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Abstract: The building-and-construction industry has been researched extensively over its life cycle
regarding green and sustainable processes and techniques due to its major contributions towards
energy consumption and its environmental impacts. Over the past decade, the construction stage of a
building is often criticized for overlooking or approximating the environmental impacts as compared
to other life-cycle stages of a building. This is evident through strong research findings regarding
other building life-cycle stages in building-emission-assessment studies. With the drive towards
digitization, the construction industry is receiving significant research attention in order to minimize
environmental impacts at the construction stage. Despite these research initiatives, only a handful of
recent review studies have systematically furnished current advances, gaps and future directions
in environmentally sustainable building-construction techniques. The current study represents a
systematic literature review of the environmental impacts at the building-construction stage with
the objective of identifying the current findings, gaps and future research scopes. A bibliometric
assessment revealed key author contributions, key research areas and collaboration aspects of research
works related to environmental impacts of construction in building projects. Four major barriers and
knowledge gaps in conducting a comprehensive assessment at the construction stage of a building
were identified, including the lack of definition of a generic system boundary, difficulties in data
collection, complex modeling issues and complications in the classification and analysis of emissions.
The findings would provide key knowledge for passionate construction-industry stakeholders who
are keen to benchmark green and sustainable construction practices in the building industry.
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1. Introduction

Buildings are one of the seven foremost contributors to resource consumption and
environmental emissions, with studies demonstrating the contemporary requirement to
identify the emission-reduction practices [1,2]. Statistics and previous studies have em-
phasized that buildings account for one-sixth of the world’s freshwater withdrawals, one
quarter of the wood harvested and two-fifths of its materials, which indicates its intensive
resource consumption [3-6]. In addition, they are also known as significant emission
contributors with statistics suggesting buildings as one of the seven dominant sectors that
contribute greatly towards environmental emissions [7]. Researchers across the globe have
undertaken several attempts to minimize these adverse effects across the life cycle of a
building [8-11]. Due to considerable material utilizations and large emission contributions
during other life cycle stages, emissions and impacts at the construction stage of a building
have often been approximated as compared to other life-cycle stages [2,12,13]. However,
a handful of studies have highlighted the importance of accurate modeling and estima-
tion of construction-stage emissions at distinct levels in order to benchmark short-term
impacts on surrounding environments [14]. This will also help to address the contem-
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porary requirement of analyzing, predicting, and minimizing short-term and long-term
environmental impacts.

Life-cycle assessment (LCA) is known to be one of the most comprehensive assessment
tools for the analysis and prediction of environmental impacts of a product or process [15].
Recent research findings of building LCA studies have led to significant changes in the
built environment, with directions for emissions and energy reductions. However, the
construction stage of a building is given minimum consideration in these building LCA
studies and have been the least-considered life cycle of building-emission studies [1,16].
With the current digitization drive in the building-construction industry and the introduc-
tion of Industry 4.0, studies have stressed the importance of comprehensively assessing
the building-construction stage’s environmental impacts [17]. Attaining environmental
impacts of each life-cycle stage at the early stages would enable the project team to ob-
tain collective decisions on green and sustainable designs. However, understanding the
current knowledge advances and barriers is the key initial step that would lead to com-
prehensive assessment of the construction-stage’s environmental impacts. Thus, there is
a contemporary requirement of a study to inform and educate the research field on the
recent knowledge developments and current trends related to environmental impacts of the
building-construction stage. The current review study aims to identify current trends and
barriers to conducting studies on construction-stage emissions and impacts. The findings
of the study aim to facilitate passionate researchers who are keen on conducting research
on environmental impacts at the construction stage and have intentions to benchmark the
life-cycle impacts of buildings.

2. Research Methodology

The research methodology corresponds to the sequential procedure as shown in
Figure 1. To facilitate a comprehensive review, the current study initially focused on identi-
fying the current trends of using waste products in concrete manufacturing by conducting
a bibliometric assessment (BA) using the “Bibliometrix” software. A BA uses a statistical
approach to determine relations between key research data such as the research topic,
authors, keywords, publication year and publishing country. Using the key data elements,
this method facilitates the analysis and interpretation of current research trends and knowl-
edge gaps [18,19]. Related research publications were selected from the “Web of Science
(WoS)” scientific database using the key words “construction”, “emissions”, and “build-
ings” with the “AND” operator, and the keyword “impact” using the “OR” operator. The
time span was set from 1991 to 2021 in order to capture two decades of related research
articles. WoS was selected as it could effectively capture related scientific articles and
due to its compatibility with the “Bibliometrix” software [20,21]. The selected research
articles in the search string included journal articles, conference publications, books, and
book chapters corresponding to construction-stage emissions and impacts. Duplicate and
non-related articles were removed from the list through a manual inspection of titles and
topic content. Following the bibliometric assessment, a focused review was conducted
on major LCA studies on the construction stage of a building, mathematical models, and
current advancements. Using the review findings, barriers and knowledge gaps related
to a comprehensive emissions assessment at the construction stage of a building were
identified. Key findings would also enable the researchers to focus on transitional research
by addressing the current impediments.
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Figure 1. Research methodology.

3. Bibliometric Analysis Results

The results corresponding to two decades of research from 1991 and 2021 are high-
lighted in Table 1. These results were extracted from the bibliometric reference data of
the input data file of the related articles through the “Bibliometrix (accessed through
www.bibliometrix.org, accessed on 28 December 2021)” web-based application. Based
on the results, it is evident that there are no significant average citations or average cita-
tions per year per document. This corresponds to the lack of new research publications
in the area. Moreover, a relatively high number of published single-authored documents
(130 publications from the total population) during the time indicates limited collabora-
tion between authors. The relatively under-researched nature and the approximations of
environmental impacts during building construction could be a major factor contributing
to less collaboration among researchers. The bibliometric analysis featured 2976 authors
and 3563 author appearances. These facts also provide an understanding of the author and
co-author distribution in the building-construction stage’s environmental impacts. The
“authors per document” (2.74) parameter indicated that on average, one article is authored
by approximately three authors. However, after accounting for single-authored documents,
this value is a relatively higher, which could indicate that the limited studies conducted
in this area are clustered in groups. The “collaboration index” is an indicative term that
calculates the number of authors in a multi-authored article per multi-authored article
published. This provides a good indication of the level of collaboration for each published
article. The collaboration-index value of “3” further justifies the previous claim of various
research teams working in groups in several areas of the building-construction stage’s
environmental impacts.

The annual publication rates of related publications from 1991 to 2021 are listed in
Figure 2. The observed distribution can be discussed based on three timeline stages. The
initiation stage from 1991-2006 is the time frame that can be closely related to the research
interests that were facilitated through the introduction of the carbon-emission-reduction
targets in the Kyoto Protocol (KP) published on 11th December 1997 [22]. The development
stage ranging from 2006-2011 can be identified as the as the continuous development of
the research findings that were initiated from the initiation stage. The growth stage since
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2012 can be attributed to the large uptake of innovative construction techniques such as
prefabrication and 3D printing. The requirement to benchmark sustainable benefits over
these smart and novel construction practices have amplified the research interest in the
construction stage, especially in construction techniques. The top five publishing sources
with the number of related publications on construction-stage impacts were identified (see
Figure 3). The results illustrated that since 2015, multidisciplinary journals such as the
“Journal of Cleaner Production” and “Sustainability” have published significantly more
studies, outweighing the other three journals. This could be related to the multidisciplinary
scope and objectives of these journals, which often covered studies with a wide scope.
“Building and Environment” and “Energy and Buildings” are mainly focused on building-
related construction and therefore are placed third and fourth, respectively. “International
Journal of Life Cycle Assessment” is placed fifth on the list due to having a more specific
scope, i.e., life-cycle assessment and related studies. The findings also suggests that the
journal title could influence the selection of publication source.

Table 1. Main information from the bibliometric assessment.

Attribute Result
Timespan 1991-2021
Average years from publication 5.84
Average citations per documents 1.278
Average citations per year per doc 0.1673
References 3795
Author’s Keywords (DE) 387
Authors 2976
Author Appearances 3563
Authors of single-authored documents 130
Authors of multi-authored documents 2846
Documents per Author 0.365
Authors per Document 2.74
Co-Authors per Documents 3.28
Collaboration Index 3
Up to June 2021
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Figure 2. Annual scientific publications on environmental impacts in construction.
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Figure 3. Annual publications in the top five journals related to environmental impacts in construction.

The three-plot diagram, including country of publication of the corresponding author,
topic area and keywords are illustrated in Figure 4. The three-plot diagram provides a
visualization of the three main selected items and how they are related through a Sankey
diagram [19]. The indicative topic-area-term results of “LCA” and “life-cycle assessment”
indicate that the life-cycle assessment is widely adopted as a methodology for assessing
environmental impacts and greenhouse-gas emissions. The results also indicate that several
studies have focused on the urban-level-sustainability and energy-performance-assessment
aspects of buildings. A strong linkage between “energy efficiency”, “buildings” and
“residential” suggest that energy consumption and performance evaluation have been
the major focus in building-construction-emission studies. Besides, a relatively strong
relationship between the keywords, “construction” and “greenhouse-gas emissions (GHG)”
also indicate that the majority of these studies have focused on GHG emissions at the
construction stage of a building. However, the high number of topic areas in the diagram
indicates the broader scope considered in building-construction-stage-emission studies
from the house level to the urban level. The United States of America (USA) exhibited a
strong research focus on the active living of buildings, which indicated that the construction
research was more focused on improving the operational level of buildings. Australia had
a strong research focus on the climate change of infrastructure construction while European
countries such as Italy had more research focus on energy efficiency at the urban level.
These findings facilitate the understanding of the current research directions and research
focuses across the globe.

Publication-evolution timelines of the top twenty authors and their publishing coun-
tries are highlighted in Figure 5. Each line in the figure corresponds to the evolution timeline
for each author with the starting year corresponding to the start of each line. The circle
presented in each line corresponds to the number of related articles in the corresponding
year considered. If the circle is relatively large, that corresponds to more related research
work in that year for the corresponding author. Madelyn Marrero heads the list with
strong recent-research outputs in the related topic. Her research expertise and focus areas
mainly include the environmental and economic impacts of construction waste [23]. Her
vast research skills on sustainable construction, green buildings, climate change, building
materials and construction technology are a major reason for the significant researcher
impact on the related field [24,25]. Her collaborative publications with Jaime Solis-Guzmaén
and Alba-Rodriguez, who also make the top list of authors, might have contributed to her
high impact record [26,27]. Vivian Tam and Guomin Zhang are the other two top authors
who have made significant research contributions since 2019 to the environmental impacts
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at the construction stage of buildings [28-36]. This includes both construction materials and
impacts on the construction-activity level. Martin Skitmore is a world-renowned researcher
who has undertaken research over the past two decades in several research areas including
construction risk and safety, procurement, and stakeholder management. Recently, he has
published research outputs in sustainable construction and the life-cycle-impact assessment
of building and transportation-infrastructure projects, which is evident from Figure 5. This
further signifies the importance of the research focus on the construction stage of a project.
The author-collaboration cluster analysis shown in Figure 6 indicates that several research
groups in several countries have extensively worked on different research areas of the
construction stage of buildings. The biggest collaboration network was observed between
Madelyn Marrero, J. Solis-Guzman and M. D. Alba-Rodriguez, mainly in the areas of con-
struction waste materials, as well as the economic and environmental impacts of housing
construction [23,25,27]. Collaborative work between Vivian W. Y. Tam, Khoa N. Le and C. N.
N. Tran also exhibited a strong network with a wide scope of environmental management
of construction projects and green-rating tools [37]. However, their research group has also
extensively worked on the life-cycle assessment of recycled, coarse-aggregate incorporated
concrete and construction waste [38,39]. A notable collaboration was also discerned be-
tween Guomin Zhang and Malindu Sandanayake, in which their research focused mainly
on assessing environmental impacts at the construction-activity level [13,31,32,40-42].

Dsusta\'nab\lity sustainablel
usa i l
i i ife
active living -

== russia " cycle l
Pl D energy efficiency - s 2

I greece

-

italy. ~ - “,"r,‘»' assessment |:|
‘\ ~ ), environmental\impact L o
-3 S ey & Vs W
== iran "N u ™ v > study
_— W » social housing - e,
W -
lithuania e ./_’ = - - J}’, . - sustamabllwtvl
‘.\' N e u lca <o A =
w== canada S - e i construction |:|
2 SO :
iy o ‘)\f"\. v D life cycle assessment o ;ﬁ o : design .
’ b L - Fo, M
- P o T T S
[ united kingdom A AN review TP - ana\ysls.
0% S 77 o building 7]
. germany AT D construction v [ anagement Il
Ny / ¢ energy I
- —
spain H infrastructure / EIPVelFocnfmgrr‘vtcael —
\ \ residentia| m—
g - - U climate change™ "4 #
I australia e - [ iife cycle r
e l_‘ 3d roof city model
china
B japan [ Joreenhouse gas emissions”
[ thailand [Jurban development

[] acoustic palimpsest
[ Jinnovation,

[ Jacid mine drainage
[C—_JI'migration

[ Jurban design

Figure 4. Relationship between countries, topic area and keywords in previous studies.
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4. Critical Review of Studies on Construction Stage Environmental Impacts
4.1. Major LCA Studies at Construction Stage of a Building

Guggemos et al. outlined the importance of emissions at the construction stage at an
aggregate level in their study [3]. They argued that focusing only on the use phase will
eliminate the opportunity to reduce the life-cycle emissions of a building. Consequently,
the research significance of emission studies at the construction stage is highly important
when considering the total emissions of a building. An effective method of compressively
assessing emission studies at the construction phase is to categorize them into low-rise-
and high-rise-building constructions. This is because there is a significant difference in the
material and machine usage at the construction stage for low-rise and high-rise buildings.
Suzuki and Oka [43] estimated the energy consumption and CO, emissions at the construc-
tion stage of an office building in their life-cycle-emission study using input/output (I/O)
and process methods to determine the energy consumption and CO, emissions, respectively.
CO; emissions in the office building were estimated with respect to five emission sources:
temporary works, structure, finishing, equipment and general expenditure. The results
indicated that the operation and the construction stages of the building are responsible for
the highest emissions, with a respective contribution of 82% and 15%, while the demolition
stage has a minimum impact on CO, emissions. Moreover, Suzuki et al. also conducted the
same emission study on the construction phase of a residential building [44]. The results
concluded that structural works are responsible for the most CO, emissions. Mao et al. com-
pared GHG emissions of conventional and semi pre-fabrication construction methods in
their emission study using a high-rise residential-building construction in China [10]. The
study defined five emission sources for the construction process including the embodied
emissions of building materials, transportation of building materials, construction waste,
soil and prefabricated components, and operation of equipment. Data corresponding to all
five emission sources were collected for both of the construction methods. A process-based
quantitative model was developed to evaluate the emissions. The results indicated GHG
emissions of 336 and 368 kg/m? for conventional and semi pre-fabrication construction,
respectively. The findings further highlighted the dominance of material emissions at the
construction stage with around 80% of the total emissions. The study concluded by stating
that the use of prefabrication materials can reduce the total GHG emissions by 15%.
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A case study conducted in Hong Kong estimated the greenhouse-gas emissions of a
commercial building [7]. The study defined a system boundary to include GHG emissions
from the manufacture and transportation of building materials, the energy consumption of
construction equipment and the processing resources and emissions due to the disposal
of construction waste. The results illustrated that around 93% of emissions are due to the
manufacture and transportation of materials, whereas emissions due to equipment and the
disposal of construction waste are responsible for 6% and 1%, respectively. It also indicated
that steel and concrete are responsible for around 95% of the material emissions. The study
recommends the use of recycled materials, the transportation of materials by sea, and that
adopting energy-saving construction technology can lower emissions at the construction
phase by 10%. A comparative study in Japan was conducted for the environmental as-
sessment of wood and reinforced-concrete (RC) house construction [45]. They considered
energy use and selected air emissions such as CO,, NOy, SO, and PMj, and used an
I/O-based hybrid model that was developed to evaluate emissions. The comparative
results showed that CO, emissions govern the total emissions at the construction stage over
other emission substances considered, with an overwhelming 93% contribution. However,
the emission-comparison results at various life-cycle stages revealed different outcomes.
The paper highlighted that CO, emissions are dominant in the operation stage compared to
the construction, maintenance and disposal stages, while other air pollutants such as NOy,
50, and PM are significant at the construction stage for both types of buildings. Of the four
considered impact categories, GWP remained the most important impact category, whereas
acidification, eutrophication, and human toxicity were less important. Overall, it was found
that reinforced-concrete houses have more emissions compared to timber houses, and the
authors also concluded that a higher design life can reduce emissions by 14%.

In another study, Raymond Cole evaluated energy and greenhouse emissions due to
the on-site construction of wood, steel and concrete structural assemblies [46]. A total of
15 wood types, 12 steel and 12 concrete assemblies were used to form a total 39 assemblies
for comparative study and emissions were categorized into the three major categories
of transportation, energy use, and supporting processes. The transportation stage was
further classified into equipment, labor, and material transportation, whereas supporting
processes included formwork and temporary heating for concrete mixing and curing. The
results of the study illustrated that concrete assemblies are responsible for the highest
emissions, whereas steel assemblies exhibit the lowest emissions. The overwhelming high
emissions of concrete assemblies are equally due to contributions from on-site equipment
use, equipment/material transportation and worker transportation. Table 2 highlights
the major LCA-based emission studies that were conducted on the construction stage
of buildings.

4.2. Models to Estimate Emissions at Building-Construction Stage

The accuracy and efficiency of the mathematical models play a pivotal role in conduct-
ing a comprehensive emission assessment at the construction stage of a building as it leads
to a better outcome [47-49]. These mathematical models can be of different forms based on
the type of analysis, scope, and purpose of the study. The lack of consistency and accuracy
of these mathematical models can also lead to distorted results. A mathematical model in
an LCA study can be either developed based on the requirement or adopted from previ-
ously developed models with necessary modifications to match the scope and the system
boundary of the study. The development of a detailed mathematical model solely depends
on the scope and the objectives of the analysis. The following section reviews the mathemat-
ical models that are available for the estimation of emissions at the building-construction
stage, embodied emissions from materials, emissions from construction-equipment usage,
emissions from transportation and emissions from construction waste.

Mathematical models for emission and energy estimation from construction materials
can facilitate input/output (I/O)-, process-, and hybrid-based LCA approaches. The
input/output analysis is a top-down methodology that evaluates the effects of different
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industry sectors considering the economy as a whole [50,51]. This method is an effective
way of estimating emissions when process specific data is not available, especially in the
case of obtaining upstream process data of construction materials [52,53]. The process-based
analysis is a bottom-up methodology to evaluate environmental emissions considering
unit processes of the activities within the system boundary of the product or process. The
quality of the results of the process-based approach depends on acquiring high-quality data.
The process-based approach is the most widely used and most suitable method to evaluate
emissions if quality data are available. The hybrid-based approach is a more comprehensive
analysis that uses a combination of the two above approaches. Many previous emission
studies on the construction stage of a building have given more significance to embodied
energy and emissions from construction materials [12,54,55]. One major reason is the
larger quantities of construction materials used provide greater opportunities to reduce
emissions [10]. Several studies have opted for I/O-based models to quantify emissions from
materials due to the unavailability of upstream process data for a building [6,52,53,56,57].
The focus of most of the I/O models has been to model CO, emissions. A typical I/O
model to estimate CO; emissions from building materials is as follows:

Emissions = [W # Ej + (I— A) 7}

where W is the CO; conversion coefficient, E;y, is the energy-input vector, I is the unit matrix
and A is the I/O table, which is the transaction matrix between industry sectors. W is the
converted energy type, which can be determined from Equation (2) in Table 2. Most of
the I/O models are either a derivation or a representation of Equation (1). Process-based
mathematical models have been the most frequently used models to evaluate embodied
emissions from building materials. Several studies used a similar type of process-based
algebraic equation to quantify embodied energy and emissions from materials [7,12,46].
The equation estimated the total embodied GHG emissions from construction materials
from the quantity of materials and the material-emission factors. According to the study,
these material quantities can be obtained from daily delivery reports and bills of quantities
(BOQs). However, the use of BOQ data often suffers from approximations. Moreover, care
should be taken to avoid double calculation in the case of using actual material quantities
from daily delivery reports. Several other studies modified the previous equation by
incorporating a waste factor such as in Equation (4) in Table 2 [10,58,59]. This waste factor is
a dimensionless factor and can be either developed or adopted from previous studies. Even
though it is an approximation, this model overcomes the double calculation of emissions.
Treloar et al. used a similar model to measure emissions from recycled materials in an
attempt to highlight the reduction in emissions from construction materials [60]. Embodied
emissions in the model were represented in terms of the material quantities, wastage rates
and emission factors. The model excluded emissions and energy consumption during
the material-installation stage. Shukla et al. used another type of process-based model to
calculate the embodied energy of an adobe house [61]. They used the volume and density
of the material to calculate the weight of the material. Crawford proposed a process-based
hybrid model to estimate embodied emissions from construction materials [62]. In his
equation, I/O models were used to calculate the emissions for the missing data paths of
the material life cycle, and then these values were added to the known process-based result
to obtain the total embodied emissions of a basic material (Equation (7) in Table 2). The
known process-based emissions were then added to the I/O models to obtain a process-
based hybrid model to evaluate the total embodied emissions from materials, as shown in
Equation (9) in Table 2. This model is considered one of the best models to estimate the
life-cycle emissions of a construction material.
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Construction-equipment emissions, which are often categorized as stationary equip-
ment emissions, are a result of the combustion of fuel during the operation of the equip-
ment [63]. As aresult of partial combustion, almost all of the equipment generates non-GHG
emissions such as CO, NOy, PM and SO, in addition to GHG emissions [64]. Numerous
studies have employed various mathematical models to estimate both these GHG and
non-GHG emissions from equipment usage. Millstein and Harley [65] used a model to
quantify emissions (E;) from fuel combustion in their study on emissions from construction
activities. The model incorporated the fuel consumed (S) in kilograms per day (kg/day)
and was multiplied by an emission factor (Fi), which provided the grams of emissions per
kg of fuel combusted (g/kg). One drawback of this model is that it used the actual fuel
consumption in terms of kilograms, which is not readily available for most construction
sites. Often at construction sites, the fuel-consumption quantities are recorded in liters
(L); therefore, using a slight modification (Equation (11) in Table 2) by introducing fuel
consumption in terms of liters per day (L/day) and the density of the fuel, a straightforward
calculation of equipment emissions due to fuel combustion can be provided. Another study
on estimating GHG emissions in building construction used a similar approach to estimate
GHG emissions from the fuel combustion of construction equipment [7]. According to the
study, GHG emissions from fuel combustion included CO,, CH, and N,O emission, and
the GHG-emission factor should be calculated by the summation of all the emission factors
according to the formula provided in the following equation. Mao et al., in a comparative
study on estimating GHG emissions between prefabrication and conventional construction
methods, employed a model to estimate GHG emissions from the resource consumption
of construction equipment [10]. According to the model, the total GHG emissions can
be calculated in terms of tons of CO,-eq by knowing the resource or energy utilized (R;)
of the corresponding construction technique. The study further stated that construction
equipment usually uses diesel, electricity and water as fuel resources. Sihabuddin and
Ariaratnam used a different approach to calculate emissions from construction equipment
in their emission study [66]. They argued that emissions from construction equipment are
dependent on the machine characteristics rather than the combusted fuel. Consequently,
they used a model that determined GHG and non-GHG emissions based on machine
characteristics such as power, usage and deterioration. The model is useful to quantify
non-GHG emissions from construction equipment.

Transportation emissions are due to fuel combustion and are significant due to both the
short- and long-term environmental impacts based on distance of travel and the mode of
transportation [41]. One study estimated emissions due to fuel combustion of transportation
in terms of the amount of material transported [7]. The model uses the travel distance of
materials both by land and sea to evaluate emissions. The equation is useful to measure
emissions and impacts from both local and imported construction materials. Mao et al.
adopted a similar model in their study to estimate emissions due to the transportation
of building materials and prefabricated components [10] (Equation (17) in Table 2), and
both of these models considered only the GHG emissions due to transportation. Chen and
Zhu [58], in their analysis of environmental impacts on construction phase of a concrete
building, used a different type of model to estimate emissions from transportation. The
significance of this model is that it employed the vehicle deterioration in its emission model
(Equation (18) in Table 2). The equation considered the emission levels of vehicles at the
zero-kilometer level and the total emissions were estimated based on deterioration levels,
total usages and total distances traveled. However, the assumption of total distance to be
equal to twice the one-way distance is not always accurate, as the departure distance can
be different from the return distance in practical conditions.
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Table 2. LCA mathematical models for construction-emissions estimation.

Equation
No.

Type

Variable Definition and Method

Model Explanation

Evaluation Basis

LCA Method

References

)

Material

W is the CO, conversion coefficient,
Ein is the energy input vector, I is the
unit matrix and A is the I/O table,
which is the transaction matrix
between industry sectors.

Em=(—A) 'Epn

Embodied energy

1/0

[6,56,57]

@

Material

E is the energy type t consumed in
the industry sector s and 6y is the
conversion coefficient.

W = Y Es * O

Carbon dioxide

1/0

(6]

3

Material

E is the total emissions (kg) from
material type i, Q; is the quantity of
material i (kg) and f; is the emission

factor for the material I in (kg of

emissions/kg).

E=YQ+f

Impacts from
materials

Process

(O]

Material

E is the total emissions (kg) from
material type i, Q; is the quantity of
material i (kg) and p is the waste
factor and f; is the emission factor
for the material i in (kg of
emissions/kg).

E=(Q+mn)*fi

Impacts from
materials

Process

[3,16,59,67]

()

Material

EE is the embodied energy of the
material, Qer, is the quantity of
material m in the element e, Wep, is
the wastage rate and EEy, is the
embodied energy of the material
excluding installation effects.

EE =

E M

L X [Qem X Wem X EEn]
1

e=1lm=

Embodied energy

Process

[60]

(6)

Material

EE is the embodied energy of the
material, V; is the volume of
material used in m®, 9 is the density
of the material kg/m° an d E; is the
embodied-emission factor for
material i in kg of CO,-eq/kg

n
EE= ) Vi*g*E
i1

Embodied energy

Process

[61]

@)

Material

PEly is the process-based hybrid
emissions of the material, TEI, is the
emissions of the sector n, TEly; is the

emissions representing the basic

Ely =
PEIyv + (TEL, — TEIym) * &m
material M and €n is the total price
of the material i.

Energy intensity

Hybrid

[62,68]

®)

Material

CEnat is the carbon emissions from
materials, m; is the weight of the
material i in kg, EFpq; is the
emission factor for material in kg
COs-eq/kg

n
CEmat = Z:l m; * EFmat/i
i=

Carbon emissions

Process

[69]

)

Material

EE; is the total embodied emissions
from process-based hybrid analysis;
QM is the quantity of the total
materials M and W is the wastage
factor of the respective material.

EE; = Qu * W x Elyy +
(TEIL, — TEIm) * Em

Total environmental
impacts

Hybrid

[62,68]

(10)

Equipment

E; is the GHG emissions from
equipment i and S is the fuel
consumed in liters and F; is the
emission factor for the fuel j in
kg/liter

EIZS*F]

GHG emissions

Process

[59,70,71]

(11

Equipment

0 is the density of the material in
kg/m?, s’ is the volume of the fuel
consumed in m? and F; is the
emission factor in kgCO,-eq/kg

Ei:S’*Q*F;

GHG emissions

Process

[59]

(12)

Equipment

The amount of fuel j consumed by
the construction equipment in liters;
i f is the greenhouse gas emission
factor for fuel j consumed by
construction equipment (in kg
CO»-eq/ liter)

GHG emissions

Process

[67,72]

(13)

Equipment

Emissions from equipment in kg, R,

is the power of the equipment in kW

and fV,, is the emission factor for r®
equipment in kg of CO,/kW

GHG emissions

Process

[8,59,67]
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Table 2. Cont.

Equation
No.

Type

Variable Definition and Method

Model Explanation

Evaluation Basis LCA Method References

(14)

Equipment

Emissions; = Non-GHG and
EF; «* HRS « HP x LF % 0.01

Emissions; is the total emissions of
emission substance i in grams, HRS is
the hours of use in hours, HP is the
power of machine in hp, LF is the load
factor is the ratio between operation
and maximum rated outputs and 0.01
is the conversion of percent to fraction.

GHG emissions Process [3,16,66,73]

(15)

Equipment

[es}
m

[ng
s

(Tmac,i X EUmac,ii) X EFej

Thac,i is the working time of type i
machinery, EUpaj is the consumption
of type j energy for type i machinery GHG emissions Process [69]
working unit time, and EFe; is the
emission factor for type j energy

(16)

Transport

E;i is the total GHG emissions due to
fuel combustion from transport
vehicles, Mj11 is the total quantity of
material j, T% and T]f” are the total
distances of transportation for GHG emissions Process [72]
building materials j by land and sea in
km and f]ii, fisi are the GHG emission
factor for transportation by land sea in
kg CO,-e/(ton km), respectively.

Mits (Til*fj“ +T9 *f‘;)
1000

17)

Transport

E is the emissions from transport and

V; is the weight of the material j
ALl

E=YY Mj Ly transported, L™ is the distance GHG emissions Process [72]

1000 . . .
traveled in km and f'; is the emission

factor in kg/ton-km

(18)

Transport

“1” is the impact from i vehicle in kg,
Zi is the zero-level emissions of the it

vehicle in kg/km, r; is the emission GHG and non-GHG

L =(Zi+rxM)Ld factor of it" vehicle in kg/ton-km, M is Process [41]

R i emissions
the total weight of the vehicle in tons

and d is the distance traveled by the
vehicle in km

(19)

Transport

CEran = L (mj X 8;) X EFganji

CEran is the carbon emissions from
transportations in kg, m; is the
material weight in tons and s; is the
distance traveled in km. EFan is the
emission factor for the transport
vehicle in kg/tons-km

GHG emissions Process [69]

(20)

Unit
Process

Eu is the GHG emissions in kg CO,-eq,
wjj is the emission factor for the j

6 .
E, = i ¥ M GWP; GHG emission pollutant and it GHG emissions Process [74]
i=1j=1 emission substance, and M; is the mass

of the emission substance in kg

5. Barriers and Knowledge Gaps

Based on this review, the following knowledge-specific observations are highlighted
for further discussion and future considerations. The observations and issues identified
are summarized based on the review conducted on emissions at the construction stage of
a building.

5.1. Lack of Definition for a Generic System Boundary

The lack of a generic and standard system boundary is a major issue that restricts
comprehensive emission assessment at the construction stage of a building [41,75]. The
controversial opinion of including the embodied emissions of construction materials in
the same system boundary is an important issue that needs to be addressed. Most of the
recent emission studies on construction have included material emissions in the construc-
tion stage, citing their influence on the downstream impacts of material handling and
construction techniques [10,48]. For instance, the environmental impacts due to material
transportation, curing and handling processes directly affect emissions at the construction
stage of a building. Moreover, the material type directly affects the type of technique used
for construction [16]. For instance, using a green concrete material such as geo-polymer
concrete will require additional machine and technical expertise to maintain workability,
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transportation and storage. This will directly affect emissions from equipment usage and
transportation, which will then influence the total emissions at the construction stage.
Thus, from this point of view, the consideration of material emissions at the construction
stage is meaningful. However, the argument for excluding embodied emissions from the
building-construction system boundary cannot be completely discarded. High upstream
energy consumptions and emissions, including material processing and production, has
no direct relation to the construction-related emissions [3,76]. This often overrepresents
the construction-stage emissions and the comparisons and interpretations therefore be-
come distorted. Thus, there is a contemporary requirement to standardize a well-defined
system boundary that can facilitate comprehensive emission assessment at the building-
construction stage. A generic definition will enable uniform emissions comparisons across
different construction practices and facilitate meaningful interpretations.

5.2. Difficulties in Data and Information Collection

The unavailability of comprehensive data and information is a typical issue that
hampers the quality of any emission assessment [11,41]. Especially in the case of building-
construction-emission studies, data collection is even more difficult because of the continu-
ous variations and the uniqueness of the construction works. Therefore, capturing quality
data specific to each construction technique or practice is often time consuming and labor
intensive. Due to strict timelines and budget constraints, project team members are often
unable to allocate additional resources for case-specific data collection, which results in
the approximation of emissions and environmental impacts at the construction stage. The
commercial sensitivity of data and information is another reason that was observed during
the review of building-emission studies that leads to difficulty in data collection [10,13,72].
This also results in data approximation, which results in distorted outputs. Sub-contractors
and suppliers are often hesitant to provide project-specific information due to the trans-
parency issues. Moreover, in certain situations the main contractor is also tentative to
reveal all the required information for studies due to the worry of receiving criticism or
revealing innovations to their construction practices and techniques [13]. Collaborative
information-sharing platforms that are facilitated through building-information model-
ing (BIM) can been identified as an effective methodology to overcome this issue [77]. At
present, BIM-enabled collaborative platforms expedite information management at both the
organization and project levels. Using existing information (bills of quantities and project
timelines) and integrating it with other relevant information (transportation and equip-
ment specific) can facilitate the data-acquisition process and enable the comprehensive
building-construction-emission assessment. Future research on collaborative BIM plat-
forms can also focus on improving communication, data integration, and the collaboration
and transparency aspects related to capturing construction practices at the organizational
level [78]. This can remove all the silos and introduce an integrated system for capturing
quality data in order to facilitate the effective emission assessment at the construction stage
of a building. Moreover, future research can also focus on integrating machine learning
and other smart technologies in order to automate the data-capture process.

5.3. Complex-Modeling Issues and Lack of Decision-Making Aspects

This review of the current modeling tools and software highlights that most of the tools
either lack a comprehensive database or involve complex-modeling methods [39,79]. For in-
stance, studies have shown that the emissions from construction equipment are dependent
on factors such as age, deterioration, and usage. According to authors’ best knowledge,
none of the tools can analyze emissions by incorporating these factors. Moreover, the
complex modeling in most of the LCA software restricts the capability of a dynamic com-
parison of different options for reducing emissions during the construction stage. With
the limited time availability, it is important to have a simple decision-making tool that has
the capability to estimate, compare and optimize emissions at the construction stage of a
building. Another issue with most of these tools is the lack of capacity to consider regional
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variations. Especially in the case of Australia, the lack of a tool that is able to consider
the regional variations is a major issue in the comprehensive assessment of emissions and
environmental impacts of building construction. Some studies have made attempts to de-
velop frameworks to conduct in-depth emissions analyses of building construction [41,58].
An in-depth analysis using such methodologies can identify the significant construction
activities and equipment with high emissions and eventually highlight environmentally
friendly construction strategies and assets. However, contractors are hesitant to invest in
such strategies due to the associated additional costs of procurement and implementation.
Therefore, decision-making tools should focus on optimizing both the construction cost
and environmental impact. This will help contractors to obtain green and sustainable
construction methods and selections without significantly compromising the cost aspects.
Moreover, such a decision-making tool will also help project contractors to recognize the
overall long-term benefits at early design stages and to improve the market value in order
to secure indirect financial benefits.

5.4. Complications in Classification and Analysis of Emissions

It was observed that the majority of the building-construction-emission studies have
concentrated on estimating GHG emissions, while only a handful of studies have made
attempts to quantify non-GHG emissions [10,13]. The omission of non-GHG emissions from
these studies is justifiable from a whole-life-cycle perspective of the building due to large
quantities of GHG emissions compared to non-GHG emissions at the usage stage [1,80].
However, several studies have highlighted the importance of non-GHG emissions and
their corresponding short-term impacts from a contractors” perspective, which cannot
be neglected [16,41]. The necessity of analyzing the environmental impacts of non-GHG
emissions could be a major concern for the contractors who are keen on maintaining an
environmentally friendly construction site. Moreover, the presence of other emissions
in smaller quantities such as particulate matter (PM;() and carbon monoxide (CO) can
have adverse health impacts [81]. Therefore, accurate guidelines should be developed for
selecting the most-important emission substances to improve the comprehensiveness of
the emission study:.

6. Conclusions, Future Research Focuses and Directions

Despite the short-term and severe environmental impacts of the usage level, environ-
mental impacts at the construction stage of a building are often neglected or approximated.
Despite a handful of previous case studies capturing and comparing the environmental
impacts at the construction stage and considering all the emission sources or selected
sources, a systematic literature review was absent. Therefore, the current study presented
a review using a three-step methodology to highlight the current trends and barriers to
conducting studies, as well as future research focuses on construction-stage impacts.

Initially, a bibliometric assessment was conducted to identify the current research
trends, focuses and author contributions related to the research of environmental impacts
at the construction stage of a building. The results indicated that major studies focused
on construction materials while a handful of studies focused on environmental impacts
at the construction-activity level. The findings also highlighted that enormous research
interest in environmental impacts at the construction stage has been observed since 2010.
This is mainly due to the increased industry drive towards sustainable construction and
environmentally friendly construction-site operations. The bibliometric assessment also
represented research collaborations and research evolutions of key research authors of
studies that evaluated construction-stage emissions and impacts. The results also indi-
cated that research focuses were mainly concentrated on either material emissions or
construction-activity emissions. A focused review of past studies revealed several barriers
and impediments related to the comprehensive assessment of environmental impacts at the
construction stage of a building. These barriers were mainly categorized into four groups,
including the lack of definition of a systematic system boundary, difficulties in data collec-
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tion, complex-modeling issues, and complications in classifying emissions. Some of these
issues are partially addressed by basic applications in current studies with the introduction
of concepts such as building-information modeling (BIM) and the use of collaborative tools
and techniques [82,83]. With the introduction of Industry 4.0, the construction industry is
rapidly progressing towards digitization [17].

Several basic studies have undertaken both the assessment of environmental impacts of
smart-construction techniques and the use of smart technologies to capture environmental
impacts at the construction stage of a building [84-88]. However, these systems often
lack integration, data security and decision-making options. Therefore, future studies can
focus on improving the usability and decision-making options by incorporating machine-
learning techniques. Moreover, this study focused only on the environmental impacts at
the construction stage of a building. Further studies can focus on comparing developed
and developing countries in order to identify the gap in more detail. The findings of this
study aim to facilitate passionate researchers who are keen on conducting research on
environmental impacts at the construction stage and have intentions to benchmark the
life-cycle impacts of buildings.
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