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Abstract: The construction industry is a significant source of waste generation in any economy,
producing various greenhouse gases, releasing harmful substances into the natural environment,
and requiring large areas of land for processing, treatment, and landfilling. The emerging field of
off-site prefabrication and assembly is perceived as a viable method to reduce waste and improve
sustainability. However, there is a lack of quantifiable research into the difference between off-site
prefabrication and on-site, conventional construction for numerous sustainability criteria. This paper
focuses on modular construction as an off-site production system, where a framework to compare
waste generation of modular and conventional, in-situ construction methods is proposed. This paper
aims to quantify these differences. The framework relies on a comprehensive literature review to
estimate the waste rates of building materials, which are then applied to realistic case studies in order
to determine the differences in waste generation. Overall, modular construction reduces the overall
weight of waste by up to 83.2%, for the cases considered. This corresponds to a 47.9% decrease
in the cost of waste for large structures. Care must be taken to keep modular wastage as low as
possible for a reduced cost of waste to be also present in smaller structures. This reduces the research
gap of quantifying the waste differences between conventional and modular construction, and
provides thoroughly researched waste rates for future research, while also improving the knowledge
of industry stakeholders, informing them of the benefits of modular construction. This allows
stakeholders to make more informed decisions when selecting an appropriate construction method.

Keywords: construction methods; waste generation; modular construction; sustainability; building materials

1. Introduction

Waste generation is an issue that affects all societies globally. Based on the type of
waste, it can produce various greenhouse gases, release harmful substances into the natural
environment, and require large areas of land for processing, treatment, and landfilling.
The construction and demolition (C&D) industry is a major contributor of this waste. In
fact, numerous studies consider waste generation to be one of, if not the most important,
factor in determining the environmental sustainability of a construction project [1-5].
Globally, construction activities produce approximately 25% of all solid waste, with 40%
of material in landfills a result of construction activities. Not only this, but construction
waste is continuing to increase [6]. In Australia, around 30.4% of the 67 Mt of waste
produced in 2017 was from the C&D sector [7]. While 67% of this is recycled or reused in
some way, mostly as aggregates for new road bases, continuing to increase the recycling
rate of C&D waste via conventional means becomes increasingly difficult [7]. Recycling
rates of over 80% have only been exceptionally achieved in countries such as Germany
and the Netherlands [8]. Reducing waste generation itself is therefore vital in reducing
the environmental impact of the C&D sector. One method perceived to achieve low
waste generation and high recycling rates is to transition away from conventional, on-site
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construction and towards prefabrication and assembly [9,10]. Namely, by utilising modular
construction, a method where three dimensional (or volumetric) modules are prefabricated
and simply assembled on-site. The concept of modular construction can vary widely in
industry. Bertman et al. [11] presents 12 definitions of prefabrication based on scale and
complexity. Here, four levels of scale include (1) individual units; (2) individual panels;
(3) volumetric units; and (4) complete structures. For each scale, there are then three levels
of complexity, which range from (1) largely structural, to (2) fitted with limited fixtures,
to (3) fully functional with complete fixtures. Prefabricating structures in larger scales
requires less assembly, while prefabricating in greater complexity requires less on-site
construction. In this paper, comparisons are made between conventional construction and
the best possible prefabrication practice, which minimises on site construction and assembly.
As prefabricating completed structures is highly impractical due to manufacturing and
transportation constraints, “modular construction” is considered to involve volumetric
units that are fully functional with complete fixtures. This definition is also reflective of
Lu et al. [12], who consider volumetric structures that “form the fabric of the building
structure” with fully functional fixtures as the highest level of modular construction.

In general, industry views modular construction favourably and perceives it to have
numerous advantages [13-15]. In addition, the construction industry views prefabrication
and modular construction as an effective method to reduce waste generation. Wang et al. [9]
demonstrates that “prefabricated components” and “modular design” are the first and fifth
most important perceived factors in minimising construction waste. This reinforces earlier
studies by Jaques [10], which found that “modular design” is perceived as the second
and third most effect measures to reduce waste by architects and quantity surveyors,
respectively. However, there is a lack of quantification in the differences between modular
and conventional construction for many sustainability factors, and especially for waste
generation (see Section 2.2). This may be a contributing factor for the low adoption rate of
modular construction in many countries, such as Australia, where modular construction
only represented 3% of construction in 2016 [16].

The main research objective of this paper is therefore to quantify the difference between
waste generation in modular and conventional construction methods. Other research gaps
on the quantifiable difference between the methods include direct employment, traffic
congestion, potential for delays, ease of construction, flexibility, supply chain integration,
and aesthetic appeal and effect on physical space. As waste generation is one of the most
vital factors in determining a construction project’s environmental sustainability [1-5],
it is selected as the focus of this research. This paper first estimates waste generation
rates using a detailed literature review. These are then applied to realistic case studies
to produce waste estimations for both modular and conventional construction methods.
This will reduce the research gap that is present when comparing waste generation in
modular and conventional construction methods. Doing so will assist both policy makers
and stakeholders in selecting the most appropriate construction method for their needs,
while also providing thoroughly researched waste rates for future construction project
waste estimations. Overall, this study provides a valuable foundation for the quantified
differences between modular and conventional construction, creating a point of reference
for future research while also improving the knowledge of industry stakeholders for future
construction planning.

The structure of the rest of the paper is as follows. Section 2 details prior research in the
quantification of modular construction, as well as presenting both conventional and modu-
lar waste rates based on literature. Section 3 presents the research methodology and data
analysis technique. Sections 4 and 5 detail the research results and critically discuss their
interpretation, and provide cost saving estimations from the reduction of waste. Section 6
presents the conclusion to this research and offers limitations and recommendations for
further research.
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Table

2. Literature Review

This section details previous research findings on the topic of modular construction.
Waste in relation to the context of this study is first defined, followed by a review on
previous literature that has quantified the differences between modular and conventional
construction. The waste rates for conventional and modular construction are then deter-
mined based on prior research and case studies.

2.1. Waste Definition

When considering waste, it is important to define several terms. For this study, quan-
tity take-off refers to the amount of required material that will be permanently incorporated
into a structure. It is the minimum amount of material needed to construct a structure
and excludes (1) temporary material and equipment for the construction process, and
(2) wastage. Waste refers to the amount of material used to construct a structure that is in
excess of the quantity take-off, using a mass balance approach as defined by Li et al. [17]
A material loss rate (MLR) then refers to the amount of waste as a fraction of quantity
take-off, represented as a percentage, as shown in Equation (1). By this definition, excess
material that is incorporated into a structure (such as excess steel reinforcement in concrete
elements) is still considered to be waste. Total material refers to the summation of the quan-
tity take-off and waste, representing the actual amount of material required to construct

a structure.
Y_i(Total material) — Y_;(Quantaty take — off) |

MLR; = Y_i(Quantaty take — off) " @

2.2. Modular Construction Benefit Quantification

Table 1 shows a summary of recent literature in quantifying the differences between
modular and conventional construction. Overall, there is significant research regarding
economic sustainability. Prior research shows that when modular construction is adopted,
construction time and labour costs are reduced; however, material costs are increased.
These labour savings have the potential to reduce the overall cost of a project, provided
that they are utilised effectively and that the increased material costs are managed and
minimised [5,11,18-20].

There is also significant research into the quantification of environmental sustain-
ability. Recent literature shows that modular construction reduces the required energy
for construction, greenhouse gas emissions, and embodied carbon. However, material
consumption is increased [5,18-22]. Quale et al. [23] also studied the differences in modu-
lar and conventional construction in relation to greenhouse gas emissions, acidification,
carcinogens, non-carcinogens, criteria pollutants, eutrophication, ecotoxicity, water usage,
and ozone depletion, and found that modular construction performed favourably in all
categories except for eutrophication and water usage.

While it is still somewhat lacking, there is also a reasonable amount of research into
social sustainability. Recent studies show that modular construction produced a less
hazardous environment, reduced injury severity, and lowered noise levels on-site [18,19].
However, Dabirian et al. [24] demonstrated that prefabrication facilities produce higher
decibels of noise than both modular and traditional on-site activities. Despite this, noise is
more controlled to outside sources, thus reducing community disturbance.

1. Summary of previous literature on quantifying modular construction.

Researcher(s)

Results

Dabirian et al. [24]

Prefabrication facilities produce more noise than on-site construction.

Bertman et al. [11]

Construction times can be reduced by 50%. Reduced labour costs can outweigh
increased material costs and reduce overall cost by 20%.
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Table 1. Cont.

Researcher(s)

Results

Ferdous et al. [25]

Modular construction results in better integration of supply chains; however,
requires high investment costs as well as additional project planning. The modular
industry in Australia will grow form 3% of construction in 2016 to 5-10% by 2030.

Modular construction reduces embodied energy by 56% and 26% in small and

Hammad et al. [18] large structures, respectively, and decreases construction time and speeds up the

return on investment.

Kamali and Hewage [4]

Modular construction increases material consumption, reduces construction time,
reduces labour cost and delivers a higher quality and more durable structure.

Aye et al. [21]

A steel prefabrication system can reduce material consumption by up to 78% when
compared to conventional reinforced concrete construction; however, a 50%
increase in embodied energy was observed.

Lawson et al. [26]

Modular construction reduces safety incidents by up to 80%, noise by 30-50%,
delivery vehicle frequency by up to 70%, and embodied energy, while also
improving acoustic insulation and thermal performance.

Quale et al. [23]

Modular construction increases water usage and eutrophication, and decreases
greenhouse gas emissions, acidification, carcinogens, non-carcinogens, criteria
pollutants, ecotoxicity, smog, and ozone depletion.

Monahan and Powell [22] Modular construction reduces embodied carbon by 34% cradle to site.

Modular construction reduces direct emissions by 43%, minimises injuries due to

Al-Hussein et al. [19] falls, and causes a 10-30% cost reduction due to productivity increase and reduced

maintenance cost due to improved structure ‘tightness.’

Baldwin et al. [20]

There is little difference between modular and conventional overall costs; however,
there is potential for cost reduction due to labour cost reduction.

Modular construction produces less waste and uses less energy over its lifespan
and during the extraction, production, transport, and construction stages.

In addition to the above, Navaratnam et al. [28] identified that modular structures
can have greater fire resistance and acoustic performance, and, when constructed to resist
earthquake and high wind loading, performs better than conventional structures designed
against these forces. Wang et al. [29] also pointed out that off-site construction is an effective
method, when incorporated with Building Information Modelling, RFID and GPS systems,
the Internet of Things, and other technologies, to bring the construction industry in line
with “Industry 4.0.” This is known as a new phase of industry that focuses heavily of
increasing production and reducing risks through interconnectivity, automation, machine
learning, and use of real-time data.

Previous studies comparing modular and conventional waste generation do exist.
As outlined previously, several studies indicate how the industry views prefabrication
and modular construction as effective methods for reducing waste [9,10]. However, these
studies are based on expert opinion only, with waste improvements being measured quali-
tatively, rather than quantitatively. More in-depth studies also measure waste qualitatively.
Baldwin et al. [20] identifies the potential for prefabrication to reduce waste in Hong Kong
through the reduction or elimination of steelwork, falsework, formwork, etc, identifying
that these are the sources of over 80% of construction waste. Monahan and Powell [22] use
a life cycle approach to compare embodied carbon and energy in modular and conventional
houses, and, while it is found that waste is reduced in the modular case, the paper asserts
that “the waste data collected, from both MMC [Modern Methods of Construction] and
the on-site construction, was not of sufficient quality to make a robust quantification.”
Jaillon and Poon [30] studied two projects in Hong Kong with significant prefabrication (a
17 story tower with 47% precast volume, and two 14 story towers linked with a podium
with 40% precast volume) and found that “reduction of construction waste” was ranked as
the highest advantage by respondents when compared to other projects with less prefabri-
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cation. Similarly, a previous study by Jaillon and Poon [31] found that “waste reduction”
was considered the highest ranked benefit among industry respondents when comparing
significantly prefabricated structures against conventional construction. This was true for a
general industry survey and project specific surveys that involved significant prefabrica-
tion. The project-specific cases were also analysed in detail, and it was found that waste
was reduced by 56%, 69%, and 79% when the project was 60%, 50%, and 57% prefabricated
by volume, respectively.

Other studies also attempt to quantify the differences in waste generation when sig-
nificant prefabrication is used. Jaillon et al. [32] analysed seven case studies in Hong Kong
with significant prefabrication. It found that waste was reduced by 14-70% (52% average).
However, like the previous study, case studies were only partially prefabricated, with vary-
ing prefabricated percentages in four structure components (prefabricated metal formwork,
precast stairs, precast facades, and “other precast”). Other structure elements were largely
conventional, with the exception of semi-precast slabs, lost form panel formwork, and semi
precast balconies in three of the cases. Similarly, Tam et al. [33] analysed four case studies
in Hong Kong. For each structure component (plastering, timber formwork, concrete, and
reinforcement) that was replaced, to some extent, with prefabrication, waste was reduced
by 35-100% for that component. The overall waste reduction of the entire structure was
not considered, and the level of prefabrication for each component and the structure as a
whole is unclear.

When comparing modular structures (as defined above) to conventional structures,
Kim [27] uses a life cycle approach and determines that modular structures produce
60% less waste than conventional structures during the construction / fabrication phase.
However, this study uses many simplifications and assumptions, including identical
building materials between the methods, and only modifications to stud size, marriage
walls, and folding roof trusses are present between the structures. As mentioned above,
Quale et al. [23] uses a life cycle approach to compare various environmental and ecotoxicity
factors between modular and conventional structures. While waste is included, and a
reduction of 20.1% in the modular case is observed, the study recognises that this is for
comparative purposes of the ecotoxicity factors only, and is not indicative of the true waste
reduction resulting from modular construction.

Li et al. [34] expands these concepts by proposing a dynamic model that evaluates
industry willingness to adopt prefabrication in China based on government policy scenarios
(including subsidies, income tax benefits, or a combination of the two). Associated total
waste reduction is estimated as a result of industry willingness to adopt prefabrication;
however, this reduction is at a regional level. The waste reduced on a project level is
not known. High variations in these estimations also exist. Other studies attempt to
further reduce waste generation in prefabrication. For instance, Banihashemi et al. [6]
finds that incorporating parametric designs into modular design can reduce panelling
waste by a minimum of 2%. This ties into the principles of lean construction, defined as
the method of designing production systems to minimise waste of material, time, and
effort, while still generating the maximum possible value [35]. As modular design converts
construction into a manufacturing activity, its implementation is necessary for the success
of modular construction. Demirkesen and Bayhan [36] determine the financial, cultural,
managerial, technical, workforce, cultural, governmental, and communication factors
needed for successful implementation, and finds that lean training, availability of lean
tools and techniques, and market share were the most important factors for successful
implementation. When implemented, lean construction as a manufacturing principle of
modular construction has the potential to significantly reduce waste. Bajjou et al. [37]
outlines how manufacturing is 88% productive and 12% wasteful, while conventional
construction is 47% productive and 53% wasteful. Utilising manufacturing (i.e., through
prefabrication and modular construction) is an effective method in reducing waste. In
addition, Hosseini et al. [38] uses discrete event simulation to find that prefabrication using
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lean construction can reduce waste from reinforcing rebars by 92%. However, a holistic
comparison between conventional and modular structures is still required.

From this, there is a need to quantitatively compare the waste generated in fully
modular structures (as defined above) with conventional structures. Previous studies
tend to compare partially prefabricated structures, and even when modular structures
are considered, many simplifications or assumptions are made, as waste generation is
often not the focus of research. This paper therefore fulfils the need for a robust waste
comparison between modular and conventional construction, first by determining modular
and conventional waste rates, and then applying them to realistic case studies.

2.3. Conventional Construction Waste Rates

Various references provide waste rates for conventional construction. These tend to
vary based on numerous factors, including structure size and type, dominant structural
material, and geographical location. A summary of waste rates from numerous references
can be seen in Table 2. Where waste rates were presented as a percentage of total material,
they were adjusted to reflect material loss rate (as defined by Equation (1)). Some references
used gross floor area (GFA) to estimate waste rates, a method of estimation based on a
structure’s size rather than its material type.

Table 2. Conventional construction waste rates from literature.

Material

Guerra et al. [39]

Bakshan et al. [40] Lietal. [17] Malia et al. [41] Lu et al. [42] Kim [27]  Treloar et al. [43]

Steel

0.2-2.6
(residential)
1-7.2
(non-residential)

1.25(0.11-7.2
range)

3.09% (4.71%

typical) 2.97%

9.17% 10%

Bitumen

0.4-2.6
(residential)
0.7-6.6
(non-residential)

Masonry

19.2-58.6
(residential)
15.6-54.3
(non-residential)

17.44 (3.4-58.6
range)

5.26% (2.04%

typical) 7:52% )

5%

Timber

2.5-64
(residential)
1.7-54
(non-residential)

4.35(0.99-7.6

8.28%
range)

10%

Formwork

80% (100%

typical) 5.26%

12.33% -

Tiles

1.7-3.2
4.17% (2.04% residential
2 (0.33-3.2 range) typi(cal) ( 04-3.2 ) - - -

(non-residential)

Plasterboard

15.98%

3.7-7.6
0.31 (0.35-6 range) - (rei‘gfé‘ E,‘al) )

(non-residential)

5.98% 10%

Insulation

0.1-1.2
(residential)
0.1-1.5
(non-residential)

Estimation
method !

MLR

GFA MLR GFA MLR MLR MLR

I MLR: Material Loss Rate as defined by Equation (1); GFA: Gross floor area, waste is defined as kg/m? gross floor area.

2.4. Modular Construction Waste Rates

Unlike conventional construction, research into waste rates for modular construction is
limited. As a construction technique, prefabrication would have waste rates comparable to
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manufacturing rather than construction, simply due to its nature. As outlined above, many
studies acknowledge the lower waste generation potential for modular construction. For
instance, Aye et al. [21] also deduced, through a literature review, that construction waste
can be reduced by 52% through the minimisation of off-cuts. This is taken further by Al-
Hussein et al. [19], who asserts that when modular construction is adopted, “theoretically,
there should be no [waste] material left.” Only Kim [27] recommends using a 3% waste
factor for all materials to reflect the waste rate reported at a prefabrication facility for
Redman Homes located in Topeka, Indiana. It also suggests expanding this to 5% to
account for material consumption sensitivity.

3. Methodology

In earlier sections, the waste rate of construction materials was determined for both
modular and conventional construction. It is necessary to apply these waste rates to realistic
case studies as an effective method to quantify the differences in waste generation [18].
For the case studies to be considered appropriate, several criteria must be satisfied. First,
the outcome of the completed structure must be identical between the methods, only
varying in material type and quantity. Second, the modular cases must adhere to the
definition of modular construction outlined in Section 1. That is, volumetric units that are
fully functional with complete fixtures. Third, both the conventional and modular cases
must either be a completed structure, a structure under construction, a structure approved
for construction or must satisfy all relevant codes and standards, allowing them to be
constructed in the future. The framework of this study is summarised in Figure 1.

’ Literature review

]

’ Waste rates

|
| l

Conventional Case Modular Case
Waste generation Waste generation

l

Comparison and analysis

Figure 1. The research framework developed for waste generation estimation.

3.1. Case Studies

This study uses the two case studies from Hammad et al. [18] to provide a more
reliable comparison. The first case study, Case A, is a single-story granny flat in Sydney,
Australia, with a gross floor area of 63 m?. The second case study, Case B, is a three-story
public school located in the Central Coast, Australia, with a gross floor area of 2220 m?2
(740 m? per storey). Both case studies have their floor plan shown in Figure 2, derived from
Hammad et al. [18]. In both conventional cases, construction is undertaken in four stages,
as outlined in Table 3. In both modular cases, the construction process is identical, and
involves five stages. In stage 1, on site excavation, rolling of cold-form steel, and welding
of the building chassis occurs simultaneously. In stage 2, the frame is assembled using
the cold-formed steel. Then, in stage 3, hot rolled steel and the assembled cold-formed
steel frames are transported to assembly points. Stage 4 involves the assembly these two
elements into modules with services and finishes installed in stage 5, allowing the modules
to then be ready for transport and assembly on site.
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Figure 2. Floor plans of Case A: a granny flat with 63 m? area; and Case B: a three-story school with 740 m? per storey.

Table 3. Construction stages for conventional Case A and conventional Case B.

Construction Stage Conventional Case A Conventional Case B

Step 1—Excavation
Step 2—Foundation

Stage 1 (Steel work, formwork, and concrete pouring)
Step 3—Backfill
Step 1: Slab on grade
Slab on grade (Steel work, formwork, and concrete pouring)
Stage 2 (Steel work, formwork, and concrete Step 2: 1st level columns
pouring) (Steel work, formwork, and concrete pouring)
Step 3: Brickwork
Step 1: 2nd level slab
Walls (Steel work, formwork, and concrete pouring)
Stage 3 (Brickwork and Insulation) Step 2: 2nd level columns
(Steel work, formwork, and concrete pouring)
Step 3: Brickwork
Step 1: 3rd level slab
Step 1: Roof (Steel work, formwork, and concrete pouring)
Stage 4 (Frame, tiling, and insulation) Step 2: 3rd level columns

(Steel work, formwork, and concrete pouring)
Step 3: Brickwork
Step 4: Internal finishes

Step 2: Internal finishes

These case studies are considered appropriate for this study. First, the structures
are identical between construction methods, only varying in material type and quantity;,
satisfying the first criteria. The volume of each material used is shown in Table 4, with bulk
densities also provided for conversion into weights. As noted above, the modular cases
involve assembling fully serviced three dimensional units, satisfying the second criteria.
Moreover, “projects similar to both case studies have been previously built in Australia
using both construction methods” [18]. In addition, according to Hammad et al. [18], the
modular and conventional structures in both case studies satisfy the Australian National
Construction Code [44], and the Australian Standards for Concrete (AS3600), Steel (AS4100),
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Timber (AS1720.1), Masonry (AS3700), and Cold-formed Steel (AS4600). Therefore, the
third criteria is considered satisfied. Finally, Hammad et al. [18] even suggests extending
their framework to include waste estimation based on waste rates for each material, as the
current study does not consider this vital environmental sustainability factor.

Table 4. Summed material quantity take-offs and bulk densities for case studies and construction methods.

Case A Case B
Material ! Bulk Density 2 - -
Conventional Modular Conventional Modular
Concrete
- Poured concrete 2400 kg/m? 37 m3 0.6 m3 1052 m3 25 m3
- Screed 1900 kg /m? - - 444 m3 -
-10 mm CFC 1595 kg/m? - - 400 m? 400 m?
Steel
- Reinforcement N/A 0.83t 0.04 t 7235t 0.642 t
- Roof sheeting 10 kg/m? - 64 m? - 740 m?2
- Roof flashing 9kg/m - 30m - 210 m
- Battens 0.71kg/m 140 m 51 m - 629 m
- C115 Purlin 3.706 kg/m - 115 m - -
- C181 Purlin 5.236 kg/m - - - 2673 m
-110 PEC 9.758 kg/m - 48 m - -
- 140 PFC 15.38 kg/m - - - 288 m
- 200 PEC 229kg/m - 63 m - 144 m
- 380 PFC 55.2kg/m - - - 810 m
- 400 PFC 58.105 kg/m - 52 m - 52m
- 75 mm light steel 141kg/m - 86 m - -
- 90 mm light steel 1.53 kg/m - - - 842 m
- Light steel studs 141 kg/m - 10.3 m - -
- 75 SHS 10.3 kg/m - - - 528 m
Masonry
- Bricks 830.6 kg/m3 25m3 - 220 m? -
- Other masonry 830.6 kg /m? - - 270 m3 }
Timber
- Formwork 10.7 kg /m? 9.5m? 1.5 m? 3625 m? 87 m?
- Internal walls 7.59 kg/m? 96 m? - - -
- Joists 5.445 kg/m 163 m - - -
Insulation
- Type 1 1.44 kg/m? 96 m? - i -
- Wall insulation 25 kg/m3 - - 990 m3 -
- Roof insulation 20.023 kg/m3 19.5m3 33 m? 140 m? - 555 m3
- Vapour barrier 0.184 kg/m? 96 m? - ) -
-6 mm PVC lining 8.28 kg/m? - 72 m? -
Other
- Bitumen 20.833 kg/m? 13 m? 6 m? 740 m? 93 m?
- Roof tiles 57 kg/m? 65 m? - - .
- Plasterboard 8.3 kg/m? 96 m? 96 m? - -

1 PFC: Parallel flange channel; CFC: Compressed fibre cement; SHS: Square hollow section; PVC: Polyvinyl chloride, > As obtained from
[40,42,43,45-55]; AS 3600: 2018; AS 1366.3: 1992; ACI 347R-14.

3.2. Data Analysis

This study applied an analysis of existing statistics (a method of secondary data
analysis) to analyse the data detailed in previous sections, due to its strength in comparative
work and emerging validity [56,57]. A quantitative approach was used to apply the waste
rates for both modular and conventional construction techniques to Cases A and B. For
conventional construction, the waste rates from all references were applied to both cases,
providing estimations based on both material loss rates and GFA. A simple average was
then taken to determine the overall waste generation for conventional construction. It
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is important to note that the waste rates from any individual reference, or selection of
references, could have been used and will still be considered a valid analysis. However,
averaging waste rates in this way allows for a moderate approximation, with reduced
probability of extremity [58,59]. For modular construction, a 5% waste rate is applied to
Case A, and a 3% waste rate is applied to Case B, as outlined by Kim [27]. This reflects the
industry consensus that smaller structures produce higher waste per capita than larger
structures due to the lower repeatability of structural elements.

4. Result Analysis

This section provides an analysis of the research results. The waste generation estima-
tions for conventional construction and modular construction are first displayed separately
and are then compared together for both Case A and Case B.

4.1. Conventional Waste Generation

Tables Al and A2 (Appendix A) summarise the waste generation by weight for Case A
and Case B, respectively, when waste rates from all references are applied. A large range for
most materials and categories can be seen. This is not surprising, as waste rate estimations
for conventional construction vary greatly based on the nature of the structure, the type of
structure, geographical location, and many other factors.

Tables 5 and 6 show a singular waste generation estimation for Case A and Case B,
respectively. A comparison of quantity take off is also included to produce a material
loss rate for each category and material, as defined in Equation (1). To determine a single
waste estimation for the cases, a simple average was taken across all references. The upper
and lower bounds from Bakshan et al. [40] were not considered in this calculation, as the
typical value was provided. While it is equally valid to select any individual, or a group of
individual references, this approach allows for a moderate estimate considering a wide
range of case studies. Some references had waste rates for a material category, but not
for specific materials within that category. In these cases, waste rates were averaged both
by category (considering all references) and also by specific materials where data were
available. Consequently, several categories of materials have waste weights greater than
the summation of their parts. This additional, unaccounted-for material can be attributed
to other waste within the category that is not specified within this analysis.

Table 5. Average waste generation for Case A conventional construction.

Category/Material Quantity Take off (kg) Average Waste (kg) Total Material (kg) MLR ! (%)
Soﬁﬁze) (poured 88,800.00 1674.35 90,474.83 1.89
Steel 929.40 66.68 996.08 7.17
- Reinforcement 830.00 49.70 879.70 5.99
- Battens 99.40 5.95 105.35 5.99
Bitumen 270.83 94.50 365.33 34.89
Masonry (brick) 20,765.00 1445.11 22,210.11 6.96
E;ﬁffo(r%dudmg 1717.83 226.04 1943.87 13.99
- Internal walls 728.64 66.60 795.24 9.14
- Joists 887.54 81.12 968.66 9.14
Formwork 101.65 50.21 151.86 49.40
Tiles (roof tiles) 3705.00 132.96 3837.96 3.59
Plasterboard 796.80 153.85 950.65 19.31




Buildings 2021, 11, 622

11 of 21

Table 5. Cont.

Category/Material Quantity Take off (kg) Average Waste (kg) Total Material (kg) MLR ! (%)
Insulation 546.35 40.95 587.30 7.50
- Typel 138.24 No data N/A N/A
- Roof insulation 390.45 No data N/A N/A
- Vapour barrier 17.66 No data N/A N/A

I MLR: Material Loss Rate as defined by Equation (1).
Table 6. Average waste generation for Case B conventional construction.

Category/Material Quantity Take off (kg) Average Waste (kg) Total Material (kg) MLR ! (%)
g;r(‘jc)rete (excluding 3,368,400 61,143 4,067,543 1.82
- Poured concrete 2,524,800 54,889 2,579,689 217
- Screed 843,600 18,340 861,940 217
10 mm CFC 638,000 29,806 667,806 4.67
Steel (Reinforcement) 72,350 5887 78,237 8.14
Bitumen 15,416 8103 23,519 52.56
Masonry 406,994 45,800 452,794 11.25
- Brick 182,732 9054 191,786 496
B Other 224,262 11,112 235,374 4.96
Formwork 38,788 19,160 57,948 49.40
Insulation 27,553 1776 29,329 6.45
- Wallinsulation 24,750 No data N/A N/A
- Roof insulation 2803 No data N/A N/A

I MLR: Material Loss Rate as defined by Equation (1).

4.2. Modular Waste Generation

Tables 7 and 8 show a singular waste generation for Case A and Case B, respectively,
with waste rates applied from Kim [27] as outlined in previous sections. Some materials,
including poured concrete, steel reinforcement, bitumen, and formwork, were used in
site preparation and foundation work, and were constructed conventionally. Therefore,
appropriate material loss rates from Tables 5 and 6 were used for these materials.

Additional material was also added to both modular Case A and Case B to reflect
external wall material. Applying bulk densities to external wall elements in Table 4 would
imply that the external walls in Case A and Case B weighed just 121.26 kg and 1288 kg,
respectively. This is clearly not the case, so an adjustment was made. As the weight
distribution of a typical steel modular unit is comprised of 25% wall material and 32% steel
skeleton [60], and the weight of the steel skeleton is 5373.26 kg and 74,895 kg in Case A
and Case B, respectively, the weight of the external walls is set to 4197.86 kg and 58,512 kg
in Case A and Case B, respectively. An additional 438 kg is added for studs in Case B as
outlined by Hammad et al. [18]

4.3. Waste Comparison

The total wastes for conventional and modular methods in both cases cannot easily
be compared as they are comprised of vastly different materials. However, total waste
weights can be compared between structure elements (foundation, flooring, external walls,
columns, internal walls, beam systems, stairs, and roof), as well as for the overall structure.
Table 9 shows that, for both cases, the modular method produces less waste both overall
and for every structure element. Overall, Case A had an 81.3% reduction in waste, and
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Case B had an 83.2% reduction in waste. This result is to be expected, as prefabrication
fundamentally changes construction into a highly controlled factory environment.

Table 7. Average waste generation for Case A modular construction.

Category/Material Quantity Take off (kg) Average Waste (kg) Total Material (kg) MLR 1 (%)

Concrete (poured

concrete) 2 144000 7 oz -
Steel 6344.94 318.12 6663.06 5.01
- Reinforcement 2 40.00 2.87 42.87 7.17
- Battens 36.21 1.81 38.02 5
- Roof sheeting 640.00 32.00 672.00 5
- C115 Purlin 426.19 21.31 447.50 5
- HO0PFC 468.38 23.42 491.80 5
- 200PFC 1442.70 72.14 1514.84 5
- 400 PFC 3021.46 151.07 3172.53 5
- Roof flashing 270.00 13.50 283.5 5
Light steel 4212.38 210.62 4423.00 5
- 75mm (walls) 4197.86 209.89 4407.75 5
- Studs 14.52 0.73 15.25 5
Bitumen 2 125.00 43.61 168.61 34.89
Formwork 2 16.05 7.93 23.98 49.40
Plasterboard 796.80 39.84 836.64 5
Insulation 1256.92 62.85 1319.77 5
- Roof insulation 660.76 33.04 693.80 5
- 6mm PVC lining 596.16 29.81 625.97 5

I MLR: Material Loss Rate as defined by Equation (1); 2 Materials constructed conventionally.

Table 8. Average waste generation for Case B modular construction.

Category/Material Quantity Take off (kg) Average Waste (kg) Total Material (kg) MLR ! (%)
Concrete 698,000 20,232 718,232 290
- Poured concrete 2 60,000 1092 61,092 1.82
- 10mm CFC 638,000 19,140 657,140 3
Steel 85,318 2593 87,911 3.04
- Reinforcement 2 642 52 694 8.14
- Battens 491 15 506 3
- Roof Sheeting 7400 222 7622 3
- C181 Purlin 13,996 420 14,416 3
- 140 PFC 4429 133 4562 3
- 200 PEC 3298 99 3397 3
- 380PFC 44,712 1341 46,053 3
- 400 PFC 3021 91 3112 3
- 75 SHS 5438 163 5602 3
- Roof flashing 1890 57 1947 3
Light steel 58,949 1768 60,718 3
- 90 mm external walls 58,512 1755 60,267 3
- 90 mm internal walls 438 13 451 3
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Table 8. Cont.

Category/Material Quantity Take off (kg) Average Waste (kg) Total Material (kg) MLR ! (%)
Bitumen 2 1937 1018 2956 52.56
Formwork 2 931 460 1391 49.40
Insulation (roof) 11,113 333 11,446 3

! MLR: Material Loss Rate as defined by Equation (1); 2 Materials constructed conventionally.

Table 9. Comparison of waste generation by conventional and modular construction for Case A and Case B.

Case A Case B
Structure C - " o C - " o
Element onventiona 0 onventiona o
Waste (kg) Modular Waste (kg) Change Waste (kg) Modular Waste (kg) Change

Foundation 161 82 —49.1 11,439 2622 771
Flooring
structure (plus 1712 245 857 38,994 1852 —95.3
chassis for
modular)
External walls 1445 233 —83.9 21,783 1822 —91.6
Columns N/A N/A N/A 10,838 96 —-99.1
Internal walls 232 70 —69.8 29,795 19,153 —-35.7
Beam system N/A N/A N/A 8211 232 —97.17
Stairs N/A N/A N/A 6520 - —100
Roof 248 82 —66.9 30,049 627 —-97.9
Sum 3798 712 —81.3 157,629 26,404 —83.2

5. Discussion

As noted above, modular construction has the potential to significantly reduce waste
generation, in the case studies considered. By weight, an 83.2% waste reduction is pos-
sible in large structures, with a comparable 81.3% reduction in smaller structures (see
Table 9). These waste reductions are more clearly shown in Figures 3 and 4. In general,
this aligns with prior research that asserts that prefabrication will reduce waste. The
perception in the industry of reduced waste in prefabrication [30,31] has been verified.
Qualitative comparisons asserting that prefabrication reduces waste [20-22] have also been
verified. For quantitative comparisons, the results show greater waste reductions than
most previous studies. Quale et al. [23], Jaillon et al. [32], Kim [27], Jaillon and Poon [31],
and Hosseini et al. [38] showed waste reductions of 20.1%, 52%, 60%, 65%, and 92%,
respectively. However, as discussed above, these comparisons are related to partially pre-
fabricated structures [31,32], studies where waste reductions are used for other purposes
and are therefore not valid comparisons [23], are comparisons with numerous assumptions
and simplifications [27], or are comparisons in relation to certain structure components
only [38]. When comparing them to structures with significant prefabrication [31,32], the
results imply that increasing the prefabrication rate until modular structures are achieved
will continue to decrease the waste generation. An inversely proportional relationship
between the level of prefabrication and waste generation can therefore be inferred. This
is reinforced by Tam et al. [33], who find that waste for a structure component is reduced
by 35-100% when that component is partially or fully replaced with prefabrication. In
addition, Hosseini et al. [38] assert a 92% reduction in reinforcing rebar waste when lean
practices (i.e., prefabrication) are used. This high reduction could potentially be extrapo-
lated to other structure components, and it could be assumed that modular construction,
which achieves the highest level of prefabrication, would result in the largest possible
waste reduction, a conclusion shared by this paper. However, based on the current re-
sults and past literature, this cannot be known for certain. It is possible that an “optimal
level” of prefabrication exists below modular construction such that waste generation is
minimised. This optimal level of prefabrication may also be different for different factors,
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such as construction cost, transport cost, equipment cost, logistic cost, project time, labour
requirements, hazard potential and safety incidents, greenhouse gas emissions, electricity
usage, embodied energy, etc. Not only this, but these optimal levels would be regional and
project-dependent, and could change based on the nature of the project, the firm(s) carrying
out the work, manufacturing availability, government involvement, and various other
factors. In the most basic terms, these results demonstrate that implementing modular
construction has the potential to significantly reduce waste generation in construction.

Case A Waste Comparison by Structure Element
2,000
B8 Conventional

1,500 B Modular
o0
=
g 1,000
w
]
=

500
0 [ e
Foundation Flooring External Walls Internal Walls Roof
Figure 3. Case A waste comparison by structure element.
Case B Waste Comparison by Structure Element
50,000
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40,000 BE Modular
& 30,000 3
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= ¥
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I HE e RO B
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Figure 4. Case B waste comparison by structure element.

5.1. Waste and Weight

An issue with the comparison above is that the materials used between the modular
and conventional techniques are vastly different. This results in a significant difference in
overall weights of the structure, depending on the construction method selected. Namely,
the modular structures weigh 87.9% and 81.3% less than the conventional structures in
Case A and Case B, respectively. This contradicts previous literature, which asserts that
modular structures can have up to 25% increased material requirements due to the in-
creased need for structural integrity in each module [4,27,61]. However, these studies
only compared structure weights when identical materials are used in both construction
methods. Kim [27], for instance, estimates that modular homes require 9.9% more ma-
terial when timber modules are used compared to conventional timber homes. When
different materials are used, such as in these cases, the weight difference can be significant.
Aye et al. [21] demonstrate how material consumption is reduced by 78% when switching
from conventional reinforced concrete construction to a prefabricated steel structure, a
result that is similar to this study, which compares conventional masonry and reinforced
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concrete structures to prefabricated steel structures. When considering waste, this sig-
nificant difference in total structure weight must be put into context. Table 10 compares
waste generation as a percentage of total material (i.e., waste generated per 100 kg of total
material). When considering waste as a percentage of total material, modular construction
produces around 13.1% less weight in Case B. However, modular construction produces
around 52.7% more waste in Case A, even though less waste is produced overall. This is
largely due to the 5% waste rate assumption for modular Case A. The decision to apply this
waste rate was to reflect the higher waste generation often seen in smaller structures due to
a lack of repeatability. However, modular construction is a highly controlled, repetitive
process, even at small scales. A 3% waste rate, like that used in modular Case B, may have
been more appropriate. When a 3% waste rate is applied to modular Case A, total waste
generation reduces to 460 kg, implying 3.14% waste as a percentage of total material. This
is highly comparable to the conventional waste percentage of 3.13% of total material. In
addition, waste in conventional Case A is likely underestimated due to the low material
loss rate of concrete, which is averaged to 1.89%. If a more typical concrete waste rate
of 5% is used, as suggested by Treloar et al. [43], then total waste in conventional Case
A would increase to 6561 kg. This, a more realistic estimate, would imply 5.29% waste
as a percentage of total material for conventional Case A, a value higher than both the
reduced and current estimation for waste percentage in modular Case A. Moreover, a 3%
waste rate assumption for all modular activities is still likely an overestimation. Recent
literature asserts that prefabrication can reduce waste to almost zero due to the elimination
of offcuts [19,20]. This result allows decision makers and stakeholders to make more
informed decisions considering construction waste. At large scales, waste percentage will
most likely be reduced. At smaller scales, care is needed to minimise modular waste as
much as possible in order to reduce its waste percentage below conventional construction.

Table 10. Comparison of modular and conventional waste generation per 100 kg of total material.

Construction . . Waste Per 100 kg
Method Quantity Take off (kg) Total Waste (kg) Total Material (kg) Total Material (kg)
C A Conventional 117,531 3798 121,329 3.13
ase Modular 14,192 712 14,904 4.78
Case B Conventional 4,567,501 157,629 4,725,130 3.34
ase Modular 856,248 26,404 882,652 2.99

5.2. Cost of Weight

The results above also imply cost savings from an overall reduced weight of waste.
Table 11 shows that, in Case B, modular construction reduces the cost of weight by around
47.9%. However, in Case A, using conventional construction reduces the cost of waste by
around 58.5%. This was not expected, considering that overall waste weight is reduced
significantly in the modular cases. However, the cost of materials in the modular cases
are generally higher than those in the conventional cases. In Case B, the reduced material
needs in the modular case are sufficient to overcome the increased material costs, and
therefore a reduction in cost of waste is observed. Conversely, in modular Case A, where
waste as a percentage of total material is higher in the conventional case (see Table 10), the
reduced material weights are not sufficient to overcome increases in material costs, and
therefore an increase in cost of waste is observed. This increase in cost of waste for modular
Case A is not overcome by reducing the waste rate of modular construction to 3% and
increasing the material loss rate of conventional Case A concrete to 5%, as was done above.
In fact, when a 3% waste rate is implemented for modular construction, the cost of waste
in modular Case A is reduced to 3383.99 AUD, and, when a 5% waste rate for conventional
Case A concrete is used, cost of waste in conventional Case A is increased to 2603.24 AUD.
Cost of waste in conventional Case A would still be 23.07% lower than modular Case A.
This implies that, due to increased material costs in modular construction, reductions in
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overall waste are only economically beneficial in larger structures. However, modular
construction has the potential to reduce its material loss rate far below 3%. In fact, when
a material loss rate of 2% is applied, cost of waste in modular Case A reduces to 2283.34
AUD, a cost comparable to the current estimation for conventional Case A. This MLR can
be easily achieved, and reduced even further, in the controlled factory environment that
prefabrication enables, as discussed above. Utilising modular construction therefore allows
for potential economic benefits at any scale.

Table 11. Cost of waste for case studies and construction methods.

Cost of Waste, Case A (AUD)

Cost of Waste, Case B (AUD)

Material Cost/kg 1 (AUD)
Conventional Modular Conventional Modular

Concrete
- Poured Concrete 0.10 171.62 2.79 5626.12 111.93
- Screed 1.85 - - 33,929.00 -
-10 mm CFC 3.78 - - 112,664.81 72,348.00
Steel
- Reinforcement 1.52 75.30 4.35 8918.81 78.78
- Roof sheeting 7.70 - 246.24 - 1708.29
- Roof flashing 0.61 37.96 8.30 - 35.02
- Battens 6.38 - 11.55 - 95.70
- C115 Purlin 2.14 - 45.60 - -
- C181 Purlin 2.18 - - - 916.84
-110 PEC 2.70 - 63.19 - -
- 140 PFC 2.51 - - - 334.06
- 200 PFC 2.76 - 199.13 - 273.27
- 380 PFC 2.48 - - - 3327.72
- 400 PFC 2.50 - 377.43 - 227.36
- 90 mm light steel 8.49 - - - 110.37
- Light steel studs 8.34 - 6.09 - -
- 75 SHS 2.52 - - - 411.46
- Walls 21.52 4516.08 37,761.27
Masonry
- Bricks 0.59 856.23 - 5364.50 -
- Other Masonry 0.59 - - 6583.86 -
Timber
- Formwork 2.48 124.45 19.65 47,488.15 1140.11
- Internal Walls 7.14 475.33 - - -
- Joists 3.32 269.66 - - -
Other
- Bitumen 1.27 119.75 55.26 10,268.29 1290.03
- Roof tiles 0.56 75.11 - - -
- Plasterboard 0.74 114.37 29.62 - -

Sum 2319.76 5585.27 230,843.53 120,170.21

! Obtained from inquiries to material suppliers. Prices in AUD as of June 2021.

An important factor to note is that costs were estimated based on the amount of waste
for each material, rather than for each category. Insulation waste was not included in the
analysis as only categorical data were available. When considering a structure, the cost of
insulation is considered insignificant, and it is therefore deemed appropriate to exclude.
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6. Conclusions

This paper compares the waste generated from conventional and modular construction
techniques. A significant reduction in waste weight is determined (81.3% and 83.2% in small
and large structures, respectively) when modular construction is used. These results act as
an extension of prior research, which assert that prefabrication reduces waste by 20-65%,
depending on the level of prefabrication. This reduces the research gap in comparing fully
modular structures to conventional structures, assisting policy makers and stakeholders in
making more informed decisions, while also providing thoroughly researched waste rates
as a foundation for future research. While it is recommended to use the average material
loss rates to reduce the likelihood of extremities, any individual, or group of individual’s,
waste rates from the gathered sources can be used to create valid waste estimations for
future cases. It is also likely that the results will vary based on the case studies used.
However, the framework allows for waste and costing estimations for estimations to be
made in any relevant case.

The use of secondary data, based in a detailed literature review, for the generation of
the waste rates is a major limitation of this framework. While generally applicable at an
international level, secondary data often perform poorly at a local or regional level, even
when the secondary data are gathered only from the area of interest. Waste rates often vary
significantly based on numerous factors, including the nature of the project, the economic
environment, and the firm(s) carrying out the work, etc. Therefore, further investigation
into the waste rates themselves is recommended. Primary data collection in an area of
interest can increase the accuracy and validity of the waste estimation. It is recommended to
either (1) compare quantity take offs to total ordered materials and consider the difference
as waste, or (2) measure on-site waste directly through observation, categorisation and
weightings. The second approach would be highly labour- and resource-intensive, and
would not measure excess material incorporated into a structure unless careful observations
are made. A detailed review of material quantities across numerous case studies in an
area of interest is therefore considered more appropriate and recommended as further
research to improve the validity of the waste rates. As waste varies significantly, even at the
local level, it is also recommended to categorise waste rates for materials by their project
properties, such as size (GFA, number of stories, height, etc.), structure type (residential,
commercial, industrial), main structural component (steel, masonry, reinforced concrete,
timber, etc), characteristics of the construction company, or other factors.

In addition, the optimal level of prefabrication for waste minimisation is unknown.
While implied to be optimal at the modular level, further research must be conducted
towards relating prefabrication level to waste reduction, and determining the relationship
between these variables. The optimal level of prefabrication for other variables can also be
considered, such as various costs, project time, labour requirements, etc. Overall, this paper
succeeds in determining the waste reductions in fully modular structures when compared
to conventional structures, while also determining associated costs.
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Appendix A
Table A1. Waste generation for Case A conventional construction based on the literature (kg).
Malia et al. Malia et al.
Bakshan et al. Bakshan et al. . . .
Category Material Guerra et al. [39] [40] Lower Bakshan et al. [40] [40] Upper Lietal. [17] Liet a'l. 171 [4!] Residen- [4¥] Residen- Lu et al. [42] Kim [27] Treloar et al. [43]
typical tial Lower tial Upper
Bound Bound
Bound Bound
Poured
Concrete 1767.1 207.3 548.1 2526.3 896.9 1349.8 11214 2072.7 1198.8 - 4440.0
concrete
Reinforcement - 25.6 39.1 24.7 76.1 83.0
Steel Battens R 6.9 78.8 453.6 31 47 12.6 163.8 3.0 91 99
Bitumen Bitumen - - - - - - 25.2 163.8 - - -
Masonry Bricks 214.2 1098.7 3691.8 1092.2 423.6 1209.6 3691.8 1561.5 - 1038.3
Formwork - - - - 81.3 101.7 - - 5.3 12.5 -
Timber Internal
walls 62.4 274.1 478.8 157.5 403.2 603 729
Joists - - 73.5 88.8
Tiling Roof tiles - 20.8 126.0 201.6 154.5 75.6 107.1 201.6 - - -
I;Ia“er' Plasterboard 127.3 2.1 195 378.0 - - 170.1 4788 - 47.6 79.7
oard
Type 1, roof
Insulation insulation - - - - - - 6.3 75.6 - - -
and vapour
barrier
Table A2. Waste generation for Case B conventional construction based on literature (kg).
Malia et al. Malia et al.
Bakshan et al. Bakshan et al. . N N
Category Material Guerra et al. [39] [40] Lower Bakshan et al. [40] [40] Upper Lietal. [17] Ll{ft a.l. 1171 [41.] Residen- [41.] Residen- Lu et al. [42] Kim [27] Treloar et al. [43]
ypical tial Lower tial Upper
Bound Bound
Bound Bound
Poured
C concrete 50,244 7304 19,314 89,022 25,500 38,377 40,626 89,022 34,085 126,240
oncrete Screed 16,788 8520 12,823 11,389 42,180
10 mm CFC 101,952 777 688 13,320 5772 13,986 38,152 63,800
Steel Reinforcement - 244 2775 15,984 2236 3408 2220 15,984 2149 6634 7235
Bitumen Bitumen - - - - - - 1554 14,652 - - -
Bricks - 9612 3728 13,741 - 9137
Masonry Other R 7548 38,717 130,092 11,79 4575 34,632 120,546 16,865 R 11213
Timber Formwork - - - - 31,030 38,788 - - 2040 4782 -
Insulati Wall R R B B R R R R B
nsulati- insulation 222 3330
on Roof

insulation
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