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A B S T R A C T

Currently, there is limited understanding of how many years and how many times demountable modular building 
systems can be reused while remaining minimal adverse environmental impacts from a multi-use cycle 
perspective. This study aims to identify optimal multi-use cycle scenarios for a demountable modular unit that 
achieves minimal environmental impacts. Multi-objective optimization was conducted to determine the optimal 
number of use cycles and the duration of each cycle, focusing on minimizing both environmental cost and re
sidual value. Six Pareto-optimal scenarios were identified to minimize both the environmental cost of embodied 
and operational carbon emissions and residual value. They are [5-yr, 5-yr], [5-yr, 25-yr], [10-yr, 25-yr], [15-yr, 
25-yr], [20-yr, 25-yr], and [25-yr, 25-yr], implying that the optimal number of use cycles is two. The finding 
serves as valuable insight for developing end-of-life planning strategies that promote the sustainable reuse of 
demountable modular building systems.

1. Background

Modular construction has been increasingly adopted in response to 
crises, such as earthquakes and pandemics, as well as to address the 
social needs of vulnerable populations, including low-income groups, 
patients and disaster victims. Temporary modular building systems have 
been developed worldwide for hospital facilities, quarantine centres, 
social care facilities, social housing, and emergency shelters (Chen et al., 
2021; Local Government Association, 2021; Tan et al., 2021; UNECE, 
2021; Clough, 2022; European Union, 2022). In Germany and 
Switzerland, hundreds of prefabricated dwellings for migrants have 
been built, with lifespans typically ranging from 5 to 10 years (UNECE, 
2021). In the UK, temporary modular solutions have been proposed to 
alleviate pressure on hospital facilities (National Health Service, 2024). 
In Hong Kong, temporary modular transitional housing projects have 
been built on vacant lands to meet the needs of vulnerable households 
before their relocation to permanent public housing (Housing Bureau, 
2024).

Temporary demountable modular buildings have significant poten
tial for relocation and reuse across multiple use cycles if Design for 

Disassembly (DfD) principles are well implemented. Reusing these 
modular buildings can reduce the consumption of virgin materials, 
decrease demolition waste, and preserve environmental value (Yang 
et al., 2024). However, relocation and reuse activities may also lead to 
additional environmental impacts (Akbarnezhad et al., 2014). It has 
been suggested that modular units should be designed for assembly and 
disassembly at least five times over a period of 50 years to maximize 
their utility as temporary dwellings (Incelli et al., 2023). Nevertheless, 
there is limited evidence regarding the environmental viability of using 
demountable modular systems multiple times.

Given the potential environmental benefits and burdens associated 
with building reuse, a critical question arises: is the multi-cycle use of 
these demountable modular systems always environmentally viable? 
Specifically, the research question arises: how many years and how 
many times would these systems be reused to ensure minimal adverse 
environmental impacts? In other words, it is essential to determine the 
optimal number of use cycles of these systems and the duration of each 
cycle that would result in minimal environmental impacts. To address 
this research question, this study starts with a literature review by (1) 
understanding the environmental benefits and loads of building reuse 
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and factors considered in the life cycle assessment (LCA) of building 
reuse and (2) identifying the environmental sustainability indicators 
used to determine the optimal multi-use scenarios. Based on the review, 
the research gaps, hypotheses, and objectives are formulated. Adaptive 
reuse is beyond the scope of the study; instead, a building reuse scenario 
refers to the process of partial or full disassembly and reassembly on a 
different site.

2. Literature review

2.1. Life cycle assessment of building reuse

The reuse of building components and recycling of building materials 
can offset carbon emissions associated with the production of raw ma
terials, thereby generating notable environmental benefits (Bertin et al., 
2022; Minunno et al., 2020). For example, Minunno et al. (2020)
assessed the environmental benefits of reusing a modular building. They 
pointed out that the reuse of building components and recycling of the 
remaining building materials could lead to an approximately 88 % 
reduction in embodied carbon emissions. Similarly, Yang et al. (2024)
evaluated the environmental impacts of reusing modular components in 
multiple use cycles. They found that reusing modular components and 
recycling building materials could generate lower embodied carbon 
emissions during the intermediate cycle(s). These findings confirm that 
significant environmental benefits can be obtained by implementing 
reuse and recycling strategies. Despite these environmental benefits, 
Akbarnezhad et al. (2014) indicated that the embodied energy and 
carbon might be associated with building reuse and recycling activities. 
Yang et al. (2024) also considered the embodied carbon emissions 
associated with various value retention processes, such as repair and 
replacement of certain building components.

As buildings are reused over long periods, operational carbon 
emissions tend to accumulate (Ibn-Mohammed et al., 2013). Generally, 
these emissions increase with the duration of a building’s use because 
ongoing energy consumption contributes to them (Liang et al., 2022). As 
a consequence, the operational carbon emissions from a building may 
offset the environmental benefits of reusing it. Some studies have 
examined the trade-off between operational and embodied carbon 
emissions to help decide whether to demolish or reuse a building. For 
instance, Abbey et al. (2022) evaluated the operational and embodied 
carbon emissions of a commercial building to determine whether it 
should be reused, demolished, or retrofitted. In this regard, it is essential 
to consider both embodied and operational carbon emissions when 
evaluating the environmental impacts of building reuse.

Assessing the environmental impact of building reuse is complex 
because it is influenced by various factors. These factors may include 
recovery potential of building materials and components (i.e., reus
ability and recyclability) and value retention processes (i.e., repair, 
replacement, recycling, and transportation), which have been consid
ered in the LCAs of building reuse (e.g., Antwi-Afari et al., 2023; Yang 
et al., 2024; Zheng et al., 2025; Lei et al., 2025). The recovery potential 
of building components and materials can be determined by their 
physical conditions and properties. For instance, material degradation, 
like concrete carbonation or steel corrosion, can directly lower the reuse 
rate of a building. Several studies have included material degradation in 
their environmental impact analyses of building reuse. For example, Lei 
et al. (2025) examined how material degradation affects reuse rates, 
suggesting that the extent of deterioration influences reuse. Similarly, 
Mollaei et al. (2023) estimated the recovery potential of building 
structures by considering building age, material properties, and 
component life expectancy. The process of building reuse often involves 
recycling unusable materials, which can bring both environmental 
benefits and burdens. In the study by Antwi-Afari et al. (2023), a 
sensitivity analysis was performed on a modular steel slab, and it was 
found that higher recyclability rates can reduce the environmental im
pacts associated with reuse and recycling strategies. Similarly, Bertin 

et al. (2022) considered material recyclability while assessing the 
environmental impact of reusing and recycling concrete components. 
However, these studies often overlook the inherent uncertainties asso
ciated with recovery potential that can be influenced by weather and 
handling procedures. More specifically, these studies typically use 
deterministic values for reuse and recycling rates, which simplifies the 
analysis but fails to capture the dynamic and unpredictable nature of 
reuse practices (Igos et al., 2019). To address this gap, Yang et al. (2024)
and Zheng et al. (2025) conducted uncertainty and global sensitivity 
analyses to generate probabilistic environmental outcomes by treating 
the reuse and repair rates of modular components as random variables.

Building reuse involves various value retention processes, which can 
result in additional environmental burdens. Value retention activities 
for buildings include, but are not limited to, component reclamation, 
repair, refurbishment, remanufacturing, recycling, and reverse logistics. 
Each of these activities involves different levels of resource consumption 
and generates carbon emissions (Nasr et al., 2018). Simpler activities 
like reuse and repair generally involve lower energy and resource de
mands, whereas processes such as replacement and refurbishment are 
typically more resource-intensive and may lead to higher environmental 
burdens (Russell and Nasr, 2019). Previous studies have preliminarily 
examined the environmental impacts associated with different value 
retention activities. For instance, Zheng et al. (2025) evaluated the 
environmental impacts of the reuse, repair, and replacement of modular 
components and found that the burdens from reuse and repair are 
significantly lower than those from replacement. In addition, the reuse 
of building components and materials often involves reverse logistics, 
and the associated environmental impacts should not be overlooked 
(Sobotka and Czaja, 2015). According to Chileshe et al. (2019), the 
building reuse processes involve the collection, sorting, reprocessing, 
and testing of building elements and materials, often occurring at 
different locations. Therefore, value retention activities are important in 
assessing the environmental impacts associated with building reuse.

Based on the above review, it is hypothesized that resuing a building 
over multiple cycles would be associated with increases in embodied 
and operational carbon emissions. Given the foreseeable increases in 
environmental impacts of building reuse, it may not always be envi
ronmentally viable to reuse a building system endlessly. Although pre
vious studies have identified the environmental benefits and burdens 
associated with building reuse, there has been limited exploration of the 
environmental impacts of various multi-use cycle scenarios concerning 
the number of cycles and the duration of each cycle. In other words, 
there is a notable gap in research that explores how many years and how 
many times building systems can be reused while remaining minimal 
adverse environmental impacts.

2.2. Indicators of environmental sustainability

Embodied carbon has become a critical indicator for evaluating the 
buildings’ environmental impacts (Kang et al., 2015). Specifically, ac
tivities such as production, transportation, assembly, disassembly, and 
relocation can significantly contribute to embodied carbon emissions. 
Minimizing embodied carbon throughout a building’s lifecycle is 
essential for achieving net-zero goals (Drewniok et al., 2023). In this 
regard, a life cycle embodied carbon analysis can offer valuable insights 
for decision-makers evaluating the environmental impacts of the 
building system across multiple life cycles. For instance, Yang et al. 
(2024) assessed the embodied carbon emissions of producing and 
reusing a modular unit and indicated that reuse could result in negative 
environmental impacts. Similarly, Wen et al. (2024) revealed that 
reusing steel modular components resulted in negative embodied carbon 
emissions at the end-of-life stage.

In addition to embodied carbon, operational carbon emissions 
generated from energy consumption during the use phase are also 
important for understanding the environmental impacts of building 
reuse (Akande et al., 2016). Operational carbon can account for 60 %– 
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80 % of a building’s lifecycle carbon emissions (Wang et al., 2022). 
Given its dominant role, it is essential to consider operational carbon 
when evaluating building reuse strategies. Previous research has 
incorporated operational carbon emissions into the decision-making 
process for building reuse. For example, Abbey et al. (2022) evaluated 
both operational and embodied carbon emissions to determine the most 
appropriate end-of-life planning strategy, including demolition, direct 
reuse, or retrofit. They found that the retrofitting option resulted in 
lower carbon emissions compared to direct reuse. Overall, carbon 
emissions serve as a key indicator of environmental sustainability. A 
comprehensive understanding of both embodied and operational carbon 
emissions is essential for informed decision-making and promoting 
sustainable building practices.

The environmental cost of carbon emissions refers to the damage 
value linked to climate change caused by the release of an additional ton 
of carbon dioxide equivalent into the atmosphere (Lu and Deng, 2023; 
Tol, 2005). By monetizing carbon emissions and considering the dis
count rate, future climate-induced costs can be estimated (Nydahl et al., 
2019, 2022). This feature of environmental cost is crucial as it provides 
valuable insights into the potential impact of climate damage (Nydahl 
et al., 2022) due to future relocation and reuse activities. For example, 
the building reuse process entails various activities that contribute to 
carbon emissions and associated environmental costs. The time value of 
environmental impacts should be considered for multi-use cycles of 
building components as the cost to compensate for environmental 
damage increases with time (Wang et al., 2018). Monetizing environ
mental impacts allows for the estimation of climate-induced costs in a 
manner that is accessible to the general public (Arrigoni et al., 2023). 
Many studies have evaluated the cost of carbon emissions with building 
assets, as it represents a significant portion of overall environmental 
costs (Lu and Deng, 2023). For example, Nydahl et al. (2022) evaluated 
the environmental cost of carbon emissions throughout a building’s 
lifecycle by multiplying emissions by a monetary factor. They suggested 
that the cost of carbon emissions could function as a tax to influence 
economic decision-making and promote climate change mitigation in 
the construction sector. Similarly, Luo et al. (2021), Chou and Yeh 
(2015), and Jayasena et al. (2022) utilized carbon tax rates to monetize 
the carbon emissions of building assets.

While evaluating carbon emissions and the associated environmental 
cost can help identify the environmental impact of building reuse, it 
remains uncertain how much value can be preserved after multiple use 
cycles, referred to as residual value in this study. For instance, if modular 
components are demolished before the end of their intended lifespan, it 
can result in a loss of value, as their environmental impact remains 
unamortized. Research on residual value is still in its early stages (Jiang 
et al., 2022). Obrecht et al. (2021) defined residual value as the sum of 
unamortized environmental emissions relative to the designed service 
life. A high residual value for building components or materials indicates 
that their environmental impacts are not fully utilized by the end of their 
service lives, resulting in greater value loss. Assessing life cycle carbon 
emissions along with the corresponding residual value can provide 
deeper insights into the extent of impact generated, amortized, and ul
timately lost (Jiang et al., 2022; Obrecht et al., 2021).

To ascertain the environmental impacts of a (demountable) building 
system over multiple use cycles, the environmental cost of carbon 
emissions and residual value are viewed as two indicators of environ
mental sustainability in this study. On the one hand, the environmental 
cost represents the monetary value of environmental impacts (embodied 
and operational carbon emissions in this research), reflecting the present 
value of future climate change impacts associated with each ton of 
carbon dioxide emitted (Saleh et al., 2019). Estimating environmental 
costs can offer deeper insights than simply conducting a LCA of 
embodied and operational carbon emissions, as it quantifies the present 
value of future costs arising from value retention and operational ac
tivities, facilitating timely decision-making in carbon reduction strate
gies (Luo et al., 2021). On the other hand, the residual value indicates 

the amount of carbon emissions that remain unamortized. Assessing 
residual value provides insights into the carbon emissions generated, 
amortized, and ultimately lost. As a result, the analysis of residual value 
is more suitable than a LCA because it not only evaluates the total carbon 
emissions produced during the multi-use cycle process but also reflects 
the remaining carbon emissions that have yet to be amortized after 
multiple uses. Thus, a residual value offers a more comprehensive view 
of the environmental impacts of building reuse across multiple cycles.

2.3. Research gaps and aim

Several research gaps in assessing the environmental impact of 
building reuse over multiple cycles have been identified. First, although 
past research has made attempts to evaluate the environmental impacts 
of reusing building components (Brütting et al., 2020), it raises a 
question of whether considering minimal environmental impacts alone 
is sufficient for determining optimal multi-use cycle scenarios for 
building components, especially given that time discounting remains a 
contentious issue in environmental impact analysis (Wang et al., 2018). 
Accordingly, the assessment of the environmental cost and residual 
value could provide new insights into the environmental impacts of 
building reuse over multiple cycles, taking time into account. Secondly, 
uncertainties associated with building reuse (Hossain et al., 2020) may 
affect the predictability of the environmental impacts associated with 
reuse activities in the future. These uncertainties can lead to variations 
in the environmental impacts of building reuse, thereby complicating 
decision-making regarding optimal multi-use cycle scenarios. This 
challenge, however, can be addressed through the application of un
certain analysis, which has been used in many LCA studies that incor
porate uncertain inputs associated with building reuse and recycling (e. 
g., Yang et al., 2024). Finally, although previous studies have recognized 
that various factors and activities have different environmental impacts, 
few have examined how these factors are dynamic and can change over 
time, such as the impact of material degradation on reuse rates and how 
repair rates may fluctuate throughout a building’s life cycle. These 
temporal factors also influence the long-term environmental impact of 
reusing demountable modular building systems. Therefore, this work 
incorporates this time-dependent variable into the life cycle analysis, 
enabling practitioners to enhance the LCA methodogies for building 
reuse over multiple cycles (van Stijn et al., 2021).

Considering the important role of environmental cost and residual 
value in determining the environmental impacts of building reuse, the 
research question mentioned in Section 1 can be further specified as how 
many use cycles and their durations would result in minimal environ
mental costs and residual value. Accordingly, this study aims to identify 
the optimal multi-use cycle scenarios for reusing a demountable 
modular building system that minimizes both the environmental costs 
and residual value, using a demountable modular unit located in Hong 
Kong as a case study. Each scenario corresponds to a specific number of 
use cycles and the duration of each cycle. The research methods 
employed include a LCA of embodied and operational carbon emissions, 
residual value analysis, and monetization assessment, followed by multi- 
objective optimization under uncertainty, and sensitivity and scenario 
analyses. This study significantly contributes to the existing literature on 
the environmental cost of embodied and operational carbon emissions 
and the residual value of building reuse, an area that has received 
limited attention. The optimal multi-use cycle scenarios identified can 
aid owners in making decisions on sustainable end-of-life planning of 
temporary modular buildings. The uncertainty analysis adopts a sto
chastic approach, effectively addressing the limitations of deterministic 
methods by accounting for uncertainties (e.g., material degradation) in 
input variables (Baldoni et al., 2019; Huang et al., 2021), especially 
when future reuse cycles are highly uncertain (Yang et al., 2024). De
cisions based solely on deterministic value often prove unrealistic in 
practical situations (Pandey and van der Weide, 2017). Thus, a sto
chastic perspective can enhance informed decision-making under 
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uncertain future reuse scenarios. Additionally, the sensitivity and sce
nario analyses can identify the most influential parameters that lead to 
significant changes in the LCA outcomes. Overall, the findings of this 
research can benefit construction practitioners by deepening their un
derstanding of the environmental impacts of building assets across 
multiple use cycles and facilitating sustainable end-of-life planning 
within a circular economy.

3. Methods and materials

3.1. Research problem definition

The above literature review reveals that there is a limited attempt to 
identify the optimal reuse scenarios of demountable buildings when 
considering their environmental impacts. The determination of optimal 
reuse scenarios enables policymakers and practitioners to implement 
suitable strategies for planning and coordinating the future use cycles of 
demountable buildings that minimize environmental impacts associated 
with repeated reuses. To achieve this goal, a research question is 
formulated: What are the optimal reuse scenarios of demountable 
buildings that minimize both environmental cost and residual value? 
Based on this question, the research hypotheses are given as follows: 

H1. The increase in the number of cycles (n) is associated with an 
increase in environmental cost. This is because more reuse cycles are 
involved, more value retention and operational activities result in more 
embodied and operational carbon emissions.

H2. A longer total service life (
∑n

i li) is associated with a higher 
environmental cost and a lower residual value. This is because the 
longer service life, the more operational carbon emissions are generated, 
but the lower residual value after amortization over a longer period of 
time.

H3. Based on H1 and H2, it is further inferred that to achieve lower 
environmental cost and residual value, the number of cycles should be 
smaller and the total service life should be longer. Therefore, it is 
considered that there exist optimal reuse scenarios (n, l) where specific 
combinations of use cycles (n) and corresponding length of cycle (l), 
representing the minimal environmental cost and residual value.

The research framework (Fig. 1) was proposed to test these hy
potheses as follows. Firstly, a deterministic life cycle impact model was 
developed to quantify the embodied and operational carbon emissions 
of a demountable modular building system across multiple life cycles, 
thereby determining the corresponding residual value and environ
mental cost. Secondly, a probabilistic life cycle impact model was 
established by employing probability density functions (PDFs) for un
certain parameters that generate random values accordingly. Thirdly, 
multi-objective robust optimization was performed by incoporating 
those uncertain inputs to identify optimal multi-use cycle(s) that achieve 
the lowest environmental costs and residual value. Finally, global 
sensitivity and scenario analyses were carried out to examine how 

variations in parameters affect the environmental cost and residual 
value of the optimal scenarios.

3.2. Case study

The case study focuses on a temporary demountable modular 
building in Hong Kong. In 2022, this building was required to be 
dismantled due to the expiration of its land tenancy agreement. Ac
cording to the planning scheme, it would be repaired, relocated, and 
reassembled at a new project site to serve a larger low-income popula
tion. The relocation project received approval from the regulatory au
thority, which appointed a task force for transitional housing to act as 
the technical coordinator for the execution of the relocation works (Luk 
et al., 2023).

The investigated demountable modular building system is composed 
of modular units with identical specifications. These modular units were 
initially manufactured from new modular components at the fabrication 
factory. Following fabrication, the modular units were transported from 
the prefabrication facility to the project site, where they were sequen
tially assembled into the final structure. After construction, the modular 
building entered its use phase. When its initial use cycle ends, the 
modular units were disassembled and transported to warehouses for 
repair and maintenance. Once repaired, the modular units were moved 
to a new project site for reassembly and recommissioning.

As illustrated in Fig. 2, the typical modular unit consists of steel 
frames, bolt-nut connectors, concrete slabs, and partition walls. The 
adjacent modular units are fixed through bolt-nut connectors. The 
inherent modular design facilitates easy disassembly, relocation, and 
reuse of the unit. The modular unit is 2.9 m in height, 2.4 m in width, 
and 12.2 m in length. It was made entirely of new materials without 
recycled materials or components. It is assumed that the modular unit 
would be destroyed for recycling and/or disposal after its service life. 
Temporary modular building systems typically have a lifespan ranging 
from 5 to 10 years (UNECE, 2021). However, it has been reported that 
the expected service life of temporary buildings can extend up to 20 
years (Grosso and Thiebat, 2015). Given the nature of temporary 
buildings, this study assumes that the length of each use cycle could be 5, 
10, 15, 20, or 25 years. While the designed service lifetime of the 
modular unit is 50 years, the corresponding number of use cycles can 
vary from 2 to 10, resulting in a total of 938 multi-use cycle scenarios.

3.3. Goal and scope definition

A multi-cycle environmental impact assessment was performed to 
determine the embodied and operational carbon emissions of the 
demountable modular unit, followed by identifying the corresponding 
environmental cost and residual value produced during multiple-use 
cycles. A single-use cycle of the modular unit is defined as the time 
period commencing with the production or assembly of the modular unit 
and ending with its disassembly or disposal. The fundamental charac
teristics of the modular unit remain consistent in each use cycle, with its 

Fig. 1. Research framework.
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materials and components considered for either direct reuse or reuse 
after value retention activities (e.g., repair and replacement) within the 
same system. This assessment considers the different value retention 
activities for the core modular components (i.e., the steel frames and 
concrete slabs) and subcomponents (i.e., partition walls and bolt-nut 
connectors) (Yang et al., 2024). The functional unit utilized in the 
assessment is the modular unit itself, with a maximum service period of 
50 years. It is noteworthy that the demountable modular system is 
regarded as non-reusable beyond its lifespan, during which the multi- 
reuse takes place. The assessment investigates the embodied and oper
ational carbon emissions produced by the reuse of the modular unit 
across multi-use cycles. The life cycle stages examined include the raw 
materials production and assembly processes (LCA-module A), opera
tional consumption (LCA-module B), disassembly and disposal processes 
(LCA-module C), and the impacts related to reuse and recycling pro
cesses (LCA-module D). Module D considers the environmental impact 
of value retention activities such as replacement, repair, and recycling. 
However, the recyclable materials are excluded from the current system 
boundary because they are assumed not to be reintroduced into the same 
building system.

3.4. Life cycle inventory

The life cycle inventory (LCI) analysis involves breaking down the 
processes associated with multiple use cycles into sub-processes. Each 
sub-process of a use cycle includes activities such as production, trans
port, assembly, disassembly, value retention activities, relocation, 
reassembly, and disposal, if applicable. To obtain LCI data for each sub- 
process, 2D design drawings of the modular unit were employed to 
determine the material quantities required for the steel frame, slabs, 
partition walls, and bolt-nut connectors. Moreover, site engineers who 
participated in the assembly and disassembly activities were requested 
to determine the number of cranes and machines utilized and their 
respective operating hours (Construction Industry Council, 2022). In 
addition, operational water and electricity consumption were estimated 
based on average per capita annual usage in Hong Kong (Electrical and 
Mechanical Services Department, 2024; Water Supplies Department, 
2015). Finally, the PDFs of uncertain parameters were constructed based 
on project records, government documents, online data sources, and 

relevant literature.
The ReCiPe mid-point method impact category ’climate change’ was 

utilized to determine embodied and operational carbon emissions of the 
modular unit. Emission coefficients corresponding to specific processes 
and activities were gathered from the Ecoinvent 3.10 cut-off database. 
The ReCiPe mid-point level monetization factors used in this study are 
compatible with the selected LCA impact categories. At the mid-point 
level, uncertainty is relatively low and acceptance is high (Landgraf 
et al., 2022). In contrast, endpoint indicators, such as damage to human 
health, ecosystem diversity, and resource availability, further aggregate 
and convert mid-point indicators, often based on proprietary models, 
which leads to relatively high uncertainty and lower acceptance 
(Goedkoop, 2008; Landgraf et al., 2022).

The environmental pricing methodology developed by CE Delft in 
Environmental Price Handbook EU28 is based on the ReCiPe 2016 
Midpoint(H) methodology (De Bruyn et al., 2018), thus aligning with 
the aforementioned life cycle impact analysis. The prices referenced 
here represent damage costs, indicating the willingness of citizens to pay 
to avoid exposure to an additional 1 kg of environmental pollution, 
expressed in EUR per kg of emissions (R. Zhang et al., 2024). This pricing 
scheme is considered a preferred tool for calculating externalities 
compared to other options (e.g., Stepwise, Ecotax) because it adheres to 
the impact categorization defined in ReCiPe (2016) (Phuang et al., 
2023). It has also been applied in non-European countries, such as 
Malaysia (Phuang et al., 2023) and China (Guo et al., 2023), when the 
localized monetarization factors are lacking. To address the challenge of 
lacking a local environmental price database, it is recommended to 
adopt higher environmental prices for carbon emissions (i.e., €2015 =

0.094 per kg CO2-eq) until a global set of country-specific prices be
comes available (Zhang et al., 2024). This environmental price is then 
adjusted to Hong Kong dollars using the consumer price index and ex
change rate, resulting in HK2019 = 0.864 per kg CO2-eq. The reference 
year was set to 2019 because construction of the case building 
commenced that year. Although the Environmental Price Handbook 
EU27 (De Vries et al., 2024) has been released recently, this study 
adopted the old version (De Bruyn et al., 2018) because the case building 
was built in 2019. The present value of the environmental cost was 
subsequently discounted, with a reference discount rate of 3 % assumed 
for the environmental cost (Luo et al., 2021), which aligns with 

Fig. 2. The modular unit analyzed in this study.
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suggested social discount rates for monetizing environmental impacts 
(Lu and Deng, 2023; Nydahl et al., 2019).

3.5. Deterministic life cycle impact model

The deterministic life cycle impact model was developed for the case 
study. This model considered all the life cycle stages involved in 
modular unit across multiple use cycles to assess the embodied and 
operational carbon emissions. Moreover, we further calculated the re
sidual value, which represents the unamortized carbon emissions when 
reaching a building’s end-of-life. A lower residual value indicates that 
the building tended to be fully utilized, while a higher residual value 
suggests that the remaining impact could not be fully amortized, 
resulting in a loss of value. This study focuses solely on environmental 
cost, while other costs, such as life cycle costing (e.g., production and 
construction costs) are excluded from the analysis. At the end of the final 
use cycle, the avoided burden (0:100) approach was utilized for impact 
allocation. The life cycle embodied and operational carbon emissions, 
residual value, and environmental cost are represented by Eq. (1), Eq. 
(2), and Eq. (3), respectively. The residual value was calculated at the 
end-of-life stage when direct reuse is no longer feasible (Eq. (2)). 
Additional details regarding the analyses of embodied and operational 
carbon emissions, environmental cost, and residual value can be found 
in Supplementary Material A. 
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Where: E, RV, and CE are the environmental impact (embodied and 
operational carbon emissions), residual value, and environmental cost, 
respectively, N is the total number of cycles, i is the ith use cycle, C is the 
set of components, c is the cth type of component, M is the set of ma
terials, m is the mth type of material, li is the cumulative use period of i 
nos. of use cycles, t is the tth year of use (start from 1), P1,c,m is the 
embodied carbon emissions of the primary production of the module 
consisting of component c and material m, Ai, Di, and VRPi,c,m is the 
embodied carbon emissions of assembly, disassembly, and value reten
tion process, respectively, Eoln,c,m is the embodied carbon emissions at 
the end of the last use cycle, Ow is the operational carbon emission of the 
annual water consumption, Oele is the operational carbon emission of the 
annual electricity consumption; SL is the service lifetime (i.e., 50 years); 
PC1,c,m is the environmental cost (embodied and operational carbon 
emissions) of the primary production of the module consisting of 
component c and material m, ACi + DCi is the present value of the 
environmental cost of i nos. of disassembly and assembly of the module, 
VRCi,c,m is the present value of the environmental cost of value retention 
activities for component c and material m in the ith use cycle, ECn,c,m is 
the environmental cost of end-of-life treatments of the module consist
ing of component c and material m, OCw is the present value of the 
environmental cost of the annual operational water consumption, OCele 
is the present value of the environmental cost of the annual operational 

electricity consumption.
To account for the influence of material degradation on the reus

ability of building components, this study considers that the repair and 
replacement rates of components change over time, as shown in Eq. (4)
and Eq. (5). Eq. (4) is a function of the repair rate (rai,c) that reflects the 
degradation of components over time, thereby affecting their repair
ability. The repair rate is estimated based on a building’s age, a com
ponent’s life expectancy, and an adjustment factor (fc). The adjustment 
factor accounts for the technical challenges associated with repairing a 
component, which may be influenced by the structure’s geometry, 
design specifications, and the types of connections used in a building 
(Mollaei et al., 2023). Similarly, for the replacement rate (rbi,c), an 
adjustment factor (gc) is also introduced to reflect challenges and con
straints associated with replacing a component. This factor, together 
with the effects of time, captures how the replacement rate varies with a 
building’s age, a component’s life expectancy, and technical challenges. 

rai,c = fc ×

(

eli − αc +
li

10⋅αc

)

Eq. (4) 

rbi,c = gc ×
SL
αc

Eq. (5) 

Where: rai,c is the repair rate of component c in the ith use cycle, rbi,c is 
the replacement rate of component c in the ith use cycle; fc and gc are the 
adjustment factors considered the technical challenges associated with 
repairing and replacing a component, respectively, which may depend 
on the structure’s geometry, design specifications, and the connections 
utilized in the building; li is the use period of the building (years), αc is 
the life expectancy of a component c (years), and SL is the service life of 
the building (50 years).

3.6. Probabilistic life cycle impact model

The probabilistic life cycle impact model was developed based on the 
deterministic model. This model incorporates PDFs of uncertain pa
rameters and generates random values from the specified PDFs to pro
duce probabilistic outputs. Based on the literature review and case 
study, three types of uncertain parameters are considered. Firstly, fac
tors influencing material recovery efficiency, including the repair and 
replacement rates, were evaluated (Luk et al., 2023). For instance, core 
components may require repairs, such as recoating, rectification, and 
polishing, to sustain the integrity of the building system over time. 
Additionally, non-reusable components, like bolt-nut joints, may be 
replaced due to the advantages of the demountable modular system. 
This replacement process necessitates the use of new components to 
replace outdated ones and involves the recycling and/or disposal of the 
removed components. When the modular unit and its components are 
considered inappropriate for reuse, they are deemed as standard con
struction demolition waste and processed for sorting, recycling, and/or 
landfill. Secondly, to address uncertainties regarding the recyclability 
rate of materials in the future use cycle(s), a uniform distribution was 
assumed for each uncertain input parameter to reflect the variability 
(Pannier et al., 2018; Yang et al., 2024). Finally, transport distances 
were also regarded as uncertain variables, for which a normal distri
bution was applied (Pannier et al., 2018). The PDFs of uncertain pa
rameters are provided in Supplementary Material A.

Notably, the research team conducted comprehensive tracking 
throughout the entire process of modular unit disassembly, relocation, 
repair, and reassembly at the first use cycle. In collaboration with the 
project team, seven rounds of on-site inspections were performed to 
assess the condition of modular units before and after disassembly, as 
well as during storage periods. No component degradation related to 
handling or transportation processes was observed (Luk et al., 2023). 
During the storage period, all modular units were protected with 
specially waterproof covers, which effectively prevented deterioration 
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caused by extreme weather conditions during storage (Luk et al., 2023). 
Consequently, degradation caused by weather was not incorporated into 
the modelling framework.

3.7. Multi-objective robust optimization under uncertainties

Multiple-objective optimization was performed to determine the 
optimal number of use cycles and the length of each cycle, aiming to 
minimize environmental cost and residual value across multiple use 
cycles. The mathematical model was developed based on the impact 
analysis formulations (Eqs. (2) and (3)). The multi-objective optimiza
tion applies a trade-off rationale to address two conflicting objectives: 
minimizing residual value and environmental cost over the multiple uses 
of the modular unit.

To tackle the inherent uncertainty in the input parameters, a multi- 
objective robust optimization approach was used to determine the 
90th percentile of environmental cost and residual value under un
certainties (Galimshina et al., 2021). The Pareto front results represent 
the robust optimal solutions for the 90th percentile of probabilistic 
environmental cost and residual value, implying that these optimal so
lutions are obtained when input variables fluctuate (Galimshina et al., 
2021). This ensures that the model fully considers the influence of un
certainties and produces optimal solutions that are more resilient and 
adaptable. For each combination of use cycles, the uncertain parameters 
were propagated through the computational model described in Section 
3.6, and a Monte Carlo simulation was employed to evaluate the cor
responding quantiles of environmental cost and residual value, iterating 
through all the combinations to identify non-dominated optimal solu
tions. These solutions collectively form a Pareto front, which represents 
a trade-off curve where improvement in one objective results in a 
compromise in the other objective. The Pareto front provides 
decision-makers with a set of optimal solutions, offering the flexibility to 
select the most appropriate option based on project-specific priorities. 
By leveraging this approach, decision-makers gain a comprehensive 
understanding of potential trade-offs, enabling informed decisions that 
balance environmental cost with residual value, ultimately achieving 
environmental sustainability for reusing modular building systems. The 
multi-objective robust optimization model was coded in C# to ensure 
computational efficiency and enable the exploration of complex sce
narios and large datasets.

3.8. Sensitivity and scenario analyses

To identify the variables, including recycling/reuse rates, repair/ 
replacement rates, and transport distances, that most significantly 
contribute to the LCA results of Pareto-optimal scenarios, a global 
sensitivity analysis was conducted using Sobol’s indices (Soból, 2001). 
Both first-order and total-order sensitivity indices were considered. On 
the one hand, the first-order indices reflect how much each input vari
able affects the output variance when all other variables are held con
stant. On the other hand, the total order indices evaluates each input 
variable’s impact on the output variance while accounting for any in
teractions with other variables. The global sensitivity analysis was 
conducted in PyCharm IDE using the SALib package.

The above analysis was performed under a baseline scenario, where 
emission factors were retrieved from the Ecoinvent V3.10 database, 
consumption of electricity and water remained constant over the years, 
and the environmental price was converted from the Environmental 
Price Handbook in 2018 as explained in Section 3.4. To test the varia
tions of these factors on the environmental cost and residual value, six 
scenario analyses were performed: (1) electricity and water consump
tion increasing by 0.35 % and 0.5 % per annum, respectively, (2) elec
tricity and water consumption increasing by 0.7 % and 1 % per annum, 
respectively, (3) emission factors retrieved from ELCD database, (4) 
emission factors retrieved from GaBi database, (5) environmental price 
obtained from Landgraf et al. (2022), and (6) environmental price 

obtained from Eldh and Johansson (2006). The scenario analyses were 
carried out in Visual Studio 2022.

4. Results

4.1. Optimal number of cycles and length of cycles

As illustrated in Fig. 3, the environmental cost of embodied and 
operational carbon emissions tends to rise with an increasing length of 
the cycles when the number of cycles remains constant. Such an increase 
may be mainly attributed to the increasing operational carbon emissions 
associated with longer operational periods. The environmental cost of 
carbon emissions slightly increases with an increasing number of cycles 
when the length of total service life remains constant. Such an increase is 
mainly attributed to the increasing embodied carbon emissions associ
ated with more frequent material replacement and repair activities that 
occur with each additional cycle. To minimize the environmental cost, it 
is suggested to limit the number of cycles and the length of total service 
life, as fewer cycles correspond to less embodied carbon emissions and 
shorter length contributes to lower operational carbon emissions.

Residual value reaches its minimum (i.e., zero) when the cycle length 
equals the designed service life (i.e., 50 years), indicating that the 
embodied and operational carbon emissions of the modular unit have 
been entirely amortized. This indicates that a longer cycle length allows 
for more embodied and operational carbon emissions to be amortized. 
Conversely, a shorter cycle length implies that embodied and opera
tional carbon emissions cannot be fully amortized, resulting in a loss of 
value. To minimize residual value, the length of the cycles should be 
extended. However, when the number of cycles remains constant, the 
residual value represents a parabolic relationship with the length of the 
cycles (Fig. 4). Special attention should be paid to the scenarios when 
the total service life ranges from 10 to 25 years, where the residual value 
for 10 years of service life is lower than that for 15, 20, and 25 years. It is 
inferred that when the total service life increases from 10 to 25, corre
sponding carbon emissions would have a remarkable increase (observed 
from Fig. 3), but the total service life is not long enough to amortize 
those impacts. The length of cycles with a total of 10 years is associated 
with a smaller environmental impact to be amortized and thus the 
corresponding residual value is smaller. These results further imply that 
a “junior age” of the modular unit (i.e., between 10 and 25 years old) 
would result in a higher residual value. In contrast, either the shortest 
service life (i.e., 10 years) or longer than half of the total life span may 

Fig. 3. The environmental cost associated with the number of use cycles and 
total service life.
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result in relatively lower residual value and thus less loss of value.
Minimizing the environmental cost alone (Fig. 3) may compromise 

residual value when the number of cycles is low but the cycle lengths are 
relatively short (Fig. 4). This scenario can hinder the full amortization of 
embodied and operational carbon emissions, leading to a loss of value. 
In other words, if the modular unit reaches the end of its life after only a 
short period of use, the resources and time invested in production, as
sembly, operation, and disassembly would be largely viewed as waste. 
Conversely, focusing solely on minimizing residual value could result in 
a higher environmental cost when the number of cycles increases 
(Fig. 3). While carbon emissions can be largely amortized in this case, 
the overall environmental cost may rise due to additional emissions 
generated from value retention and operational activities alongside the 
increased number of cycles (Fig. 3). Therefore, it is essential to consider 
a trade-off between the number of cycles and their lengths to minimize 
both environmental cost and residual value.

The six Pareto-optimal solutions were identified: [5-yr, 5-yr], [5-yr, 
25-yr], [10-yr, 25-yr], [15-yr, 25-yr], [20-yr, 25-yr], and [25-yr, 25-yr]. 
In the present case study of a temporary demountable modular building 
system in Hong Kong, it was found that the Pareto-optimal number of 
cycles is two. This suggests that reusing the modular unit more than 
twice could be relatively less environmentally viable due to the 
increased environmental cost of embodied and operational carbon 
emissions. While the number of cycles remains two, the environmental 
cost increases as the length of total service life extends, whilst residual 
value increases to the highest at 25 years and then decreases. The 
Pareto-optimal solutions indicate that the length of the first use cycle 
should not be longer than the second one. This is because a longer use 
cycle in the first cycle may require more intensive repair and replace
ment activities, given that the time-dependent degradation rates of steel, 
concrete, and gypsum board have been assumed (Supplementary Ma
terial A). The results also indicate that if the length of the first use cycle 
is 5 years or longer, the length of the second use cycle generally should 
be 25 years. This is likely because these scenarios attempt to amortize 
the embodied and operational carbon emissions with the greatest effort 
(i.e., the maximal service life in each cycle), which would result in lower 
residual value compared to others. Furthermore, a special Pareto- 
optimal solution [5-yr, 5-yr] revealed that a relatively shorter service 
life would also be environmentally viable because such a shorter service 
life was associated with less environmental impacts and environmental 

cost during construction and operation phases, even though its residual 
value was higher than the other Pareto-optimal solutions.

4.2. Probabilistic outcomes of environmental cost and residual value

Fig. 5 presents the probabilistic results of the six Pareto-optimal so
lutions. It shows that environmental cost increases while residual value 
decreases with longer service life. The residual value reaches zero when 
the first and second cycles are each set to 25 years, which accounts for 
half of the total designed lifespan. The [5-yr, 5-yr] scenario yields the 
highest residual value and the lowest environmental cost among all 
optimal solutions. This outcome occurs because the shortest service life 
with only 10 years, indicates that most of the environmental impact 
from producing, assembling, operating, and disassembling the modular 
unit has not yet been amortized. There is a remarkable decrease in re
sidual value when the total service life is more than 35 years, implying 
that the embodied and operational impacts can be significantly amor
tized when the total service life is longer enough.

Additionally, the environmental cost of the [25-yr, 25-yr] scenario 
almost doubles that of the [5-yr, 5-yr] scenario. It further suggests that 
the environmental cost of operational carbon emissions tends to increase 
remarkably with a longer total service life. Although the first cycle of the 
[25-yr, 25-yr] scenario is longer than that of [5-yr, 5-yr], leading to 
potentially greater material degradation, the associated replacement 
and repair activities result in only slightly higher embodied carbon 
emissions. Operational carbon emissions would be the primary 
contributor to the environmental cost in the [25-yr, 25-yr] scenario.

4.3. Results of global sensitivity analysis

The results of the global sensitivity analysis indicate that there are no 
significant differences in the influential factors across all Pareto-optimal 
scenarios. Fig. 6 illustrates the results of the global sensitivity analysis 
for a Pareto-optimal scenario [15-yr, 25-yr]. The primary factor influ
encing the variation in environmental cost and residual value is the 
change in the recycling rate of the steel frame. This suggests that 
increasing the recycling rate of steel at the end of the second use cycle 
would substantially offset the embodied carbon emissions, increasing 
the environmental benefits. Similarly, the recycling of replaced steel and 
partition walls may also contribute to these benefits. Consequently, both 
residual value and environmental cost would decrease due to the offset 
in embodied carbon emissions from recycling. The repair rate of the steel 
frame and concrete slab can significantly impact the variation in envi
ronmental cost and residual value, while the replacement rate of steel 
connectors and partition walls emerges as a key influential factor. The 
value retention activities associated with repair and replacement 
consume raw materials, thereby contributing to increased embodied 
carbon emissions. As a result, both residual value and environmental 
cost are likely to rise alongside the growing embodied carbon emissions 
due to these value retention activities.

Additionally, variations in the transport distance of steel and con
crete materials from the manufacturing facility to the prefabrication 
factory can significantly affect environmental cost and residual value. 
Changes in the transport distance of concrete slabs from the prefabri
cation factory to the construction site also significantly influence the 
variation of the environmental cost and residual value. These findings 
suggest that utilizing local materials and local prefabrication factories is 
recommended for minimizing the environmental cost and residual value 
for multi-use cycles of building systems. However, the transport distance 
from the material manufacturing factory to the prefabrication factory 
primarily affects the environmental impacts during the production stage 
of the first life cycle (assuming that no production of new modules in the 
subsequent cycles). Variations in transport distance among the site, 
sorting facilities, warehouses, and recycling facilities do not signifi
cantly influence the change in environmental cost and residual value. 
Therefore, logistics between subsequent cycles may have a negligible 

Fig. 4. The residual value associated with the number of use cycles and total 
service life.
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effect on the environmental impacts during subsequent use cycles.

4.4. Results of scenario analysis

The above global sensitivity analyses were performed under a 
baseline scenario where emission factors were retrieved from the 
Ecoinvent v3.10 database, the consumption of electricity and water was 
assumed to remain constant over the years, and the environmental price 
was converted from the Environmental Price Handbook in 2018, as 
explained in Section 3.8. The variations of these factors on the envi
ronmental cost and residual value of Pareto-optimal scenarios were 
tested, using [15-yr, 25-yr] as an example. As illustrated in Table 1, the 
results of scenario analysis reveal that the increases in electricity and 
water consumption during the operation stage result in increases in 
environmental cost and residual value. The decreases in environmental 
price obviously lead to the reduction of environmental cost. The use of 
different sources of background data considerably influences environ
mental cost and residual value.

5. Discussion

5.1. End-of-life decision making for multiple uses of demountable 
modular components

While significant efforts have been made to identify the environ
mental benefits of reusing building components (De Wolf et al., 2020; 
Eberhardt et al., 2019; van Stijn et al., 2021, 2022), there has been 
limited focus on determining the extent to which the number of cycles 
and their durations can be environmentally sustainable for reusing 
modular components from a multi-cycling perspective. This paper 

addresses this knowledge gap by identifying the optimal combinations 
of the cycles’ number and each cycle length that minimize both the 
environmental cost of carbon emissions and residual value. To the au
thors’ best knowledge, this paper represents one of the first studies to 
determine the optimal scenarios for the multiple uses of demountable 
modular components. The identified optimal combinations of cycle 
number and cycle length can help provide practical insights for 
decision-makers planning the sustainable reuse of demountable modular 
building systems.

This study identifies six Pareto-optimal scenarios for the repeated 
reuse of modular components, successfully achieving the dual objectives 
of minimizing the environmental cost of embodied and operational 
carbon emissions and minimizing residual value. These optimal sce
narios confirm the environmental viability of reusing modular compo
nents multiple times compared to other scenarios. Specifically, the 
optimal number of cycles is two, indicating that exceeding this range 
may lead to higher environmental costs, thereby undermining envi
ronmental viability. Notably, in the Pareto-optimal scenario [5-yr, 5-yr], 
the modular unit is utilized for a total of only 10 years, implying that 
most of the carbon emissions over the two use cycles remain unamor
tized. This scenario has the highest residual value among all the optimal 
scenarios while achieving the lowest environmental cost due to its 
relatively short service lifetime. Conversely, the Pareto-optimal scenario 
[25-yr, 25-yr] results in zero residual value when the modular compo
nent has been fully utilized within its designed lifespan, but it incurs the 
highest environmental cost among all optimal scenarios due to its 
longest service lifetime. This finding aligns with the notion that the 
social cost of greenhouse gases increases over time, as future emissions 
are expected to cause greater incremental damages due to the escalating 
pressures on physical and economic systems from climate change (US 

Fig. 5. Probabilistic outcomes of environmental cost and residual value of the six Pareto-optimal scenarios.
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Environmental Protection Agency, 2017).
This study provides a valuable reference for decision-makers in 

developing effective measures to mitigate the influence of various fac
tors on the environmental impacts of optimal multi-use cycle scenarios. 

The steel frame and concrete slab are considered the core components of 
the modular unit, assumed to be repairable but not replaceable. 
Consequently, changes in the repair rate of these core elements can 
significantly impact environmental outcomes. In contrast, the steel 

Fig. 6. Global sensitivity analysis of [15-yr, 25-yr] scenario. RV represents residual value, CE represents environmental cost. 
rrec represents recycling rate, ra represents repair rate, rb represents replacement rate, df,m→f represents distance from the material manufacturing factory to the 
prefabrication factory, and df→s represents distance between the prefabrication factory to the project site.
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connectors and partition walls are regarded as non-core components, 
which are assumed to be both replaceable and repairable. Thus, varia
tions in the replacement rate of these components also significantly 
affect environmental outcomes. In other words, the environmental 
impact of the core modular components is more sensitive to repair ac
tivities, while the impact of subcomponents is more sensitive to re
placements, aligning with the findings of Yang et al. (2024). These 
results suggest that proper maintenance and disassembly procedures 
should be implemented to prevent damage to both core and non-core 
modular components during the use and deconstruction phases, 
thereby minimizing the need for repair and replacement. These sug
gestions further reinforce the recommendations made by Yang et al. 
(2024).

Furthermore, this paper finds that the transport distance from ma
terial production and prefabrication factories significantly impacts the 
environmental effects during the production stage of the first life cycle, 
assuming no new modules are produced in subsequent cycles. This 
finding aligns with previous studies that have identified the same trend, 
which is why policymakers and practitioners advocate for the use of 
local materials and near-site prefabricated components (Jayawardana 
et al., 2023; Mao et al., 2013). However, the paper also reveals that 
variations in transport distances among sites, sorting facilities, ware
houses, and recycling centres do not significantly affect the environ
mental cost and residual value of building reuse in later cycles. This 
suggests that decision-makers have greater flexibility in choosing 
preferred facilities for repair, replacement, recycling, and temporary 
storage.

This paper makes a knowledge contribution to resolving a new 
research problem concerning multi-use cycle scenarios for a demount
able modular building system that achieves minimal environmental cost 
and residual value. Built on established methodologies such as life cycle 
impact analysis and multi-objective robust optimization, this study 
presents new findings of optimal multi-use cycle scenarios. Specifically, 
it identifies that the optimal number of use cycles is two, with the first 
cycle not exceeding the duration of the second. This research extends 
existing studies that primarily assess the environmental impacts of 
building components across multiple use cycles and deepens the un
derstanding of relative environmental savings associated with optimal 
scenarios, as well as relative environmental burdens linked to non- 
optimal scenarios. These findings hold practical significance for the 
construction industry, as the optimal combinations of the number of 
cycles and duration of cycles can inform decision-makers to develop 
more sustainable end-of-life strategies for demountable modular build
ing systems.

5.2. Limitations of the study

Despite the knowledge and practical contributions outlined, several 
limitations should be acknowledged. First, the time-dependent variable 
for material degradation considered in this LCA is theoretical. While 
other studies also addressed material degradation or failure rates in the 
context of building retrofitting or deconstruction (Teng et al., 2024; 
Mollaei et al., 2023; Xia et al., 2020; Akanbi et al., 2018), these theo
retical formulas did not account for external factors such as weather, 
user behaviour, and labour quality. As a result, the impact of real-time 
material degradation on the environmental effects of building reuse 
throughout each cycle remains unexplored. To address this issue, this 
study attempted to conduct uncertainty and sensitivity analyses of the 
repair, replacement and reusability of modular components resulting 
from theoretical material degradation. It has been suggested that 
combining Monte Carlo simulation with sensitivity analysis can effec
tively address a wider range of uncertainties (Feng et al., 2022). This 
approach would enhance the robustness of LCA results (Igos et al., 
2019).

Additionally, the monetary factor for carbon dioxide is derived from 
the Environmental Prices Handbook, which was developed within the 
European context, reflecting the willingness of European citizens to pay 
to avoid exposure to environmental pollution. Although both Europe 
and Hong Kong are considered developed economies, their socio- 
economic and demographic characteristics differ significantly. It is 
acknowledged that environmental prices can vary based on regional 
factors (Amadei et al., 2021). However, Hong Kong currently lacks a 
comprehensive environmental pricing system. Due to the lack of local
ized data on monetary factors, this paper relied on globally published 
data sources, such as Ecoinvent and the Environmental Price Handbook 
EU28. As a result, the LCA outcomes should be interpreted with caution. 
To address this issue, scenario analyses were conducted to examine the 
effects of varying emission factors, monetary factors, and operational 
resource consumption on the environmental impact of building reuse. 
The findings revealed that changes in these scenarios significantly 
influenced the environmental costs and residual value of building reuse. 
Existing LCA research often encounters challenges due to insufficient 
localized data, which is why many studies, including this one, incor
porate analyses of different scenarios, such as changes in emission fac
tors (Zhang et al., 2019), varied energy consumption (Walker et al., 
2022), and different carbon tax rates (Chou and Yeh, 2015).

This study offers new insights into optimal multi-use cycle scenarios 
for reusing modular units. However, the implications of this research 
may be limited to specific building typologies and particular use sce
narios (Yang et al., 2025). In other words, this study is relevant for 
building projects that incorporate DfD principles and are technically 
reusable within their intended lifespan. Additionally, it is applicable to 
projects with constraints on permanent use, such as land tenancy re
strictions and temporary requirements. Furthermore, this study focuses 
exclusively on environmental impact and the associated environmental 
cost. To identify optimal multi-use cycle scenarios, future research 
should conduct a thorough investigation of the financial viability of 
building assets from a multi-use cycle perspective. The optimization 
approach should also be expanded to minimize financial costs.

6. Conclusions

This paper addresses a knowledge gap regarding the extent to which 
the number and duration of cycles can be environmentally sustainable 
for reusing modular components from a multi-cycling perspective. In the 
case study of a demountable modular building system in Hong Kong, the 
study identifies six Pareto-optimal scenarios that combine the number of 
cycles and the length of each cycle, aimed at minimizing both the 
environmental costs of embodied and operational carbon emissions and 
residual value. These scenarios are: [5-yr, 5-yr], [5-yr, 25-yr], [10-yr, 
25-yr], [15-yr, 25-yr], [20-yr, 25-yr], and [25-yr, 25-yr]. The results 

Table 1 
Scenario analysis of environmental cost and residual value of [15-yr, 25-yr].

Scenario Description Environmental 
cost

Residual 
value

Baseline Emission factors (Ecoinvent); 
Electricity and water consumption: 
0 %/yr; Environmental price: HK 
$0.86/kg CO2-eq

69725.8 20914.4

1 Electricity: +0.35 %/yr, Water: 
+0.5 %/yr

72687.7 (+4.2 
%)

22037.3 
(+5.4 %)

2 Electricity: +0.7 %/yr, Water: +1 
%/yr

75887.6.3 
(+8.8 %)

23260.0 
(+11.2 %)

3 Emission factors (ELCD) 60537.5 (− 13.2 
%)

18234.2 
(− 12.8 %)

4 Emission factors (GaBi) 93803.5 (+34.5 
%)

28298.2 
(+35.3 %)

5 Environmental price: HK$0.52/kg 
CO2-eq (Landgraf et al., 2022)

41976.4 (− 39.8 
%)

20919.6 
(0.0 %)

6 Environmental price: HK$0.71/kg 
CO2-eq (Eldh and Johansson, 2006)

57304.8 (− 17.8 
%)

20919.7 
(0.0 %)

Note: "+" indicates an increase, while "-" indicates a decrease.
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indicate that the optimal number of cycles is two, and the length of the 
first use cycle should not be longer than the second one. Additionally, 
these optimal scenarios indicate that either a shortest (i.e., 10 years) or a 
longer service life (i.e., more than 30 years). These findings provide 
valuable insights for decision-makers in developing early end-of-life 
planning for temporary demountable modular building systems in 
Hong Kong. The sensitivity analysis of the optimal solution indicates 
that the variations in value retention activities for certain components 
and materials (e.g., repair, replacement, and transport) can significantly 
affect the environmental cost and residual value. The scenario analysis 
of the optimal solution reveals that the change in emission factors can 
significantly influence both the environmental cost and residual value of 
building reuse, while the change in environmental monetary factors has 
substantial effects on the environmental cost. It is recommended that the 
financial viability of building reuse over multiple cycles should be 
examined in the future to identify the optimal reuse scenarios that 
minimize both environmental and economic impacts.
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