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ABSTRACT

The construction industry, the leading cause of global greenhouse gas emissions, is
responsible for at least 37 percent of global emissions. In Iran, greenhouse emissions
in the construction sector between 1990 and 2020 have increased from 0.73 to 1.44
tons of carbon dioxide equivalent per person per year. The purpose of the current
study is to investigate the direct and indirect carbon footprints for one square meter
of the residential building built-area. The system boundary is “gate to gate,” and its
functional unit is “one square meter of the residential building built-area.” Data
selection was carried out using the checklist and literature review methods. The
carbon footprint assessment was conducted using the IPCC 2013 model and the
ReCiPe method. Concrete is the most substantial contributor to carbon footprint
among all building materials. The results show that the total, direct, and indirect
carbon footprint for one square meter of the residential building built-area is 445,
436, and 9 kgCO.e/m?, respectively. The building’s “excavation, foundation, and
framing” phase mainly contribute to the indirect carbon footprint among building
construction phases. The carbon footprint for each square meter of the residential
building construction is related to different factors, such as total building area, type
of buildings, material transportation distance, and type of building materials used.
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1. Introduction

Due to urbanization and population growth,
the construction of residential buildings has
increased  substantially. The  construction
industry, as the primary contributor to greenhouse
gas emissions, is responsible for 37% of global
emissions (Programme, 2022; Programme, 2023;
Guo et al.,, 2024). The significant increase in
greenhouse gases in the atmosphere has raised the
temperature of the earth’s surface by 1.1 degrees
Celsius compared to the pre-industrial period. In
Iran, greenhouse gas emissions from the
construction sector have increased from 0.73 to
1.44 tonCO2e/person/year between 1990 and
2020  (Ritchie et al, 2020). The
Intergovernmental Panel on Climate Change
(IPCC) has recently implemented immediate
actions towards global emission mitigation.

The actions include settling efficient buildings,
switching fuels, substituting building materials,
and using renewable energy (Lee et al., 2023).
Climate change mitigation strategies have been
employed for residential buildings with the
objective of the reduction or eradication of
carbon emissions (Ezema et al., 2016). The
carbon emission process could be calculated based
on carbon footprint analysis from the perspective
of life cycle analysis and by considering the
greenhouse gas emissions, which is done to give
more attention to the nature of the carbon emission
process and planning on carbon mitigation (Weber
and Matthews, 2008). The carbon footprint
calculation comprises the products’ life cycle
analysis, their direct and indirect carbon
emissions, and a comparison of the results with
other studies on carbon emissions (Huang et al.,
2017).
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Life cycle assessment (LCA) helps decision-
makers in the design process to assess the
principal environmental impacts during the
comparison between construction systems and
building materials substitution (Curran, 2008).
According to ISO 14040 and ISO 14044
standards, there are four life cycle phases: goal
and scope definition, inventory analysis, Impact
assessment, and interpretation (ISO 14044, 2006;
Standardization, 2006). Furthermore, the building
life cycle comprises four stages: product,
construction, use, and end-of-life (Global BRE,
2018). There are three life cycle assessment
models for analyzing greenhouse gas emissions.
These models are the process-based model, input-
output analysis model, and hybrid model. In the
present study, due to the more comprehensive
system boundary, effortless data collection, and
less time and cost consumption, the input-output
analysis model is used (Hong et al., 2015). In
recent years, many studies have been conducted
on carbon footprint assessment, some of which
will be reviewed in the following paragraphs.
Ayob et al. (2021) calculated the carbon footprint
of a hostel building construction in Perlis,
Malaysia, in a case study using an Industrialized
Building System (IBS) construction method. The
system boundary was defined as cradle-to-gate to
calculate the carbon footprint of prefabricated
sandwich panels manufacturing for machinery
operation and their actual site installation process.
According to the results, installing prefabricated
sandwich panels on their actual site produced a
significant carbon footprint due to extensive use
of the excavator, especially for the flooring
operation with 81.59 tCOze and 34%. The
building work contributes mainly to the carbon
footprint with 159.32 tCO.e and 63.87%.
Preliminary work (35.08 tCOse, 14.06%),
foundation (34.30 tCOxe, 13.75%), and earthwork
(20.76 tCO2e, 14.06%) were placed into the
following ranks. Among the building materials,
the shotcrete mixture used in plastering works
significantly contributed to the carbon footprint
with 360.04 tCOse, 73.11%. Morales-Vera et al.
(2021) assessed the life cycle of low-energy mass
timber buildings. Features of the mass timber
building design could improve the thermal
insulation design. The life cycle environmental
impact assessment was conducted using the
SimaPro 9.0 software, and the thermal
performance of buildings was measured using
TAS 9.5 software. Mass timber and reinforced
concrete buildings’ global warming potential were
974 and 162.8 kilograms of carbon dioxide

equivalent per square meter (kgCO.e/m?),
respectively. By defining the wood materials as
the carbon sink, using mass timber products
resulted in a 310 kgCO,e/building negative net.
The operational emissions from domestic space-
conditioning during a 50-year lifespan of mass
timber buildings experienced an 83% (288.6
kgCO»e/m?) reduction compared to conventional
reinforced concrete buildings. The results showed
that mass timber buildings, compared to those
with reinforced concrete structures, had more
potential to mitigate the carbon emissions of
multi-story buildings in Santiago city. [zaola et al.
(2023) studied the whole-life carbon (WLC),
embodied carbon (EC) (carbon emissions of
building materials), and operational carbon (OC)
(carbon emissions of the building’s use stage) of
the average Spanish residential buildings between
the years 1981 and 2010. For this purpose, the
average Spanish residential building was
identified and modeled based on a real 2013
sample, and its emissions were expressed as
scenario 0. Then, five new scenarios were
compared to understand variations in the WLC,
EC, and OC footprints. As results indicated, the
WLC footprint of the average multi-family
Spanish apartment with 73.1 m? net floor area was
reported to be 1944 kgCO.e/m? (30.8% EC,
69.2% OC). Based on scenarios 1 to 3, using wood
window frames, wooden flooring, and insulating
walls with recycled cork reduced the WLC
footprint by 26%, 0.8%, and 16.1%, respectively.
In scenario 4, calculating all three items together,
the WLC footprint was reduced by 36.9%. The
maximum mitigation of the WLC footprint was
related to scenario 5, with 63.4%. In this study, the
footprint of all 18 ReCiPe midpoints and the
energy footprint were reduced by an average of
50.4%. Kiehle et al. (2023) calculated Oulu
University’s carbon footprint using a hybrid
model to examine the available methods of carbon
footprint calculation in real life, define the
limitations of carbon footprint calculation at the
organizational level, introduce the best methods of
carbon footprint reduction, and achieve carbon
neutrality goals in universities. This study mainly
focused on indirect and non-energy-related
greenhouse gas emissions, such as emissions by
commuting, data procurement, and laboratory
equipment. In 2019, the sum of Oulu University’s
emissions inventory was reported as 19072 tCOze.
These emissions resulted from the district heating
of the university campus, restaurant services,
business trips, staff and students commuting, and
the construction and maintenance of the building.
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Based on the results, data availability and the lack
of appropriate strategies for data collection are
prominent limiting factors. Implementing energy-
saving policies and improving procurement
policies are favorable actions to mitigate carbon
footprints. Owing to urbanization development
and the critical role of the construction sector in
greenhouse gas emissions and its impacts on
global warming, the objective of the current study
is to investigate the direct carbon footprint due to
energy consumption by excavators and concrete
mixer trucks and the indirect carbon footprint due
to fuel, electricity, and the building materials
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2. Material and Methods
2.1. Goal and scope definition

The current study’s functional unit (FU) is
defined as as 1 m? of residential building built-
area= According to Fig. 1, stages Al to A5
should be considered. The system boundary is
gate-to-gate, mainly focusing on the
construction stage of the residential buildings.
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Fig. 1. The boundary of the system under study

2.2. Inventory analysis

Two methods, the questionnaire and literature
review, were used to create an inventory for 1
m? of residential building built-area in Babolsar
city, Mazandaran province. Babolsar has a
semi-humid moderate climate with an average
annual relative humidity of 80% (Mazandaran
Meteorology General Office, 2024). According
to the city’s climatic condition and the Iran
statistical yearbook 2021-2022, 98.7% of
construction permits issued for residential
buildings in urban areas of Mazandaran
belonged to concrete buildings; therefore,
buildings with concrete structures were selected

to be studied in this paper (Iran Statistical
Center, 2023). Firstly, the building materials
questionnaires were completed by construction
contractors for five concrete buildings in
Babolsar. The questionnaires included
questions on the buildings’ general features
(e.g. area and height) and the quantities and
types of building materials used. Then, to
complement the data on diesel fuel, electricity,
and water consumption in the construction stage
of residential buildings, several studies on
concrete  buildings  were  investigated.
Ultimately, the mean quantity of the two
methods was calculated. This information was
used as input for the SimaPro version 9.2.0.2
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software in the input-output (I-O) model. The
life cycle inventory has considered the average
guantities of building materials, consumed fuel,
waste materials, and emissions of each
construction phase. Natural resources, e.g.,
water and energy, e.g., electricity, have also
been factored into the inventory. Building
materials such as concrete, steel rebar, cement,
and fuel are taken into account in the

“excavation foundation, and framing” phase=
Building materials such as polyvinyl chloride
(PVC) and polyethylene pipes are taken into
account in the “water and wastewater piping”
phase= Building materials such as gypsum
plasterboard, ceramic tiles, and double glazing
are taken into account in the “finishes” phase
(Table 1)=

Table 1. Life cycle inventory for 1 m2 of residential building built-area

Construction phases Inputs Mean guantities Sum Unit/m?
Concrete 997.03
Cement (excluding
cement used in the 121.26
concrete mixture)
. . Clay brick 103.90
Building materials Pumice block 9362 1366.431 kg
Steel rebar 45.18
Expanded 264
Excavation, foundation, and framing polystyrene foam )
Diesel fuel 2.81
Waste materials 11.323 kg
Carbon dioxide 8.683
Carbon monoxide 0.032
L Methane 0.001
Emissions Nitrogen oxides 0.108 8848 kg
NMVOC 0.017
Particulates 0.007
- o . PVC pipe 0.32
Water and wastewater piping Building materials HDPE pipe 0.09 0.413 kg
Ceramic tile 23.29
Gypsum plasterboard 8.81
o . Plywood 3.07
Finishes Building materials Double glazing 434 43.20 kg
PVC window frame 1.09
Wooden door 2.60
Waste materials 1.224 kg
Natural resources Water 6.29 m®
Energy Electricity 4.80 kWh

2.3. Carbon footprint assessment

The inventory’s input data were standardized
based on the functional unit to make the
comparison and generalization of the results
possible. Carbon footprint assessment was
conducted using the IPCC 2013 model and the
ReCiPe method. Moreover, the Ecoinvent 3 and
Industry data 2.0 databases were used for the
assessment. Both direct and indirect carbon
footprints have been reported in kgCO»e in this
study. kgCOxe is a statistical scale for evaluating
and measuring greenhouse gas emissions based
on their global warming potential (GWP). The
foremost purpose of using the potential global
warming is converting a specific greenhouse gas
to a carbon dioxide equivalent, which is a
common way of reporting global emissions
(Sreedhar et al., 2016).

3. Results and discussion

This study’s findings, which aim to assess
direct and indirect carbon footprints for each 1 m?
of residential building built-area, are presented
in three subsections.

3.1. Effects of building materials on carbon footprint

In the current study, the results of investigating
shares of building materials per 1 m? of residential
building built-area show that concrete with the
maximum mass percentage (71%) is the most
significant contributor to each square meter of
residential building built-area. Therefore, with
119 kgCOse/m?, concrete has the highest
contribution to carbon footprint among all
building materials. In the Illankoon et al. (2023)
study, concrete and aluminum window frames are
introduced as building materials with the most
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significant contribution to carbon footprint. On
the other hand, in Chen et al. (2021) study, the
most considerable (roughly 60%) contribution to
carbon footprint is due to concrete and structural
steel, and wood is suggested as the substitution for
building materials mentioned before. As
suggested by the previously mentioned papers,
one of the recommended means to mitigate the
carbon footprint of 1 m? of residential building
built-area is substituting low-carbon building
materials with high-carbon ones.

3.2. Effects of building construction features on
carbon footprint

The total carbon footprint of the present study is
calculated as 445 kgCO.e/m?, which comprises
436 kgCO-e/m? of indirect carbon footprint and 9
kgCO.e/m? of direct carbon footprint,
respectively. In the lllankoon et al. (2023) study,
the carbon footprint for 1 m? of buildings with the
cradle-to-gate system boundary was reported to be
between 193 and 233 kgCO-e. Three one-story
residential units in Australia with areas between
200 and 240 m? have been examined. Among
these three units, the two with wooden structures
have contributed less to the carbon footprint than
the one with a steel structure. The one with the
smaller total area had a lower carbon footprint
between two wood buildings. The quantity of
building materials in each residential unit is
estimated to be lower than that in multi-story
office buildings. Suggested carbon footprint
mitigation  strategies  include  substituting
conventional building materials with those having
a lower carbon footprint, using more sustainable
raw materials for manufacturing building
materials, and transporting locally sourced
building materials to reduce the transport distance.
In the Chen et al. (2021) study, the carbon
footprint per 1 m? of floor area for two wood and
concrete residential buildings in China with an
area of 3524 m? has been compared. The system
boundary was considered cradle-to-gate, and the
carbon footprints of wood and concrete residential

buildings were 295.55 and 221.30 kgCOse,
respectively. According to the results of the
current and previous studies (Chen et al., 2021;
Illankoon et al., 2023), the carbon footprint of
each m? of residential building built-area relates to
the total area of buildings, type of buildings,
building materials transport distance, and the kind
of building materials consumed. On the other
hand, despite the system boundary being the same
in previous studies, the carbon footprint/m? in
previous studies is reported to be lower compared
to the present study.

3.3. A Comparison between direct and indirect
carbon footprint in each construction phase

The shares of direct and indirect carbon
footprints are compared in Table 2. Direct
carbon footprint is only 2% of the total carbon
footprint, whereas indirect carbon footprint is
98% of it. Due to the considerable share of
indirect carbon footprint, its amount and
percentage are presented per m? of residential
building built-area for each one of the
construction phases separately. In the
“excavation, foundation, and framing” phase,
the indirect carbon footprint of building and
waste materials is 385.2 kgCO.e/m? (86.52%).
In the “water and wastewater piping” phase, the
indirect carbon footprint of building and waste
materials is 1.37 kgCO.e/m? (0.31%). The
phases mentioned before have the maximum
and minimum contribution to indirect carbon
footprint, respectively. It is important to note
that the indirect carbon footprint of waste
materials is neglected in the “water and
wastewater piping” phase. The indirect carbon
footprint of waste materials in the “finishes”
phase is 0.0282 kgCO,e/m? (0.0063% share of
indirect carbon footprint), which is lower than
that of in the “excavation, foundation, framing”
phase. the consumed electricity during the
construction process of each 1 m? of residential
buildings is 3.52 kgCO.e/m? (0.792% share of
indirect carbon footprint).

Table 2. Amount and percentage of the total carbon footprint of 1 m? of residential building built-area for each construction phase

Indirect carbon footprint kgCOe/m? Percentage
Excavation, foundation, and framing Building materials 385.08 8649
' ' Waste materials 0.1217 0.0274
Water and wastewater piping Building materials 1.37 0.31
Finishes Building matgrials 46.64 10.49
Waste materials 0.0282 0.0063
Energy Electricity 3.52 0.792
Total indirect carbon footprint 436 98
Direct carbon footprint 9 2
Total carbon footprint 445 100




28 Rashed, N. et al., / Sustainable Earth Review 3(4) 2023 23-30

The percentage of indirect carbon footprint of 1
m? of residential building built-area is shown in
Fig. 2 for each construction phase separately. The
“excavation, foundation, and framing” phase and

The “Water and wastewater piping” phase have
the maximum and minimum contribution to
indirect carbon footprint, respectively=

m Excavation, foundation, and framing

@Water and wastewater piping

M Finishes Electricity

Fig. 2. The percentage of indirect carbon footprint of 1 m? of residential building built-area for each construction phase

The percentage of the indirect carbon footprint of
all building and waste materials for excavation,
foundation, and framing, water and wastewater
piping, and finishes phases separately and per FU

are compared in Fig. 3 The “excavation,
foundation, and framing” phase has the maximum
indirect carbon footprint produced by building
materials (88.91%) and waste materials (81.19%).

%100
%90 88.91
%80
%70
%60
%50
%40
%30
%20 18.81
-~ 0.32
Excavation, foundation, and framing =~ Water and wastewater piping Finishes

B Waste materials

M Building materials

Fig. 3. Comparison of the percentage of indirect carbon footprint of building materials and waste materials for 1 m? of residential building built-area
for each construction phase

4. Conclusion

The construction sector has the most
substantial share in global greenhouse gas
emissions, with a 37% share. Iran’s greenhouse
emissions  have increased by  0.71
tonCO2e/person/year between 1990 and 2020.
Developing settlements and  greenhouse

emissions from them could result in climate
change impacts and global warming, which
makes a better investigation of the construction
sector’s carbon footprint possible. The current
study assessed the direct and indirect carbon
footprint per 1 m?2 of residential building built-
area. The system boundary under study was
defined as gate-to-gate, and the functional unit
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was suggested to be 1 m? of residential building
built-area. The data collection methods used
were the questionnaires and the literature
review. Moreover, the inventory was created
using SimaPro 9.2.0.2 software and the input-
output model. The carbon assessment method
used in the SimaPro software was ReCiPe. The
findings were considered in three subsections to
assess the carbon footprint. Concrete had the
highest mass percentage and the most
significant contribution to the indirect carbon
footprint among all building materials.
Therefore, substituting concrete with building
materials with a lower carbon footprint was
recommended. According to the current study
and the previous studies in China and Australia,
factors such as the total area of buildings,
building materials’ transporting distance, and
the types of building materials used are related
to the amount of carbon footprint of 1 m? of the
residential ~ building  built-area.  These
relationships are as follows:

1. Building total area and carbon footprint are
correlated positively.

2. Office buildings contribute more to carbon
footprint than residential buildings.

3. Building materials transportation distance
and carbon footprint are correlated positively.
4. Buildings with concrete or steel structures
contribute more to the carbon footprint than
wood structures.

Based on the results, the total, indirect, and
direct carbon footprints have been calculated to
be 445, 436 (98%), and 9 (2%) kgCO.e/m? per
1 m? of residential building built-area,
respectively. In the investigation of the
construction phases separately, the “excavation,
foundation, and framing” phase has the most
significant contribution to indirect carbon
footprint with 385.2 kgCO.e/m? (86.52%). On
the other hand, the “water and wastewater
piping” phase has a minor contribution to the
indirect carbon footprint with 1.37 kgCO,e/m?
(0.31%). Plus, the indirect carbon footprint of
electricity was 3.52 kgCO.e/m? (0.79%). The
“excavation, foundation, and framing” phase
had the maximum indirect carbon footprint
from building materials (88.91%) and waste
materials (81.19%) among the phases.
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