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Abstract. The construction sector is a major driver of global material consumption and
greenhouse gas emissions, making circular construction strategies increasingly important.
Building life cycle assessment (LCA) according to EN 15978 provides a standardized framework
for evaluating environmental performance, but circular benefits arising outside the spatial
or temporal boundary of an assessed project are often insufficiently captured. In particular,
avoided burdens enabled by reuse-oriented design, selective demolition, or component reuse
across multiple building life cycles remain poorly visible in conventional assessments. This
paper proposes a multi life cycle scenario of Module D that transparently attributes such
avoided burdens to the projects that enable them, without modifying existing system boundaries
or introducing consequential modeling. The approach is demonstrated using a case study
of reusable exterior wall systems applied to supermarket buildings over multiple life cycles.
The results show that reuse-related environmental benefits accumulate over successive
building cycles and can be meaningfully attributed within a single-life-cycle assessment when
boundary effects are made explicit. The proposed interpretation improves the transparency and
comparability of circular construction strategies within the existing EN 15978 framework.

Keywords: Life Cycle Assessment, Circular Economy, Design for Reuse, Module D,
Sustainability

1. Introduction

The construction sector accounts for almost 50% of annual global material use and approximately
36% of greenhouse gas (GHG) emissions [1], [2]. Global material consumption is expected to
more than double between 2017 and 2060, further increasing environmental pressures from
the built environment [2]. In response, circular economy strategies are gaining importance
in the construction sector due to their potential to reduce primary material demand and
associated emissions [3]. At the European level, this development is reinforced by regulatory
and standardization initiatives such as the EU Taxonomy Regulation [4] and emerging ISO
standards on circularity (e.g. ISO 59004/10/20).
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The environmental performance of buildings is commonly assessed using the modular
Life Cycle Assessment (LCA) framework defined in EN 15978 [5]. Within this framework,
environmental benefits beyond the system boundary are reported in Module D, typically
representing reuse, recycling, or energy recovery after end-of-life. Although EN 15978 formally
allows credits for reuse and recycling, empirical studies show that Module D is inconsistently
applied in practice and often limited to energy recovery or basic metal recycling scenarios
[6]. More advanced circular strategies, such as component reuse or high-quality material
recycling, are rarely quantified due to methodological and data-related challenges [7]. The
prEN 15978:2025 [8], expected to be published in 2026, broadens the possibilities for Module D
and strengthens the assessment of circular benefits.

Consequently, environmental benefits enabled by circular design, selective demolition, or
refurbishment, particularly those arising from the substitution of virgin materials in other projects
or future construction cycles, are often not fully visible in conventional building LCA. This
reflects a broader limitation of attributional LCA, where cause and effect may be separated by
spatial or temporal system boundaries [9]. To address this issue, this paper proposes a refined
interpretation of the prEN 15978:2025 framework that improves the transparency of avoided
burdens enabled by circular construction practices, while remaining compatible with existing
standards and avoiding double counting.

2. Methodology
2.1 Extended attribution of avoided burdens beyond the project boundary

Circular construction strategies frequently enable environmental benefits that materialize outside
the spatial or temporal system boundary of the assessed building project. This creates a
structural attribution challenge in building life cycle assessment, as EN 15978 evaluates buildings
as discrete projects with fixed spatial boundaries and predefined reference study periods [5].
While benefits occurring beyond the system boundary are formally reported in Module D,
its practical application is often limited to simplified end-of-life recycling or energy recovery
scenarios, and does not systematically capture substitution effects enabled by circular design,
selective dismantling, or component reuse [6], [7].

In practice, circular actions such as design for disassembly, selective demolition, or the
use of reusable components may enable the substitution of virgin material production in other
building projects or in future construction cycles. However, the resulting avoided burdens occur
outside the immediate system boundary of the project that enables them. As a consequence,
conventional attributional LCA disconnects cause and effect: the project that undertakes the
additional effort to enable circularity bears the associated burdens, while the environmental
benefits appear exclusively in downstream projects or later life cycles. Similar attribution
challenges have been widely discussed in LCA literature for recycling, reuse, and waste
management systems, where substitution effects frequently occur beyond the assessed system
boundary [9], [10].

To address this limitation without modifying the EN 15978 framework, this study proposes
an extended interpretation of Module D that explicitly reports avoided burdens attributable to
the enabling project as a transparent attributional component, denoted as D4. This attribution
component captures substitution effects enabled by the assessed project when they occur
outside its spatial or temporal boundary. D is reported separately as a multi life cycle scenario
within Module D, does not modify Modules A1-A3, and does not replace conventional end-of-life
credits. Its sole function is to reconnect enabling actions with the avoided burdens they generate,
in accordance with established guidance on attributional LCA and avoided-burden reporting [11].
The principle is demonstrated in Figure 1.
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The attribution logic of D4 is independent of where or when substitution occurs. Whether
recovered components are reused in a different building project at another site or reintegrated
into a subsequent building cycle at a later point in time, the methodological issue remains the
same: the substitution effect is realized outside the assessed project boundary. Spatial and
temporal boundary effects are therefore treated as two manifestations of a single structural
limitation inherent in project-based building LCA.
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Figure 1. Conceptual interpretation of Module D with extended attribution (D*) within the EN 15978
life-cycle framework. The figure shows three consecutive building projects (A-C), each assessed as an
independent project according to EN 15978, including the product stage (A1-A3), construction stage
(A4-A5), use stage (B1-B7), end-of-life stage (C1-C4), and the conventional Module D for benefits and
loads beyond the system boundary. Green arrows represent physical material reuse and recycling flows,
illustrating how materials recovered during demolition (A5.1), replacement (B4), or refurbishment (B5)
substitute virgin material production in the A1-A3 stage of subsequent projects. These substitution effects
reduce impacts in the receiving buildings but occur outside the spatial and temporal system boundary of
the project that enabled recovery. The extended attribution DA (purple) is reported as a transparent multi
life cycle scenario of Module D and attributes the avoided burdens resulting from such substitution effects
to the enabling project. Dashed purple arrows indicate this attribution across project boundaries and
across life cycles. D* is reported separately, does not modify A1-A3 results, and does not replace
conventional Module D, thereby making circular-friendly actions visible without double counting.

In the spatial dimension, this situation arises when a building project enables reuse or
recycling through circular-friendly demolition or refurbishment, and recovered components
substitute virgin production in other projects. The avoided burdens associated with this
substitution are not reflected in the assessment of the enabling project, even though the additional
effort and cost are incurred there. In the temporal dimension, the same issue occurs when
components are designed for repeated reuse across multiple building life cycles. The initial
project bears the full production burden, while subsequent projects benefit from reduced A1-A3
impacts, and conventional Module D only reflects the potential for reuse rather than the realized
substitution effects over time.
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Within this unified attribution framework, D4; represents the avoided environmental burdens
associated with a specific reuse or recycling pathway enabled by the assessed project. Each
D4, is defined relative to the substituted reference system at the respective utilization site or
life cycle and reflects a concrete substitution event. Because recovered components may be
reused in different contexts or at different points in time, the magnitude of D4, can vary across
pathways.

D4,..» aggregates all pathway-specific avoided burdens enabled by the project across
multiple components, sites, or future life cycles. It captures the cumulative environmental value
of circular actions that are not visible within a single project-based assessment. Importantly,
D4,..,, does not represent an additional credit or system expansion. It is an attributional reporting
construct that complements conventional Module D by making substitution effects explicit, while
avoiding double counting and preserving consistency with attributional LCA principles [11].

By treating spatial and temporal boundary effects within a single attribution logic, this
interpretation of Module D enables a more transparent and consistent assessment of circular
construction strategies. It allows avoided burdens to be attributed to the project that enables
them, even when substitution occurs outside its immediate system boundary, thereby improving
the interpretability of LCA results without departing from the established EN 15978 framework.

3. Case Study

3.1 Multi-Cycle Assessment of Reusable Wall Systems Using an Extended
Interpretation of Module D

This case study examines the “Re-Use Ziegelwand” prefabricated wall system, developed by
wienerberger in collaboration with the Technical University of Graz as part of the research
project “Re-Use Ziegelwand”. This wall system is tailored for supermarket buildings with short
service lives since supermarkets typically operate for approximately ten to twenty years before
demolition and reconstruction [12]. The Re-Use system was therefore designed for repeated
dismantling and reinstallation across multiple supermarket projects. It consists of mechanically
connected, dry-assembled wall elements that allow non-destructive disassembly and high
recoverability of entire components, aligning with established design-for-disassembly principles
[13]. The load-bearing brick elements are prefabricated under controlled factory conditions
using polyurethane adhesive instead of conventional mortar, enabling short curing times and
rapid transport to site. Typical element dimensions are approximately 4 m in length and 3 m in
height, resulting in unavoidable horizontal and vertical joints on site. These joint solutions were
specifically developed to ensure reversible connections while maintaining structural load transfer,
airtightness, and resistance to wind-driven rain. Surface finishes, particularly plaster systems,
are applied during prefabrication to maximize the degree of completion and minimize on-site
work. Furthermore the performance of this system was tested on a pilot application including
approximately 66 m2 of wall surface suitable for repeated reuse.

In this study, we apply the proposed approach to a pilot supermarket located in Kagran,
Vienna. The building has a gross floor area of 2,071 m2 and an external wall area of approximately
1,000 m2. The external walls consist of precast concrete twin-wall panels with integral core
insulation, completed on site by casting the core in situ. The roof is a lightweight timber structure.
Since the core load-bearing structure changes only marginally between projects, these buildings
offer significant potential for circular strategies.

A 50-year observation period is defined, representing five consecutive supermarket life
cycles of ten years each. Each supermarket is modelled as an independent building project
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with its own EN 15978 system boundary, reflecting standard project-based LCA practice. Two
structural scenarios are investigated:

1. Baseline scenario (reference system): each supermarket is constructed using conventional
wall systems based on virgin materials (e.g., precast concrete sandwich elements)
and demolished after ten years, resulting in five independent building projects over the
observation period.

2. Reuse scenario: the Re-Use Ziegelwand wall system is installed in the first supermarket,
dismantled at the end of each ten-year use phase, and subsequently reinstalled in the
next supermarket project. In addition, the foundations beneath the Re-Use walls are
designed for reuse, employing reversible connection details to allow efficient removal and
redeployment in future projects. This process is repeated across five consecutive building
projects.

For both scenarios, the life-cycle stages A1—A3 (product stage), A4 (transport to site), A5
(construction and installation), C1 (demolition), C2 (end-of-life transport), and C3-C4 (waste
processing and disposal) are calculated for each individual building project. The lifecycle
calculations are performed with an internally developed tool using regionalized background data
based on the ecoinvent database [14](version 3.9.1).

In addition, an extended interpretation of Module D is applied by transparently reporting
D4 as a separate attribution of avoided burdens that occur outside the immediate spatial or
temporal system boundary of the assessed project. Recoverable fractions of wall components at
dismantling are determined using the Disassembly Potential Indicator (DPI) [13]. Based on these
recoverable fractions, avoided burdens associated with the substitution of virgin wall production
in subsequent projects are quantified using the A1-A3 impacts of the substituted reference
systems. These avoided burdens are reported as D for the enabling project, while the receiving
projects reflect reduced A1-A3 impacts consistent with the environmental profiles of reused
components. Similarly, C3—C4 impacts are lower in the reuse scenarios and are deferred until
the end of the observation period.

This approach allows the environmental implications of circular-friendly design and
demolition actions to be made visible within a conventional EN 15978 framework, without
modifying A1-A3 results or aggregating impacts across projects. By applying the same attribution
logic to both the baseline and reuse scenarios, differences in environmental performance can
be interpreted consistently, while explicitly distinguishing between impacts occurring within the
assessed project boundary and avoided burdens realized in subsequent projects or life cycles.

4. Results and Discussion
4.1 Comparison of the baseline and reuse wall components

Figure 2 compares the Disassembly Potential Indicator (DPI) and the global warming potential
(GWP100) of the wall component in the baseline scenario and the reuse scenario at component
level. The baseline wall represents a conventional precast concrete twin-wall construction
with EPS insulation, while the reuse scenario is composed of insulated hollow brick elements
with plaster layers. Both wall systems are designed to fulfil the same structural and functional
requirements.

At component level, the Re-Use wall system exhibits a slightly lower GWP100 of 99.5 kg
CO;-eq per m? compared to 105.5 kg CO,-eq per m? for the baseline wall. For this comparison
only A1-A3 and C3-C4 impacts for a conventional lifecycle were considered. This shows that
the brick-based reuse system benefits from the first lifecycle on from a material configuration
with lower embodied emissions per functional unit than the composite concrete—EPS solution.
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Figure 2. Comparison of DPl and GWP100 of the wall component in the baseline and reuse scenarios

This result indicates that, under the applied inventory assumptions, the reuse wall does not
incur an initial climate penalty at the product stage (A1-A3), which is often assumed for reuse
systems, but already performs at least as well as the conventional solution in terms of embodied
greenhouse gas emissions. Figure 3 shows the comparison of the two wall components per
m? across two life cycles, highlighting the environmental benefit of the Re-Use system for the
external wall construction.
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Figure 3. Comparison of the wall component in the baseline and reuse scenarios for two lifecycles
(A1-A3 and C3-C4)

In contrast, the Disassembly Potential Indicator (DPI) shows a pronounced difference
between the two systems. The baseline wall achieves a DPI value of 0.11, reflecting very
limited disassembly and reuse potential due to its composite structure and bonded material
layers. The Re-Use wall system attains a DPI of 0.96, indicating a design explicitly optimized for
non-destructive dismantling and repeated reuse at component level.

Taken together, these results demonstrate that the Re-Use wall system combines high
circular performance with a lower embodied carbon footprint already at component level.
However, while this comparison indicates favourable initial conditions for reuse, it does not
yet capture the full environmental implications of repeated reuse across multiple building life
cycles. The relevance of temporal and spatial boundary effects, and the need for an extended
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attribution framework, are therefore addressed in the subsequent whole-building and multi-cycle
analyses.

4.2 Life cycle assessment results for the baseline scenario
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Figure 4. Life cycle assessment results of GWP100 for the baseline scenario for 2 lifecycles according to
EN 15978

The life cycle assessment results (GWP100) for the baseline scenario at whole-building
level, showing the first two consecutive life cycles (2022-2032 and 2032-2042) are presented
in Figure 4. This scenario is the baseline (reference system) and therefore the value of D4,
is zero by definition. Both life cycles are identical in terms of module-level contributions and
component breakdown (as no additional reuse or recycling beyond national average assumptions
is assumed).

The life-cycle inventory (LCI) covers the entire building envelope as well as internal load-
bearing and non-load-bearing components. Component quantities for the building systems are
approximated from the energy performance certificate (EPC). Figure 4 shows that the largest
contributors to product-stage impacts (A1—-A3) are shallow foundations (40%), exterior walls
(primary), not in contact with soil (16%), special interior fittings (10%), and load-bearing interior
walls (7%). Under the reuse scenario, approximately 23% of A1—A3 emissions are avoided per
reuse cycle. In addition, the reuse of the associated foundation elements prevents nearly half of
the shallow foundation manufacturing emissions.

The product stage (A1—A3) dominates the total global warming potential (GWP100),
representing the largest share of emissions. Within A1-A3, shallow foundations are the single
largest contributor, followed by exterior walls, special interior fittings, and other components.
This reflects the high material intensity and cement-related emissions associated with structural
and enclosure elements in conventional supermarket construction. At the same time, negative
contributions are observed within A1-A3, primarily originating from wood-based components in
beams and roof constructions, which reflect biogenic carbon storage as accounted for in the
applied datasets. The transport stage (A4) contributes only marginally to the overall GWP100.
In contrast, construction and installation processes (A5) show a comparatively high contribution.
These impacts were derived from a standard database benchmark and calculated as a function
of the building volume, resulting in a consistent and non-negligible contribution.
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At end-of-life, demolition (C1) and transport (C2) contribute relatively small shares to total
emissions and are likewise based on database-derived average values. The waste processing
and disposal stages (C3 and C4) show higher contributions, with the largest shares attributable
to beams and roof constructions. This reflects the material composition of these components
and the assumed end-of-life treatment pathways in the applied datasets.

Overall, the results confirm that, in the absence of additional circularity measures, the
baseline scenario exhibits a stable and repetitive emissions profile across consecutive life
cycles, with product stage emissions clearly dominating the life cycle impacts and end-of-life
contributions remaining secondary but non-negligible.

4.3 Life cycle assessment results for the reuse scenario
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Figure 5. Life cycle assessment results of GWP100 for the reuse scenario for 2 lifecycles according to
EN 15978 indicating D4,

Figure ?? shows the whole-building life-cycle assessment results for the reuse scenario
for the first two consecutive supermarket life cycles (2022-2032 and 2032-2042). The results
illustrate the effect of exterior wall, interior load bearing wall reuse and the partially reuse of
foundation elements on the distribution of environmental impacts between life cycles. In the first
life cycle, the product stage (A1-A3) dominates total GWP100, with shallow foundations and
the initial production of the reusable wall system as the main contributors. As in the baseline
scenario, roof constructions and beams exhibit negative contributions due to biogenic carbon
storage. Overall, product-stage emissions in the first life cycle are slightly higher than in the
baseline scenario, while all other modules remain comparable or lower (C3-C4). From the
second life cycle onward, a marked reduction in A1-A3 emissions is observed, as exterior wall
components are reused rather than newly produced. This results in a decrease of product-stage
emissions of approximately 23% compared to the first life cycle, bringing A1-A3 impacts below
those of the baseline scenario. Emissions in modules A4, A5, C1, C2, and C3-C4 remain largely
unchanged between life cycles, reflecting consistent transport, construction, and end-of-life
assumptions. The indicator D{* captures the pathway-specific avoided burdens occurring outside
the assessed project boundary. While no substantial avoided burdens are attributed in the first
life cycle (as reuse benefits are not yet realized), D! indicates net benefits in the second life
cycle due to the avoided production of virgin wall components. These results demonstrate that
the environmental performance of reuse-oriented construction systems depends on repeated
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application across successive life cycles, and that the associated benefits are only partially
visible in single-cycle assessments.

It is important to note that the magnitude of the reuse-related benefits observed at whole-
building level is constrained by the relative contribution of the reusable wall system to the total
embodied emissions of the building. As shown in the component-level analysis, the Re-Use wall
system itself (characterized by a very high Disassembly Potential Indicator of 0.96) achieves
near-complete avoidance of product-stage emissions from the second life cycle onward, as
virgin wall production is almost entirely substituted. In the whole-building assessment, however,
the Re-Use walls (exterior and load bearing interior) account for only approximately 23% of the
total A1-A3 emissions. Consequently, even highly effective reuse at component level translates
into more moderate reductions at building level, as other building elements such as foundations,
roof structures, and interior components continue to dominate embodied impacts and are
not designed for repeated reuse. By also reusing parts of the foundations another 20% of
manufacturing emissions can be avoided per reuse cycle. This result reflects the current state of
practice in circular building design, where individual components may be optimized for reuse
while the building system as a whole remains only partially circular. At the same time, it highlights
clear future potential: extending design-for-circularity principles to additional building components
would significantly increase the cumulative benefits achievable across multiple life cycles.

4.4 Comparison of life cycle assessment results for the baseline and reuse
scenario across 5 consecutive lifecycles

Figure ?? compares the baseline and reuse scenarios at whole-building level across five
consecutive life cycles (2022-2072), showing module-wise GWP100 results for each cycle (left)
and the corresponding cumulative emissions over time (right). For each life cycle, the first bar
represents the baseline scenario and the second bar the reuse scenario, disaggregated by EN
15978 modules (A1-A3 to C3-C4). The shaded background indicates contributions occurring
outside the immediate project system system boundary, and dashed horizontal lines separate
individual life-cycle periods.

On the left side of the figure, the module-wise results illustrate that the baseline scenario
remains largely constant across all five life cycles, as no reuse or recycling beyond average
end-of-life assumptions is implemented. In contrast, the reuse scenario shows systematic
differences between life cycles driven by the repeated reinstallation of reusable wall components.
Already in the first life cycle, the reuse scenario achieves product-stage (A1-A3) emissions that
are comparable to, or slightly lower than, those of the baseline scenario, despite the production of
the reusable wall system. From the second life cycle onward, A1-A3 emissions are substantially
reduced, as the exterior wall components as well as their foundations are reused rather than
newly produced, while emissions in transport, construction, demolition, and end-of-life stages
remain largely comparable between both scenarios.

D4, is shown for each life cycle as the pathway-specific avoided burdens occurring outside
the assessed project boundary relative to the baseline reference system. In the first life cycle,
D4, values are close to zero, indicating that most environmental effects are still captured within
the assessed system. From the second life cycle onward, negative D4; values emerge, reflecting
avoided burdens from the substitution of virgin wall production in subsequent building projects
enabled by reuse. The light-purple bar shown in the first life cycle represents D4,,,,,,, which
aggregates the avoided burdens from all future reuse events (life cycles two to five) that are not
visible within a single-cycle assessment and attributes them to the initial enabling project.

The right-hand side of the figure presents cumulative GWP100 results over the five life
cycles. The cumulative curves show that the reuse scenario consistently accumulates emissions
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more slowly than the baseline scenario. While the difference between both scenarios increases
progressively with each life cycle, the full magnitude of the reuse benefit only becomes apparent
when considering multiple consecutive cycles. This confirms that the environmental advantage
of reuse-oriented construction is cumulative in nature and cannot be adequately captured by
single-cycle building assessments alone. Figure ?? focuses on the whole building assessment,
the results considering only the reusable wall component are shown in the appendix ??.

4.5 Comparison of life cycle assessment results for the baseline and reuse
scenario in a single-cycle building assessment
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Figure 7. Comparison of LCA results of the baseline and reuse scenario in a single-cycle building
assessment including DA.

Figure ?? synthesizes the whole-building life-cycle assessment results by comparing the
baseline and reuse scenarios from a single-life-cycle perspective, complemented by the extended
interpretation of Module D (reported as D4). The left panel shows the module-wise GWP100
results of the baseline scenario, while the right panel presents the corresponding results for
the reuse scenario. Emissions are reported for Modules A1-A3 to C3-C4 in accordance with
EN 15978, with contributions occurring outside the project system boundary indicated by the
shaded area.

In the baseline scenario, all environmental impacts are fully contained within the assessed
system boundary. The product stage (A1-A3) dominates total GWP100, followed by construction
(A5) and end-of-life processes (C3-C4). No avoided burdens occur outside the project boundary,
and D therefore remains zero. In the reuse scenario, the distribution of impacts across Modules
A1-A3 to C3-C4 within the assessed life cycle is comparable, with slightly higher product-
stage emissions reflecting the material composition of the reusable wall system. In addition,
a substantial negative contribution appears in D4, representing D4,,,,,. This term aggregates
the avoided burdens from future life cycles (cycles 2-5) in which the reusable wall components
are reused in comparison to the baseline scenario emissions. These benefits are not visible
within the single assessed life cycle and are therefore reported separately outside the spatial
and temporal system boundary.
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The magnitude of D4,,,, does not imply climate neutrality of the reuse scenario. Residual
emissions from foundations, roofs, interior components, construction activities, and end-of-life
processes remain fully accounted for within the standard EN 15978 modules. Instead, Figure ??
demonstrates how the extended interpretation of Module D enables the attribution of circularity-
related benefits realized beyond the assessed project and time horizon, allowing reuse-oriented
construction to be meaningfully compared with conventional solutions within a single-life-cycle
LCA framework.

4.6 Outlook

This study presents an initial, static calculation to test the proposed methodology and to illustrate
its advantages for assessing circularity metrics across multiple life cycles. Future work will refine
the background datasets and apply the method to additional case studies. Key open questions
include how the proposed scenario can accommodate prospective LCA calculations and how
results change when a dynamic rather than a static approach is used, with time boundaries
aligned to prEN 15978:2025. In addition, uncertainty and sensitivity analyses will be conducted
to quantify the robustness of the results. Addressing these questions will require additional,
in-depth analysis.
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Figure A1. Comparison of LCA results of the baseline and reuse scenario of the wall component only
(per m?) across 5 consecutive lifecycles and corresponding cumulative emissions and D* over time.
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