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Abstract: Circular economy (CE) is an emergent concept that promotes resource circularity in multiple
product systems. Modular construction (MC), an evolving construction technique, which includes
an off-site manufacturing environment, increasingly supports CE strategies such as reuse due to the
elevated potential for design for disassembly (DfD). Design-stage environmental assessments are
paramount in aiding the early decision making of modular construction projects to successfully plan
and implement DfD strategies. Research on synergising modular construction, circular economy
and environmental sustainability is rare in developing economies. Thus, the current study aims to
conduct a design-stage life cycle assessment of a DfD and linear versions of a modular building unit in
Sri Lanka to evaluate the potential environmental benefits. The life cycle assessment results highlight
that the DfD strategy has the lowest environmental impacts in all categories, with a 63% reduction in
global warming potential and an approximately 90% reduction in terms of human toxicity compared
to the linear version. Further, it showed the elevated potential of reuse compared to recycling practices
in improving the environmental performance. Sensitivity assessment revealed that steel was the most
sensitive to the change in reuse percentage among main building materials. The analysis outcomes
highlight the importance of long-term thinking, architectural design creativity and industrial and
technology development to uptake the CE-driven MC in the Sri Lankan context. Finally, strategies are
proposed to support the CE approach in MC in developing regions. Both quantitative and qualitative
outcomes provide a basis for construction industry stakeholders, academia, and policy makers to
explore further and promote modular construction practices to enhance the circularity of building
materials and components in developing regions.

Keywords: circular economy; modular construction; life cycle assessment; reuse and recycle; design
for disassembly; design stage; off-site manufacturing

1. Introduction

Construction, an industry with never-ending growth and scalability, is responsible
for significant consumption of global natural resources and massive waste generation
worldwide [1]. The global architectural, engineering and construction (AEC) industry is
keen on exploring and adopting sustainable methods of construction to address the existing
environmental issues. Modular construction (MC), a modern method of construction,
is increasingly recognised by the AEC industry as a viable alternative to conventional
construction [2]. MC manufactures modular components in an off-site production facility
and then transports, erects, and assembles them on the final construction site to build
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the desired construction outcome [3]. Faster delivery, cost competitiveness, improved
productivity and environmental savings are some of the well-recognised advantages of
MC over in situ construction [4-6]. The increased capability for quality controlling and
monitoring in the modular unit production process elevates the material consumption
efficiencies and reduces waste generation [7,8].

MC is centred on a controlled manufacturing environment that raises the opportunity
for using circular economy (CE) strategies. Applying CE strategies such as reduce, reuse,
and recycle can potentially increase material efficiencies, thus reducing the end-of-life (EoL)
waste created [9]. The CE concept still has a slow momentum in the global context [10]. For
example, even though Europe is a pioneer of the CE philosophy, the European construction
industry with high recycling rates is only 30% circular. Moreover, only approximately
19% of construction materials in new buildings are derived from recycled or renewable
sources [11]. A transformation from a conventional linear to a circular model presents
significant challenges for the global construction sector, considering the already established
infrastructure and business networks [12]. The industry requires a considerable effort to
the transition, which could fit in a long-term philosophy. Design for disassembly (DfD),
is one such approach the building industry can apply to realise the circularity of building
materials [9,12]. DfD needs a thoroughly planned design stage and construction phase to
yield the expected life cycle sustainability performance.

The adoption of modular construction technologies in developing regions such as
South Asia is slow compared to developed and industrialised economies [13]. Furthermore,
there is limited research evaluating the environmental sustainability of MC practices using
methodologies such as life cycle assessment (LCA) in the South Asian context [3]. Thus,
research approaches such as case study-based LCAs on MC integrated with DfD and CE
strategies can enrich the research and development initiatives in these countries. Moreover,
the potential of MC to support the CE phenomenon needs to be investigated to promote
MC adoption in the developing economy construction sector. Thus, the current study aims
to conduct a LCA to estimate and compare the environmental impacts of a design-stage
modular building unit considering different EoL strategies. Two versions (DfD vs. linear) of
the case study modular unit will demonstrate the LCA considering Sri Lankan conditions.
The research will attempt to showcase the distinctive capability of modular construction
to elevate material circularity and compare CE practices (reuse vs. recycle) in terms of
environmental savings. The outcomes of the current study have the potential to contribute
to research and developments in developing regions associating sustainability, modular
construction practices and circular economy.

2. Background and Research Significance
2.1. Global Context of Modular Construction

The manufacturing industry is evolving consistently, creating technological capabil-
ities that evaluate, monitor, and improve the holistic production processes and overall
sustainability. The built environment, one of the significant and essential industries glob-
ally, has seen diverse challenges from traditional ways of building. As one of the PFC
techniques, MC has increasingly been recognised as a manufacturing-centred construction
technology, which has a high potential to use the strengths of manufacturing systems and
technologies. MC offers a range of benefits, from reduced construction times and enhanced
work efficiency to sustainability savings in GHG emissions and waste generation [14-16].
Moreover, portability and quick fixing ability are distinct capabilities of MC that reinforce
the competitiveness over conventional construction [17,18]. The potential for designing for
disassembly and reuse is one of the unique possibilities of using MC, consequently reducing
the demolition waste [9]. The potential that MC possesses to enhance the circularity of
the construction process is becoming increasingly evident. However, even with the well-
documented benefits of modular construction compared to traditional construction, the
application of these technologies is less globally. Notably, adoption in low socioeconomic
countries such as Sri Lanka is significantly behind other developed and industrialised
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countries [3]. Some key impediments to applying MC technologies are high initial capital
establishment costs, transportation constraints (module dimensions, road conditions and
regulations and logistic costs), and a lack of experienced and skilled engineers, designers,
labourers, and technical experts [19-21].

2.2. Modular Construction in Sri Lanka

In the present context, only a few construction companies use prefabrication in con-
struction projects in Sri Lanka. Among them, the main focus is still on building elements,
such as non-volumetric wall panels and infrastructure-based bridge components [5]. The
application of modular technologies under prefabrication is still slow in Sri Lanka com-
pared to other developed and industrialised economies [22]. Under a modular construction
space, container-based modules and steel-framed building units are the main modular
products currently in Sri Lanka [5]. The use of timber technologies such as cross-laminated
timber (CLT) and glued laminated timber (Glulam) is yet to be achieved in the modular
construction stage of Sri Lanka. Concrete-based modular units were introduced into the
market in 2022 by one construction organisation, with a sample first volumetric modu-
lar building completed in the same year [23]. However, even with recent advancements,
modular construction has yet to reach a considerable share of the Sri Lankan construction
market [22]. On top of that, the novel technology and innovation transfer to overall con-
struction work is significantly lower compared to contemporary progress in developed and
industrialised countries.

2.3. The Importance of Circular Economy in Building Construction

CE is an evolving phenomenon that promotes the cyclical use of resources that extends
the resource life and minimises waste generation [10,24]. CE is still a vague concept that
does not have a singular definition. However, Moraga et al. [10] presented that CE differs
from the linear economy by designing extended-life goods and products and closing the
post-consumer stage and raw material extraction. Generally, CE strategies are identified
by 3Rs: reduce, reuse, and recycle. Nonetheless, the 9Rs: rethink, refuse, reduce, reuse,
repair, refurbish, remanufacture, recycle, and recover are growing traction as a more
comprehensive CE strategy approach [25]. The CE strategies were successfully employed
in various products, from clothing to electronic goods. However, the application to building
and building components is not comprehensively explored [26]. Building construction
consumes approximately 40% of global natural resources throughout the life cycle and
generates approximately 35-40% of global solid waste [27,28]. Thus, the building industry
must take prompt action to employ CE strategies to reduce virgin material usage and
waste produced.

Traditional construction methods show more barriers to CE integration compared
to MC [29,30]. MC possesses distinctive benefits such as manufacturing in a controlled
environment, engaging a specialised skilled workforce, easiness in quality monitoring, and
highly engineered fabrication, creating better mechanisms for DfD [31-33]. According to
an explorative study from Australia, MC presents a set of unique capabilities compared
to traditional construction. Tracking materials and components within their supply chain,
integrating lean production practices during the off-site manufacturing stage and designing
adaptable elements to minimise the waste due to modifications in the use phase of buildings
are such crucial possibilities [9]. Moreover, Pan and Zhang [34] stated that the circularity
and sustainability of urban developments could be enhanced by building temporary
modular facilities for DfD and reassembly.

2.4. Circular Economy in Modular Construction

CEis a relatively novel economic concept, and MC is a modern construction technology
still adopted in lesser proportions. Case study research focusing collectively on these two
aspects is rare in the literature relating to developing economies. Table 1 presents a set
of selected studies that have researched this domain using qualitative and quantitative
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approaches. Notably, the first three studies [9,26,35] have extensively highlighted the
potential of MC for applying CE strategies and reducing waste at the EoL stage. The
primary challenges in using CE strategies in modular construction are the long life cycle
of buildings, supply chain complexity and uncertainties, individuality and composite
materials of building units, and lack of profitability and demand [35]. The research on
integrating CE with sustainability assessments such as LCA is not much presented in the
current state-of-the-art literature in developing regions such as South Asia.

Table 1 shows that case study-based LCAs were conducted on a prototype modular
building manufactured in Australia [9] and modular housing units developed using con-
tainers in China [36]. None of the previous studies conducted sustainability assessments
in the design stage of modular buildings in South Asian countries such as Sri Lanka that
focused on elaborating and demonstrating the potential of CE strategies in MC. Thus, it
forms a research opportunity to carry out early decision-making stage LCAs to compare
variants of CE strategies that can motivate the DfD technique in modular construction
focusing on Sri Lanka. Design-stage assessments create substantial value to support the
hypotheses from the relevant literature. Software platforms such as SimaPro and openL.CA
can aid in comprehensive design-stage assessment of environmental impacts related to MC.

Table 1. Selected studies that have focused collectively on CE in MC.

Research Design *
Study 8 Study Purpose Key Research Highlights
SLS QA SBR LCA ES CS

A conceptual framework is developed
to identify barriers and propose
strategies to adopt CE in
modular construction

Modular buildings are key to
material savings, waste reduction,
and reuse of components

[26] v v

Analysed the contemporary challenges 15 guidelines are proposed to
[35] v v and barriers to adopting CE in MC and overcome the obstacles to CE
proposed a strategy roadmap adoption in MC
Comparative environmental Compared to recycling, DfD
[9] v v ,  assessment of a DfD modular building  offsets greenhouse gas emissions
and conventional by 88% and also benefits other
construction approach tested environmental impacts
Compare the environmental impacts of ~ Shows that the potential reuse of
[36] v v v four designs of a transportable, the building structure provides
modular housing unit significant environmental benefits
Novel virtual reality (VR)-based Provides a visual link between
[24] v approach to advanced learnings and the building information
experiences of the CE in the modelling, bill of quantities and
modular construction resiliency of the selected materials
Investigates the critical success factors lg{rel:ﬁer?lejn?zwitaﬂtyt;f th? "
[37] v v for implementing circular MC projects p & cSIgN stages 1o

achieving circularity in

in Hong Kong MC projects

30 strategies are proposed to
mitigate obstacles in adopting CE
principles to solve the
sustainability issues in MC

Investigates the integration of CE
[25] v v principles in MC to enhance
the sustainability

* SLS—systematic literature survey, QA—qualitative analysis, SBR—survey-based research (questionnaire surveys,
interviews), LCA—life cycle assessment, ES—energy simulation, and CS—case study-based research.

2.5. Research Significance

Design-stage sustainability assessments are crucial in decision making at all life cycle
stages of building projects. Design-stage sustainability assessments of MC practices are
seldom performed in the relevant literature pertaining to developing economy context,
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particularly in South Asia. Moreover, countries such as Sri Lanka do not have published
LCAs investigating the effect of DfD-driven CE approaches in MC life cycle sustainability.
Hence, the current study conducted an LCA to predict and estimate the environmental
impacts of a modular building unit in Sri Lanka, considering two main versions. The first
version is designed for disassembly, and the second version (linear) is not designed for
disassembly; hence, it will be demolished at the end-of-life cycle. DfD makes it possible to
salvage and reuse some structural and non-structural components of the modular building
unit. Conversely, in the linear version, this CE strategy is not viable. Moreover, this
study conducted a sensitivity assessment to investigate the variations in environmental
impacts with the change in the reuse capability of primary building materials that can
be salvageable.

The outcomes of these analyses can contribute to several aspects. First, the current
LCA analysis was conducted at the design stage. The complicated nature and hardships of
conducting sustainability assessment at a pre-implementation stage are visible throughout
this study. Comprehensive decision making and participation of stakeholders at different
stages of the life cycle of modular units is needed to conduct a more accurate and complete
LCA. Secondly, this study quantifies the environmental impacts of the modular unit at
different EoL CE strategies. The potential savings of recycling and reuse strategies will
be compared under the DfD and linear models. Thirdly, the outcomes and implications
can be used by Sri Lankan modular construction-related stakeholders such as academia,
researchers, and policy makers. Material circularity and material reuse in multiple product
systems are crucial considerations from the current study. Finally, the proposed strategies
can be implemented to uptake the diffusion of CE philosophy into modular construc-
tion techniques.

3. Research Methodology

The LCA approach has been adopted effectively in the construction sector for over
20 years to conduct systematic and comprehensive environmental assessments [13]. Ac-
cording to the ISO 14040 series, ISO 14040:2006 describes the principles and framework for
LCA, including the four main stages of LCA (goal and scope, life cycle inventory analy-
sis, life cycle impact assessment, and interpretation) [38]. The current study follows the
process-based attributional LCA to quantify the environmental impacts of the modular
case study building in the design stage, as shown in Figure 1.

Goal and Scope Life Cycle Impact Assessment

~LCu t?/ pe: .Proces.'s-based - LCIA modelling: SimaPro commercial
- LCA focus: Spem’ﬁc‘case study . Sl software

- System boundary: Product, eng’-of-/zfe, and - LCIA methods: IPCC 2013 GWP 100a,
benefits and loads beyond the life cycle

ReCiPe Midpoint (H,
- Functional unit: Modular unit eCi7e Midpoint )
- Environmental impacts: Mid-point ¢
- LCIA modelling method: Sofiware based Interpretation

- Sensitivity analysis: Environmental
impact emission variation with the change

Life Cycle Inventory

- Case specific data: Design of material reuse proportions
- Generic data: Literature, reports, — |- Strategies to support circular economy
public/commercial databases approach in modular construction

Al L4

....................................................................

Figure 1. Research methodology of this study.
3.1. Goal and Scope

The main goal of this study is to calculate and compare the environmental impact of a
design-stage modular building considering the application of different circular economy
strategies at the end-of-life stage. Thus, this research aims to quantify the potential savings
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from employing the circular economy strategy such as DfD reuse. The system boundary
includes the product stage, end-of-life stage, and benefits and loads beyond the life cycle,
omitting the construction stage, use phase and the deconstructed element transportation
(see Figure 2). The whole construction (off-site and on-site) and operation phases are
excluded, considering this LCA is performed at a point where some of the decisions
related to construction and use stages were not comprehensively taken. Thus, due to a
considerable number of ambiguities and speculations, these two phases were eliminated to
avoid larger margins of errors. All module joints and most wall and ceiling connections
can be manufactured by avoiding adhesive bonding and welding for easy and feasible
disassembling. Similar to the construction and use phases, the comprehensive process
details are not decided for the end-of-life cycle stage of the modular unit. However,
general scenarios applicable to Sri Lankan conditions were used. For example, under
waste processing, machines for handling in sorting plants, electricity demand for sorting
plants, and energy for dismantling are considered. It is assumed that the recycling scenario
demolishes the building with skid-steer loaders. Moreover, it is considered that the sorting
plants can build waste by pre-sorting mixed waste, crushing and manual sorting. In the
reuse scenario, it is assumed that the dismantling is performed entirely manually. The
functional unit of the LCA analysis is set as one modular building unit.

- - - - - - - r——--—-=-=-=-=- 'I ________ I I __________________ e
I 7 o - [ - . I I
| I Raw Material | | I | | Use and I l Be ¢ L | | | |
| . I | . | | Disassembly/ | |
| | Extraction | | I Maintenance | .. | | |
I ! | | | | :I Demolition || I I
| ! I | ! ————t———=l !
I o 1 ] | | Lo '
I | S Mater} a | I | | I Repair | I Transportation I I I
Iy Transportation | | I | | | | | | |
| N I R [
| | —> I_’I I_” ________ -
[ g | I > [
: | Building I | | I | Replacement/ | | . I : | |
| Material | | | Refurbish | | Waste Processing |
- Production ! | | | et | || I I I
| . P l P L I |
. l |
I Building Material : I | : Operational I K . ot !
| Transportation | | I | Energy and | I Disposal (! | I
| . B I |
————————— - —_—— - ——— — = e e e — — — — = —_——— e —— — —
Construction Stage -Off- End of Life Stage Benefits and Loads
Product Stage (A1) site and On-site (A2) Use Stage (B) © Beyond the Life Cycle

D)

— — — — System Boundary

Figure 2. System boundary of this study.

3.2. Life Cycle Inventory

The life cycle inventory (LCI) analysis was conducted to quantify the primary inputs
of the modular case building. A bill of materials was prepared at the design stage by
estimating the input building materials required to fabricate the modular unit. Moreover,
the Ecoinvent 3.3 database is used as the primary secondary data source in this analysis.
The LCI complies with the chosen system boundary and the functional unit of this study.
A cut-off allocation on a weight basis was used in the LCI analysis. The main building
materials within a cumulative weight of approximately 95% of the modular building unit
were selected for the analysis. Thus, cut-off criteria excluded building materials with low
cumulative weights, such as fittings and mineral wool. The manufacturing processes at
the product stage (A1) are acquired from the LCI databases in SimaPro. The operations
were selected to represent the Sri Lankan conditions. One of the practical problems is the
unavailability of specific processes for Sri Lankan requirements. Thus, here, processes
related to South Asia, Asia or the rest of the world were used in the modelling. Reuse
and Disposal scenario functions available in SimaPro were used to create waste scenarios.
Product stage and EoL scenarios were assembled under Calculation setups under the
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impact assessment in SimaPro. A waste scenario in SimaPro can be made by inputting
a waste treatment process from the Waste Treatment section. Moreover, for the building
materials with units m® and m?, SimaPro demands the values as weight inputs in the
EoL modelling. Thus, in these cases, for example, the volume of plywood boards was
converted to kilograms using the average density of the plywood. Similarly, for a building
material with the unit m?, the component’s density and thickness were used. For example,
the thickness of a glass sheet in a window is considered when calculating the weight of
the glass.

3.3. Life Cycle Impact Assessment

The life cycle impact assessment (LCIA) phase quantifies the environmental impacts
mainly by characterisation approach and supplementary by normalisation and weighting
methods. The LCIA was conducted in SimaPro 8.3.0.0 software (Ph.D. Version). The
present study has employed IPCC 2013 GWP 100a V1.03 and ReCiPe Midpoint (H) V1.13
as the primary methods for the LCIA. The selection of the ReCiPe method can be justified
under impact category coverage, characterisation model, normalisation and weight factors
and geographical boundary compared to CML 2001, Eco-indicator 99 and TRACT 2.1.
CML 2001 method does not cover the particulate matter formation, the Eco-indicator
99 method does not contain the photochemical oxidation impact category, and TRACI
2.1 does not have the ionising radiation and land use impacts. Conversely, the ReCiPe
method covers all these impacts, including acidification, climate change, resource depletion,
ecotoxicity, eutrophication, human toxicity, and ozone layer depletion. Moreover, ReCiPe
is the only method that supports all midpoint and endpoint characterisation approaches
and normalisation and weighting factors. Furthermore, more importantly, it covers both
Europe and the Global level, where only the CML 2001 method covers similar geographical
boundaries. However, it does not have an endpoint characterisation model and weighting
factors. For selecting the midpoint impact categories, a cumulative approach is used. The
normalised impact values were ranked from highest to lowest, and then the impacts that
added to a total of approximately 95% were selected for the impact assessment and further
interpretation. Table 2 shows the chosen 12 impact categories with their corresponding
normalisation factors.

The following equations can represent the quantitative formulations of characterisation
and normalisation [39].

Ci =)  CFig x IVq 1)

where C; is the characterised score of the impact category i and CF; ¢ is the characterisation
factor of i" impact category and st substance. Moreover, IV is the inventory score of s
substance. Characterisation factor of i impact category and st substance can be calculated
from the following equation.

_ ClVgre

CFjs = 2
= G @

where CIV; /.. is the category indicator score of s substance or re'" region and CIV, /,, is
the category indicator score of the reference substance (rs) or the emission-weighted world
average (w).
The normalised value of each impact category can be calculated from the follow-
ing equation.
Ni = Ci X NFi (3)

where Nj is the normalised score of the impact category i and NF; is the normalisation
factor of i impact category.
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Table 2. Midpoint normalisation factors.

Impact Category Unit Value Reference
Global warming potential /Climate change (GWP) kg CO; eq 6.89 x 103
Terrestrial acidification (TA) kg SO, eq 3.82 x 10!
Freshwater eutrophication (FE) kg Peq 2.90 x 107!
Human toxicity (HT) kg 1,4-DB eq 3.26 x 10?
Photochemical oxidant formation (POF) kg NMVOC 5.67 x 10!
Particulate matter formation (PMF) kg PM;g eq 1.41 x 10! [40,41]
Terrestrial ecotoxicity (TET) kg 1,4-DB eq 5.93
Freshwater ecotoxicity (FET) kg 1,4-DB eq 4.30
Marine ecotoxicity (MET) kg 1,4-DB eq 2.46
Agricultural land occupation (ALO) m2a 5.42 x 10
Metal depletion (MD) kg Fe eq 4.45 x 10?
Fossil depletion (FD) kg oil eq 1.29 x 103

3.4. Sensitivity Analysis

Salvaging building materials/components for 100% reusing can vary with the practical
circumstances. Even though the modular units are designed for DfD, the technology used
and worker skills employed for disassembling will influence the success of this process.
Hence, considering these factors, a sensitivity assessment is carried out to investigate
how these uncertainties can cause a change in environmental emissions. Six of the twelve
midpoint impact categories were mainly selected for the sensitivity analysis considering
the end-of-life significance and simplicity.

4. Case Study

The case building is designed as an expandable and contractable (Figure 3) modular
unit with five main compartments. The central compartment will be fixed, and the other
four can move for extensibility. The guider and rack and pinion mechanism realise the
movements of the two large units and two small compartments with the central chamber.
Figure 4 depicts a cross-section of the modular unit. The case study design-stage building
unit will be manufactured as a treatment unit for infectious diseases (such as COVID-19).
Moreover, the unit can be used in medical-related applications and emergencies. The
central unit, combined with extended large compartments, is the main working space of
the building. At the same time, one small chamber can be utilised as a kitchen and the
other smaller unit as a washroom.

(a) (b)

Figure 3. (a) Contracted state and (b) expanded state of the modular building unit.
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Figure 4. Cross-section of the modular building unit.

Ground floor area of the modular building is 28.22 m?. The dimensions (width x hei-
ght x length) of the central compartment are 2440 mm x 2600 mm x 6100 mm, the side
compartment (large) is 1120 mm x 2250 mm X 3970 mm, and the side compartment (small)
is 1120 mm x 2250 mm x 1985 mm. Moreover, the expected lifespan of the modular build-
ing is ten years. Table 3 describes the building elements, and Table 4 shows the estimated
input material quantities of this modular building. The material quantities are estimated
using mass calculation with SOLIDWORKS and manually using the defined specifications.

Table 3. Description of design-stage case study modular building unit.

Building Element Description
Mild steel C sections; box bars as intermediate beams to
Framing support window and door framing; 100 mm x 100 mm webs
for joining; cast iron corner posts
External walls Galvanized mild steel plates
Internal walls and ceiling Gypsum boards
Floor Plywood boards
Roof Galvanized mild steel plates
Insulation Mineral wool

Mild steel framing; one sliding double door (2100 x 1800 mm)
with aluminium profile and glass; 4 single doors
Doors and windows (2100 x 900 mm) with aluminium profile and glass;
2 windows (1500 x 2100) with aluminium profile, louvre,
and glass; 2 windows (900 x 600) with aluminium
profile, louvre, and glass

External walls with one coat of cataloy, one coat of primer,

L d finishi .
Painting and finishing and two coats of enamel paint

The main decision related to selecting materials is directed at the framing of the
modular building. In the Sri Lankan context, timber framing is not yet visible in the main
stage of modular construction projects. Lack of policies and design and construction codes,
lack of awareness among construction professionals and the general public and lack of
research data on these novel technologies and timber classification are the main challenges
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in adopting timber-based technologies in the Sri Lankan construction industry [42]. Sri
Lankan media outlets have emphasised the benefits of using timber systems such as CLT
and Glulam and conveyed the need for the government and Sri Lanka’s housing authorities
to apply these in housing projects initiated with the central business district (Colombo) [43].
Thus, considering the technical feasibility and other practical considerations of using timber
frames in Sri Lankan projects are not identified and demonstrated adequately, the modular
building in the current study will be constructed using steel framing. As highlighted
in Section 2.2, steel-based modular units are marginally popular compared to timber or
concrete-based modules in the Sri Lankan context. The materials for the walls, floor and
roof are chosen based on the regional availabilities of the materials and cost demands of
the project.

Table 4. Life cycle inventory, main material quantities.

Material/Component Description Unit Quantity

Main structure framing, doors and windows

I framing, external walls, roof kg 3865
Cast iron Corner posts kg 180
Gypsum boards Internal walls and ceiling kg 1327
Plywood boards Floor m3 0.104
Glass Doors and windows m? 13.98
Aluminium Door and window profiles, window louvres m? 8.58
Paint, primer, thinner Painting and finishing kg 30

5. Results and Discussion

The current section presents the LCIA results derived from SimaPro modelling for DfD
and linear versions of the modular building case study. In the DfD version, the modular
building is designed for disassembly, thus enabling the salvage of structural steel and
cast-iron components, including exterior wall panels and aluminium framed windows and
doors. However, the salvaging of 100% of reusable components may not be possible in
practical conditions. For example, scrap material generated from disassembly activities
such as using tools and machinery and damages caused by handling and transport [44].
Hence, a sensitivity assessment was conducted to investigate the variation in environmental
emissions with the change in reuse percentages of steel, cast iron, aluminium, and glass.
In the linear version, where the modular building is not designed for disassembly, the
primary building materials will be recycled except for plywood, which is landfilled. All
environmental savings from the CE strategies are discounted to the current product system
to showcase the merits of the material circularity and circular economy applications.

5.1. Life Cycle Impact Assessment
5.1.1. Product Stage (A1)

Steel is the primary building material that totals approximately 70% of the modular
unit (main structure framing, doors, windows framing, external walls, roof). Its environ-
mental impact is above 60% for most impact categories, except for terrestrial ecotoxicity
and agricultural land occupation (see Table 5). Steel accounts for approximately 95% of
the metal depletion, the highest contribution to any impact category by steel material. At
the outset, this result was derived considering steel represents the majority of total metal
inputs used in the modular unit. Notably, total steel usage affects approximately 85% of
particulate matter formation, 84% of photochemical oxidant formation and 81% of climate
change. Steel and iron production encompasses complicated processes, including the
oxygen blast furnace process, which generates significant air emissions such as greenhouse
gases (GHGs) [45,46]. Thus, the efficient and next-product system use of steel as a building
material is crucial to support sustainable construction in the developing economy context.
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Table 5. Midpoint impacts of the product stage (A1).

Impact Unit Steel Gypsum Cast Iron Plywood  Aluminum Glass Coatings * Total
Category Board
Global warming kg CO, eq 6848.58 232.46 307.61 45.40 729.54 83.26 162.23 8409.07
potential
Terrestrial kg SO, eq 24.86 1.31 1.26 0.30 3.48 071 0.81 32.74
acidification
Freshwater kg P eq 0.24 0.01 0.01 0.00 0.02 0.00 0.01 0.30
eutrophication
Human kg14-DBeq 57230 16.43 247.39 559 52.00 2.70 1111 907.54
toxicity
Photochemical o \i\1voc 29.35 0.86 1.32 0.32 2.01 0.40 0.68 34.94
oxidant formation
Particulate matter
P kg PMyg eq 26.13 1.16 1.21 0.22 1.57 0.23 0.39 30.91
ormation
Terrestrial kg 1,4-DB eq 0.26 0.15 0.07 0.01 0.02 0.00 023 0.75
ecotoxicity
Freshwater kg 1,4-DB eq 1.86 0.24 0.22 0.06 0.12 0.08 0.49 3.07
ecotoxicity
Marine ecotoxicity kg 1,4-DB eq 4.56 0.25 0.60 0.06 0.20 0.04 0.44 6.14
Agricultural land m2a 49.03 155.38 4.09 447 .40 3.81 319 20.55 683.44
occupation
Metal depletion kg Fe eq 4293.20 17.21 154.80 0.34 401 1.50 2.89 4473.95
Fossil depletion kg oil eq 1363.40 67.03 71.83 15.46 147.06 21.30 54.29 1740.37

* Paint, primer and thinner.

Gypsum boards are the second building material in terms of the contribution to
the total weight of the modular unit (approximately 24%). However, compared to cast
iron (the third weightiest building material), the impacts are lesser in gypsum boards.
Gypsum boards contribute approximately 23% and 21% to agricultural land occupation
and terrestrial ecotoxicity, respectively. Cast iron showed a higher impact in human
toxicity (27%) and marine ecotoxicity (10%). Notably, plywood was the highest contributor
to the agricultural land occupation (~65%). The requirement of a larger land area to
manufacture the final product of timber, causes the former observation. Moreover, although
the aluminium weight percentage is lower than other materials, it showed considerable
intensities in terrestrial acidification (~11%) and climate change (~9%).

5.1.2. DD Version

Steel, cast iron, aluminium and glass are salvageable; hence, it was assumed they
could be reused entirely in the base case. However, sensitivity analysis will consider a set
of reuse percentages of these building materials to represent different practical scenarios.
Furthermore, gypsum boards are recycled, and plywood is landfilled in the DfD version.
The negative impacts from the disposal of building materials are accounted for in the
end-of-life cycle stage (C) of the modular unit. At the same time, the positive impacts from
reusing and recycling (D) are discounted from the current product system to estimate the
overall environmental performance of the modular building unit under the selected system
boundary. Table 6 shows the environmental impact of the Al, C and D life cycle stages of
the DfD version for the 12 midpoint impact categories. Reusing steel, cast iron, aluminium
and glass creates positive benefits to the next product system. Conversely, the disposal
of gypsum boards (recycling) and plywood (landfilling) causes a negative environmental
load on the current product system. Metal depletion is the most profited impact category
due to the adoption of CE strategies at the disposal stage of the modular building. The
percentage of the total impact value of metal depletion after discounting benefits with the
product stage is approximately 0.5%. The former was followed by human toxicity with
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a total to Al ratio of 3.84% and climate change with 5.62%. Prominently, as the highest
contributor to most impact categories, the reuse of steel resulted in positive achievements.
The total to Al ratio is highest in agricultural land occupation, which is approximately 91%.
This has resulted due to the landfilling of plywood; thus, the positive benefits of reusing
or recycling could not be afforded in this context. Terrestrial ecotoxicity has a total to Al
ratio of approximately 53% due to the inapplicability of CE strategies on paint as a building
material. Paint production emits various chemicals to the terrestrial ecosystems, which
cause higher negative environmental loads [47,48].

Table 6. Midpoint impact values of the modular unit for the DfD version.

C D Total
Impact Catego Unit A1l
P 8oy Gypsum Plywood Steel CastIron  Aluminum Glass
Board
Global warming kg CO; eq 8409.07 410 2.96 —684326  —307.61  —709.64  —83.26 472.36
potential
Terrestrial kg SO, eq 32.74 0.03 0.00 —24.84 ~1.26 ~3.39 ~0.71 2.58
acidification
Freshwater kg P eq 0.30 0.00 0.00 —0.24 ~0.01 ~0.02 0.00 0.03
eutrophication
Human toxicity kg14-DBeq  907.54 0.04 0.02 —571.86  —247.39 —50.81 —2.70 34.84
Photochemical kg NMVOC 34.94 0.06 0.00 -29.33 ~1.32 ~1.95 —0.40 2.00
oxidant formation
Particulate matter
; : kg PMyg eq 30.91 0.12 0.00 —26.11 ~1.21 ~151 —0.23 1.97
ormation
Terrestrial ecotoxicity kg 1,4-DB eq 0.75 0.00 0.00 —0.26 —0.07 —0.02 0.00 0.40
Freshwater kg 1,4-DB eq 3.07 0.00 0.00 ~1.86 022 —0.11 —0.08 0.81
ecotoxicity
Marine ecotoxicity kg 1,4-DB eq 6.14 0.00 0.00 —4.55 —0.60 —0.19 —0.04 0.76
Agricultural land m2a 683.44 0.00 0.00 —48.99 —4.09 —3.33 ~3.19 623.85
occupation
Metal depletion kg Fe eq 4473.95 0.00 0.00 —4289.87  —154.80 -3.88 ~1.50 2391
Fossil depletion kg oil eq 1740.37 1.46 0.00 —136234 —71.83  —14202  —21.30 144.33

5.1.3. Linear Version

In the linear building, it is considered to be demolished at the end-of-life stage. Thus,
in the linear version, Steel, cast iron, aluminium, glass, and gypsum boards are recycled,
and plywood is landfilled. In the linear arrangement of the modular building, components
cannot be dismantled in a way to be reused. As opposed to the DfD version, most of the
joints are welded in the linear version, which barricades the salvageability. Similar to the
DfD version, the negative impacts from the disposal are accounted for in the end-of-life
cycle stage (C). In contrast, the positive effects of reusing and recycling (D) are discounted
from the current product system. Table 7 tabulated the environmental performance of the
A1, Cand D life cycle stages of the linear version of the modular unit for the 12 midpoint
impact categories. The highest percentage saving is shown by the metal depletion, similar
to the DfD version, where the total to Al ratio is approximately 2%. It was followed by
particulate matter formation and photochemical oxidant formation, with a total to A1 ratio
proportion of 7% and 9%, respectively. As the primary building material of the modular
unit, steel contributes the highest to the savings. The lowest benefit is recorded by the
agricultural land occupation (a total to A1 ratio of ~96%), similar to the DfD version caused
mainly by the landfilling of plywood.
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Table 7. Midpoint impact values of the modular unit for the linear version.
C D Total
Impact Catego Unit Al
sory Gypsum Glass Plywood Steel CastIron  Aluminum
Board
Global warming kg CO, eq 8409.07 410 0.23 2.96 —627647  —291.93 —562.87  1285.09
potential
Terrestrial kg SO, eq 32.74 0.03 0.00 0.00 ~2343 ~1.09 ~2.9936 527
acidification
Freshwater kg P eq 0.30 0.00 0.00 0.00 —0.22 —0.01 —0.02 0.05
eutrophication
Human toxicity =~ kg14-DBeq  907.54 0.04 0.05 0.02 —450.43 —20.95 —65.67 370.61
Photochemical kg NMVOC 34.94 0.06 0.00 0.00 —2897 ~1.35 ~1.60 3.08
oxidant formation
Particulate matter
: : kg PMyg eq 30.91 0.12 0.00 0.00 —25.88 ~1.20 ~1.70 225
ormation
Terrestrial kg 1,4-DB eq 0.75 0.00 0.00 0.00 ~0.20 ~0.01 —0.01 0.53
ecotoxicity
Freshwater kg 1,4-DB eq 3.07 0.00 0.00 0.00 -1.23 —0.06 —0.11 1.68
ecotoxicity
Marine ecotoxicity kg 1,4-DB eq 6.14 0.00 0.00 0.00 —2.89 —-0.13 —-0.17 2.95
Agricultural land m2a 683.44 0.00 0.00 0.00 —-2235 —1.04 —2.83 657.22
occupation
Metal depletion kg Fe eq 4473.95 0.00 0.00 0.00 —425464 13523 —3.82 80.25
Fossil depletion kg oil eq 1740.37 1.46 0.08 0.00 —1295.49 —60.26 ~112.25 273.93

5.1.4. Comparison of DfD and Linear Version

Tables 6 and 7 highlight that the DfD version of the modular unit performed better
regarding all environmental impacts than the linear version. For example, considering
the global warming potential (climate change), the overall impact of the DfD version is
472.36 kg CO; eq compared to 1285.09 kg CO, eq by linear unit. These observations
support the designing for disassembly and reuse CE strategy thinking at the design stage
of a modular unit. Consequently, the modular building can be designed to salvage the
components at the end-of-life phase, creating multiple life cycles of reusing as opposed to
the traditional way of recycling. Notably, the DfD version favours significantly in reducing
the human toxicity potential compared to the linear version. The overall human toxicity
potential of the DfD modular unit is 34.84 kg 1,4-DB-eq versus 370.61 kg 1,4-DB-eq created
by the linear version of the same modular unit.

Moreover, in contrast to the second highest favourable environmental impact of the
DfD version (Human toxicity), it is particulate matter formation in the linear version. This
is caused primarily by recycling cast iron and steel instead of reusing. A reduction in envi-
ronmental savings from recycling instead of reusing cast iron and steel are approximately
92% and 21%, respectively (see Figure 5). Notably, glass recycling creates overall negative
impacts as opposed to glass reusing, where it has positive environmental performance.
This factor considerably affects the change in overall savings of the linear version compared
to the DfD version, as shown in Figure 5. Thus, this indicates the elevated potential of
reuse compared to recycling practices, and it shows the importance of planning for DfD
strategies at the design stage of a modular building [9,49].
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Figure 5. Comparison of end-of-life cycle (C) and benefits beyond the life cycle (D) for DfD and linear
modular unit versions.

5.1.5. Midpoint Impacts Normalised Results

The midpoint characterisation values are normalised to have a common unit for inter-
comparison of impact categories of DfD and linear versions. Considering the product stage,
the most significant environmental impacts are material depletion (10.1), human toxicity
(2.8) and marine ecotoxicity (2.5), respectively. Steel is the main contributor due to the
majority representation of the building by weight. However, cast iron bears a considerable
burden for human toxicity potential apart from steel. Hazardous waste outputs from
the steel manufacturing process severely affect the marine ecosystems. Thus, proper
discharging of contaminants is crucial in these production outlets. In the DfD modular unit,
in considering final cumulative normalised values of the environmental impacts, marine
ecotoxicity is the most negative impact category (0.307), as shown in Figure 6. Freshwater
ecotoxicity has the second-highest cumulative value with 0.187 points. The least cumulative
score is recorded by the photochemical oxidant formation (0.035), followed by the metal
depletion (0.054) in the DfD unit. Furthermore, the highest benefit is created by metal
depletion, measured by a fall of 10.01 points, which is followed by human toxicity, which is
quantified by a drop of 2.67 points. In linear building, similar to the DfD version, marine
ecotoxicity shows the highest cumulative value (1.196). However, the second highest is
human toxicity, with a score of 1.138. This outcome was significantly resulted by recycling
cast iron instead of reusing. Moreover, the greatest saving is recorded by the metal depletion
(—9.89) and particular matter formation (—2.04), respectively, as depicted in Figure 7.



Sustainability 2023, 15, 16336

16 of 25

Midpoint Impact Normalised Values

279 2.79
2200 5dy 2 49 249

1.221.22 1.04 1.04

0.86 0.86 0.31
0.07 11 0.61 0.62 0.14 0.71 9.71 » 0.13
07 0.09 1%0.130.130.07 0.19 0.13 / 011
W W .—\ .—\00 .—\
-1

Al C D A1 ¢ D A1 C D A1 C D A1 C D A1l C D A1 C D A1 C D Al C D Al C D Al

GWP TA FE HT POF PMF TET FET MET ALO

m Gypsum board ®Plywood = Steel ®CastIron ®Aluminium =Glass ®Others

Figure 6. Normalised midpoint impact values of the modular unit for DfD.
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5.2. Sensitivity Analysis

Figure 8 illustrates the GHG emission distribution of the DfD modular version with
the change in reuse percentage. First, the reuse percentage was reduced from 100% to
0% for single materials (steel, cast iron, aluminium, and glass). For example, when the
steel reuse percentage is changed from 100% to 80%, the reuse percentages of the other
three materials are kept at 100% reuse. Similarly, this process is repeated for cast iron,
aluminium, and glass. It is assumed that, for example, when 80% of steel is reused, the
rest of the 20% is recycled. The former assumption was maintained uniformly for all
other materials. Secondly, the cumulative effect of all the four materials is quantified.
For example, as shown in Figure 8, at the 80% mark in the light blue colour line, all four
materials are reused at 80%. As presented by Melella et al. [50], apart from the recovery
potential, factors such as damages that can happen in the disassembly process, handling
of elements/materials and subsequent modification activities should be considered to
decide the overall reusability. From a recovery potential perspective, adhesive and welded
systems have less recovery potentials, 0-20% and 40%, respectively. However, dry systems
with clamping and interlocking systems can reach up to 80% and even 100% [44,50]. Thus,
these considerations need to be addressed at the design stage to support the end-of-life
stage activities.
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Figure 8. Greenhouse gas emission variation with the change in reuse proportions.

Figure 8 indicates the linear relationship between the GHG emissions and the reuse
proportion. As the primary building material, steel is the most sensitive to the change in
reuse percentage. This was followed by aluminium, glass and cast iron. GHG emissions
rose from 472.36 kg CO,-eq to 1039.16 kg CO,-eq when only the steel reuse percentage
changed from 100% to 0%. As a percentage, it is an increase of approximately 120%. Thus,
as a CE strategy, steel reusing presents significant benefits compared to steel recycling [9].
Table 8 shows the emission variations with the change in reuse scales for the other five
impact categories chosen for the sensitivity assessment. Human toxicity is the most affected
environmental impact by the shift in reuse percentage. Notably, when cast iron reuse is
changed from 100% to 0%, the human toxicity value increased from 649.87%. As found
earlier in the discussion, this resulted from cast iron recycling compared to cast iron reusing.
One of the key observations is that agricultural land occupation is the least sensitive to
the change in reuse percentages. This is because the plywood end-of-life is not changing;
it stays as landfilling. Thus, the significant effect of plywood on land occupation is not
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compensated in any of these strategies. The variation in marine ecotoxicity was also
significantly sensitive to reuse percentages of steel and cast iron. When the steel reuse
percentage is reduced from 100% to 0%, marine ecotoxicity impact rises by approximately
220%. Similarly, for cast iron, this proportion is approximately 61%. The change in effect of
freshwater ecotoxicity is primarily affected by steel reuse and terrestrial ecotoxicity steel
and cast iron effect on a similar scale.

Table 8. Environmental impact emission variation with the change in reuse proportions.

Impact o H.ufnan Terr(.es.trial Fre:sltwater N.[a.r ine Agricultural Land
Category o Reuse Toxicity (kg Ecotoxicity (kg Toxicity (kg Toxicity (kg Occupation (m?a)
1,4-DB eq) 1,4-DB eq) 1,4-DB eq) 1,4-DB eq)

100% 34.843 0.398 0.808 0.757 623.850

80% 59.130 0.411 0.934 1.090 629.177

60% 83.417 0.424 1.060 1.424 634.505

Steel 40% 107.703 0.436 1.186 1.757 639.832

20% 131.990 0.449 1.312 2.091 645.160

0% 156.277 0.462 1.438 2424 650.487

100% 34.843 0.398 0.808 0.757 623.850

80% 80.130 0.411 0.840 0.850 624.459

Cast iron 60% 125.418 0.423 0.871 0.943 625.069

40% 170.705 0.436 0.903 1.036 625.678

20% 215.992 0.449 0.935 1.129 626.288

0% 261.279 0.461 0.967 1.222 626.897

100% 34.843 0.398 0.808 0.757 623.850

80% 37.816 0.399 0.808 0.760 623.948

Aluminium 60% 40.788 0.399 0.808 0.763 624.046

40% 43.760 0.400 0.808 0.765 624.144

20% 46.732 0.401 0.808 0.768 624.243

0% 49.704 0.401 0.808 0.771 624.341

100% 34.843 0.398 0.808 0.757 623.850

80% 35.395 0.399 0.825 0.765 624.489

60% 35.946 0.399 0.842 0.773 625.128

Glass 40% 36.497 0.400 0.858 0.782 625.767

20% 37.049 0.401 0.875 0.790 626.406

0% 37.600 0.401 0.892 0.798 627.044

100% 34.843 0.398 0.808 0.757 623.850

80% 107.941 0.425 0.982 1.194 630.524

Cumulative 60% 181.038 0.452 1.157 1.632 637.198

40% 254.135 0.478 1.332 2.070 643.872

20% 327.232 0.505 1.506 2.508 650.546

0% 400.329 0.532 1.681 2.946 657.220

5.3. Practical Implications to the Sri Lankan Modular Construction Context

Currently, modular construction practicing in the Sri Lankan construction projects are
significantly less relative to the conventional methods [3]. More national and local-level
manufacturers are required to diffuse modular technologies to the construction market. The
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current study uses a design-stage modular building unit to showcase the environmental
advantages of design for recovering building elements/materials at the disposal stage of
the building. The reuse potential of these materials for several product systems possesses
environmental savings and the potential for generating cost benefits. The costs covering
from an extraction stage to processing and transportation in complex supply chains related
to building materials can be reduced by CE approaches such as reduce. Hence, Sri Lankan
construction project stakeholders should collaborate to identify and formulate strategies
to adopt CE-integrated MC practices in future construction projects. The current post-
COVID-19 economic crisis directly affected the Sri Lankan construction industry by spiking
material, fuel and logistic costs, causing projects to be at a standstill [39,51]. Hence, long-
term philosophies are necessary in the construction sector to overcome these downfalls.
Approaches such as modular technologies, DfD and circular economy strategies present
significant opportunities to fit it in a long-term solution portfolio. The current research can
be referred to as a pilot case to see the positive evidence of these approaches.

Architectural design thinking to elevate material circularity is a crucial aspect that the
current study attempted to highlight. Joining systems is imperative to increase the recovery
potential of the building components of modular buildings. Thus, employing advanced and
appropriate joining technologies is crucial in improving the overall environmental perfor-
mance of these DfD modular structures. Modular manufacturers and architects in Sri Lanka
should work hand in hand with subject area experts, research and development institutions
and academia to develop compatible and advanced architectural designs and relevant con-
nection systems. Furthermore, to promote CE principles in construction projects, Sri Lanka
needs more industrial and technology developments to support deconstruction, processing,
and reverse logistics at the EoL stage. Relevant and adequate machinery and tools should
be selected in disassembling activities to increase the proportion of recoveries. Moreover,
suitable handling and transporting vehicles are essential to minimise any damages and pro-
tect any fragile elements. Although the design-stage predictions show the environmental
savings from adopting CE strategies in modular construction, compatible practical setups
are in demand to realise the actual potential. Thus, the Sri Lankan construction industry
should imminently start working on this long-term philosophy to transform lacklustre
construction performances into advanced and efficient states.

5.4. Strategies to Support Circular Economy Approach in Modular Construction

Table 9 presents a set of strategies to aid in the proficient growth of CE-integrated mod-
ular construction technologies in construction projects in developing economies. ‘Design
for disassembly’ is one of the significant strategies, if not the most important, for realising
CE in MC. DfD was first introduced for buildings in the 1990s, intending to design and
construct buildings to salvage durable materials that can be reusable at the demolition stage
of the building [49]. The DfD approach aids in keeping durable components/materials in
the market chain until their capable service life is delivered [52]. The decisions related to
the building’s deconstruction destinies, such as the reuse of the entire building, components
reuse in other buildings and material reprocessing, play a significant role in DfD. ‘Close and
early stakeholder collaboration and coordination’ is paramount to transforming CE from
an impressive theory to real-world construction projects. MC project team, clients, and
other practitioners should be aware and informed about the advantages of CE strategies
from the project conception. Client involvement in an early planning stage is required
to inform and convince the benefits of CE in modular building developments and gain
acceptance [35]. Design-stage sustainability assessments, such as the current study, can
support as quantified evidence in early decision-making stages. Furthermore, ‘digital
information platforms such as building information modelling (BIM)" can be employed
in MC projects to realise virtual collaboration and coordination of stakeholders [53,54].
Moreover, ‘BIM coupled with intelligent technologies such as radio frequency identification
(RFID) systems can track building components and materials throughout the building life
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cycle [26,55]. Thus, this approach can particularly aid in elevating communication and
sub-processes in the end-of-life cycle stage.

Table 9. Strategies to promote and implement circular economy-driven modular construction in

developing regions.

Strategy Cluster No Strategies
S1 Promote and advance design for disassembly (DfD) design approach
S2 Standardise modular-based DfD designs
S3 Choice of dry technological systems instead of wet ones to elevate the disassembly potential
Desi Present multiple design options to attract more clients by demonstrating architectural
esign 54 ..
freedom and creativity
S5 Design for incorporating alternative sustainable building materials/elements (i.e., local,
low-cost, recycled)
6 Incorporate the maintainability and durability criteria of the overall modules when developing
sustainable alternative designs
) 57 Close and early stakeholder engagement to understand the importance of CE integration and to
Stakeholder collaboration formulate corresponding goals and objectives
and communication . . . o
S8 Implement digital systems to communicate and collaborate considering the whole project life cycle
59 Integrating digital information platforms such as BIM
Advapced teghnology S10 Integrating with smart technologies such as the internet of things (IoT)
integration
S11 Employ advanced production technologies such as additive manufacturing and automation
S12 Timber-based technologies for structural framing, such as CLT and Glulam
Materials
S13 Employ green building material alternatives such as building panels with recycled content
S14 Develop mechanisms to incorporate processed construction and demolition waste from conventional
construction projects
s15 Sustainability assessments to evaluate sustainability performance and to identify process and
material hotspots
Research and si6 Comprehensive methodologies to quantify the recovery potentials and reusability indexes at
development approaches the EoL stage
s17 Comprehensive assessment methods to quantify regional-base sustainability impacts from EoL
deconstruction, transportation, sorting and reprocessing activities
S18 Build effective and sustainable material passport tools to store and share information in the whole
life cycle to benefit EoL and the next product system stages
519 Formulate a disassembly and selective demolition plan to realise the reuse and recycling of building
Whole project life cycle materials and elements at EoL stage
planning $20 Comprehensive strategies to support reverse logistics of disassembled or demolished materials to the
following processing or product stage
521 Government policies and regulations to mandate the use of modular construction and CE approaches
s Develop comprehensive design codes, standards, and technical guidance for synergising MC, DfD
and CE methods
Policy, regulations, codes,
and financial support 53 Financial support and investments from government and non-government financial organisations to
aid CE diffusion
So4 Financial incentives from the government to encourage and enable small-scale and local
manufacturers to adopt CE-driven MC practices
25 Industry-level workshops, training, and seminars to enhance the technical skills and knowledge of
project teams, labourers and other practitioners
knlm}fr((i)ve teccklmlcal | 36 Awareness programmes on the benefits of CE thinking in MC to key project stakeholders such as
owledge and genera manufacturers, builders, and other practitioners
awareness
S07 Promotional and informative programmes (workshops, exhibitions, and online events) to clients and

the general public to promote and raise awareness on concepts of MC and CE

From a material perspective, CLT, as an engineered wood material, can provide similar

fire and structural protection, decreased environmental burden, and lighter foundation
demands compared to other timber, concrete, and steel structures [56-58]. Thus, developing
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regions should focus more on these technologies to reduce environmental loads from
building materials such as steel and concrete. The lack of research and development
initiatives related to MC and CE is a significant impeding factor in South Asian economies.
More research on digitising material information is crucial in aiding life cycle visibility
and CE philosophy. For example, material passport systems combined with BIM provide
essential guidelines on handling building materials at the construction phase and ways to
benefit at the EoL stage through various recovery opportunities [59]. Moreover, developing
regions can learn from policy and regulation implementations related to CE integration in
developed countries. Ruocco et al. [44] stated that the Italian CAM for Buildings (Minimum
Environmental Criteria) demands that a minimum of 50% by weight of the building
components should be reusable and recyclable. On top of that, out of 50%, at least 15%
must allocated by non-structural building materials. Governments can support by financing
and investing to impose new government buildings such as hospitals and schools to aid
economies of scale [53]. An example can be seen in Australia: the Permanent Modular
School Buildings Programme (PMSB), by the Victorian School Building Authority (VSBA),
has planned to replace the old school buildings with brand new modular classrooms in
100 public schools around Victoria, Australia [60,61]. Thus, in Sri Lanka, these kinds of
initiatives are required to promote, motivate, and support manufacturers and builders
and to utilise the economies of scale to the full extent of CE-driven MC. Uthpala and
Ramachandra [62] found that awareness and public negative perceptions are significantly
impeding the promoting and adoption of modern methods of construction, such as MC,
in Sri Lanka. Therefore, improving both technical knowledge and general awareness is
critical to implementing CE philosophy in the Sri Lankan construction industry.

6. Conclusions and Future Research Directions

The building industry, a primary creator of construction demolition waste, is in an
early transition stage from a linear economy to a circular economic model [12]. MC, an
evolving construction method, contains some distinctive qualities supporting the circularity
of materials and building components. It is vital to DfD of modular buildings to aid
the closed-loop material flow and reuse of building elements. Moreover, design-stage
sustainability evaluations such as LCA integrated with the CE phenomenon will help
critical decision making in the early life cycle phase of modular building projects. Thus,
this study conducted a design-stage LCA with CE essence to predict the behaviour of
EoL disposal practices. The assessment employs two versions (DfD and linear) of the
design-stage case study modular unit to demonstrate the potential environmental benefits
of CE strategies.

The results highlighted that the DfD version of the modular unit performed better in
terms of all environmental impacts compared to the linear version. Further, it showed the
elevated potential of reuse compared to recycling practices, and it indicates the importance
of going for DfD-driven CE strategies at the design stage of a modular building. Sensitivity
assessment found Steel, as the primary building material, is the most sensitive to the change
in reuse percentage. The main limitation of this study is the exclusion of manufacturing,
use and downstream transportation and reverse logistics phases. Moreover, some of the
process steps at the EoL stage are assumed to be followed by general practices in Sri Lanka.

The current study derives several future research directions that the relevant re-
searchers could pursue. First, this study has focused only on the environmental aspect;
future research can focus on conducting cost estimations at the design stage. This estima-
tion should identify the potential savings from using the second string of materials for the
following product system. Second, further research could aim to analyse the effect of alter-
native materials at the EoL stage. This approach could be extended to both environmental
and economic dimensions. For example, using timber-based framing instead of steel struc-
tures and employing sustainable panel alternatives such as panels with recycled content.
Third, comprehensive foresight on logistics aspects at the EoL stage, from deconstruction to
the subsequent product system, could be explored. Reverse logistics uncertainties should
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be understood in the preliminary phases to promote circularity. Finally, future research can
broaden the CE phenomenon by incorporating the 9R approach.
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