change on material degradation were also held 
constant.

While these scoping choices allowed us to attribute our 
findings to the trP-LCA method, the framework itself pre-
sents areas for further development. First, the disassembly 
assessment method introduces additional uncertainties, 
particularly in quantifying the relationship between disas-
sembly potential and material recovery; empirical validation 
is needed through actual building deconstruction projects. 
Second, the IAM projections, based on 5-year interpola-
tions, simplify the complexity of technological transitions, 
and future studies should refine these projections for greater 
accuracy. Finally, our analysis focused primarily on GWP; 
while similar trends were observed in other impact catego-
ries, a more comprehensive sustainability assessment would 
include economic and social dimensions.

Future research should aim to validate the disassembly-
recovery relationship through case studies and develop mate-
rial passports that incorporate detailed disassembly param-
eters. Integration with Building Information Modeling and 
the expansion of the framework to include remanufactur-
ability and refurbishability, as outlined in ISO 20887 (ISO: 
20887 2020), would further enhance its applicability and 
accuracy in assessing the full sustainability potential of 
building designs.

4 � Conclusion

This research advances building LCA methodology by 
transitioning from a static approach to trP-LCA, a dynamic 
framework incorporating projected changes in background 
LCI data. While this study focused specifically on assess-
ing the environmental benefits of DfD our findings high-
light the critical importance of this temporal approach for 
evaluating a wide range of circular economy strategies. 
The significant influence of future replacement cycles and 
evolving end-of-life credits, as demonstrated in our results, 
is not unique to DfD. Indeed, these dynamics are central to 
quantifying the benefits of durability, where the value of 
avoiding a future component replacement is directly tied to 
the decarbonization trajectory of manufacturing. Similarly, 
the trP-LCA method is essential for accurately assessing 
adaptability and flexibility, as the environmental savings 
from reconfiguring a space rather than demolishing it are 

realized decades into the future. By demonstrating how to 
model these time-resolved impacts for DfD, this work pro-
vides a foundational template and a proof-of-concept for 
the prospective assessment of all long-term circular strate-
gies in the built environment, ultimately supporting more 
robust and forward-looking design and policy decisions.

Our findings demonstrate that the environmental ben-
efits of enhanced disassembly potential remain substantial 
across all future scenarios. Across sustainable develop-
ment (SSP1) to fossil-fueled growth (SSP5) pathways, the 
HDP design consistently reduces embodied GHG emis-
sions by 12 – 25% compared to BAU when excluding 
Module D benefits. In contrast, the LDP design exhibits 
higher emissions. These results indicate that the benefits of 
DfD derive primarily from reducing replacement require-
ments and enabling greater material recovery, mechanisms 
that remain effective regardless of future technological 
trajectories.

Transitioning from static LCA to trP-LCA alters abso-
lute emission estimates while preserving the relative per-
formance ranking among designs. Static LCA overestimates 
cumulative embodied GHG emissions by up to 32% relative 
to the most optimistic trP-LCA scenarios, particularly for 
replacement components produced decades after construc-
tion. Furthermore, our analysis reveals that the environmen-
tal credits for avoided production through material recovery 
decrease in scenarios with greater decarbonization. This 
confirms that temporal specificity is essential for accurately 
assessing long-lived systems with multiple replacement 
cycles.

This study confirms that enhanced disassembly poten-
tial is a robust strategy for reducing embodied emissions 
across various future pathways. Our work contributes to 
sustainable building design by providing a more dynamic 
LCA method that accounts for technological improvements 
over time. This new knowledge benefits building designers, 
policymakers, and environmental stakeholders by inform-
ing low-carbon construction strategies and supporting the 
transition to a circular economy, ultimately contributing to 
global sustainability efforts.
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