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Abstract: The building and construction sector has a huge impact on the environment because of the
enormous amounts of natural resources and energy consumed during the life cycle of construction
projects. In this study, we evaluated the potential environmental impact of the construction of a
villa, from cradle to grave, in the Saudi Arabian context. Centrum voor Milieukunde Leiden (CML)
for Centre of Environmental Science of Leiden University-IA baseline v3.03 methods were used to
obtain the environmental profile for the impact categories, and Cumulative Energy Demand v1.09
was used to measure the embodied energy of the villa life cycle. The analyzed midpoint impact
categories include global warming (GWP100a), ozone layer depletion (ODP), acidification (AP),
eutrophication (EP), photochemical oxidation (POCP), and indicator cumulative energy demand
(CED). The operation use phase of the villa was found to have the highest global warming potential
and acidification with 2.61 × 106 kg CO2-eq and 1.75 × 104 kg SO2-eq, respectively. Sensitivity
analysis was performed on the Saudi Arabian plans to increase the share of renewable sources and
reduce the amount of electricity generated from hydrocarbons, which currently represents 46% of
the total installed power, by 2032. The results showed that compared with the current electricity
environmental impact, the CO2 emission from electricity will decrease by 53%, which represents a
significant reduction in environmental impact. The findings will help with the life cycle assessment
of structures during future planning and for energy conservation.

Keywords: sustainability; buildings; life cycle assessment; materials; greenhouse

1. Introduction

The global focus on sustainability has increased in recent years given the dangers
posed by climate change, global warming, and environmental degradation. Over 85% of
the world’s primary energy needs are still met using fossil fuels, making them the most
significant contributors to greenhouse gas (GHG) emissions [1]. Overall, the efficient and
effective use of energy and materials is needed across sectors. The United Nations Sustain-
ability Development Goals for 2030 consolidate many of these challenges and highlight the
need for inclusive development through building sustainability, resource conservation, and
innovation in development [2]. The building sector is no exception to sustainable develop-
ment. In developed economies, such as those of the United States and the European Union,
buildings account for nearly 40% of all primary energy consumption [3]. An extensive
study [4] across building types and climate conditions in the United States showed that
interventions in the building sector can result in average energy savings of 29%, thus signif-
icantly reducing the overall emissions. In the European Union, the building construction
industry annually consumes nearly half of all raw materials and one-third of the water
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used while generating 25–30% of the waste [5]. Better construction and other sustainable
interventions could lead to a 42% reduction in final energy consumption and a reduction
of over 35% in greenhouse gas emissions [6]. Similar potential savings can be achieved
by countries around the globe. As a signatory to the Paris Agreement [7], Saudi Arabia is
committed to reducing its greenhouse emissions through multiple interventions involving
renewable energy, carbon capture, and energy efficiency management [8]. The building
sector in Saudi Arabia consumes large quantities of materials and energy, with contracts
estimated at $52.6 billion awarded in 2019 alone [9]. In Saudi Arabia, buildings consume
nearly 80% of the overall electricity generated, with residential buildings accounting for
50% of the total [10]. Hence, there is room for significant energy and emission savings
within this sector.

However, it is necessary to comprehend how buildings consume energy and resources
throughout their lifetime to identify potential energy-saving interventions. Life cycle
assessment (LCA) is an approach commonly employed in this context. This method allows
the researcher to study the energy and resource consumption of a certain building starting
from the stage of resource extraction up to the demolition of the building and waste
management at the end of a building’s life cycle [11]. Insights gained from the LCA can
lead to optimized resource and energy use at all stages of a building’s life cycle, leading to
building LCA becoming a distinct area within the practice of life cycle assessment. Building
LCA can help tackle specific characteristics that are unique to the construction industry.
For example, the choice and sourcing of raw materials needed for construction can impact
the energy and environmental footprint of a building. This includes the environmental
degradation and energy footprint associated with the extraction, processing, packaging,
and transportation of these materials [12]. This preconstruction phase is followed by
construction, which generates significant waste and pollution. Because buildings have
a long-life cycle, the next operational phase, in general, accounts for the most energy
consumption of all phases. Studies estimate this value to be between 40% and 90% of the life
cycle energy consumption depending on climatic conditions and usage habits [13,14]. This
also includes any impact associated with the building maintenance operations. At the end
of the building’s life cycle, demolition activities consume energy and generate waste that
can be recycled, reused, or sent to landfills. These impact the overall life cycle assessment
of buildings [15]. All these stages are analyzed in a complete building LCA. A multitude
of such studies can be found in the literature; a few pertaining to residential buildings is
discussed below.

Life cycle assessments of residential buildings have been conducted for multiple
climatic and economic conditions [16]. A study on various types of residential build-
ings (multifamily dwellings and single-family dwellings) in Brazil was conducted by
Evangelista et al. [17]. The study found that single-family dwellings often have a higher
potential environmental impact than multifamily dwellings of similar sizes and standards.
In addition, for the same family size, high-standard dwellings have higher environmental
costs. The study found that some aspects such as structures, foundations, and coatings
have higher environmental costs than others, and that the operational phase is respon-
sible for 80% of the energy demand. This is similar to other reported findings [18] on
a three-bedroom house in Scotland, identifying concrete, timber, and tiles as the most
energy-intensive materials used in its construction. They are extensively used for foun-
dations, structures, and interior coatings. Evangelista et al., however, did not consider
many options for the demolition phase and assumed that the entire building would end up
in landfill. A similar study on a single-family home in Sweden showed that production
stage and maintenance operations accounted for the largest footprint (67%), while the
operational and end-of-life phases together accounted for less than 12% of GHG emissions
from the building. This study, however, was extremely subjective as most of Sweden’s
electricity comes from renewables, and the house was a wooden construction [19]. A study
on Canadian residential buildings [20] found a linear correlation between the operational
energy footprint and the overall energy footprint of buildings regardless of their differences,



Sustainability 2021, 13, 3542 3 of 18

much like in another study [18] where high-rise multifamily housing units performed bet-
ter than single dwellings and low-rise apartments. The relatively high energy footprint
associated with the operational phase was also highlighted, in agreement with the results
obtained for Canadian houses [21]. The number of studies on buildings from the Middle
East [22], Africa [23], and South Asia [24] is limited; much of the literature in this field
is restricted to China [25], North America, and Europe [26]. The environmental loads
associated with each phase of the entire life cycle of the residential building as defined by
the European Committee for Standardization (EN 15804) [27,28]. In 2017, the Saudi Arabian
government prepared a strategy called the 2030 Vision. The objective of the Saudi Vision
2030 (SV2030) is to set up renewable and sustainable energy (RnSE) projects to meet the
electricity demand—which is expected to surpass 120 GW by 2032—by increasing the use
of renewable resources, reducing dependency on fossil fuels, and reducing the country’s
CO2 emissions. Concluding the existing research, no building life cycle assessment study,
from cradle to grave, has been conducted in the context of Saudi Arabia. Therefore, to fill
this gap, an LCA of a residential building in Saudi Arabia should be conducted.

The literature discussed so far shows that LCA can be a valuable tool for optimizing
energy consumption in buildings. Given the size of Saudi Arabia’s construction industry,
significant energy savings can be achieved by better understanding this sector. However,
there is a lack of examples in the literature of building LCAs (or a cradle-to-grave study
of building energy consumption) pertaining specifically to Saudi Arabia; most studies are
limited to Europe and North America. Because residential buildings consume 50% of the
electricity generated in Saudi Arabia, in this study, LCA was used to better understand
the energy footprint and environmental impact of a typical residential villa. Information
obtained from this study will aid industry professionals and government agencies in
incorporating environmental health and sustainability into planning and construction.

The aim of this study is to understand the potential environmental impact caused by
the whole life cycle of a typical residential building (villa) in the Saudi Arabian context. The
reference building taken into consideration is a Saudi Arabian villa built in the capital city,
Riyadh, using the latest standards in construction techniques and conventional materials
normally used in the local context. Thus, this study focuses on evaluating the potential
environmental impact of a villa (a typical Saudi Arabian residential building) in five
impact categories and one life cycle indicator: global warming (GWP100a), ozone layer
depletion (ODP), acidification (AP), eutrophication (EP), photochemical oxidation (POCP),
and indicator cumulative energy demand (CED). This study will help to analyze the
performance of Villa buildings with reference to Life cycle assessment implementation.

2. Materials and Methods

The LCA methodology was used to evaluate the environmental impact of a typi-
cal residential building in Saudi Arabia considering the whole life cycle, from cradle to
grave. The attributional LCA was conducted according to International Organization for
Standardization (ISO) 14040 [29] and ISO 14044 [30]. SimaPro software version 9.1 was
used to model the LCA [31]. The methods used to obtain the environmental profile of the
average villa life cycle included CML-IA baseline v3.03 [32,33] for impact categories and
Cumulative Energy Demand v1.09 to calculate the embodied energy in the life cycle of
the villa. The CML methodology, developed by the Center of Environmental Science of
Leiden University, is widely accepted; EN 15804 [27,28], the core standard for products
categorized as construction products, takes the characterization factors from this method
and allows for the comparison of results with those of other LCA studies. The midpoint
impact categories that were analyzed with CML-IA baseline v3.03 methods were global
warming (GWP100a), ozone layer depletion (ODP), acidification (AP), eutrophication (EP),
photochemical oxidation (POCP), and indicator cumulative energy demand (CED) follow-
ing the Cumulative Energy Demand v1.09 method. The villa was modeled using Revit
software (Chetu, Plantation, FL, USA), the widely used building information modeling soft-
ware. Data were obtained from local construction firms via questionnaires and interviews,
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ensuring the villa is representative of the current average residential building in Saudi
Arabia. The Ecoinvent version 3.2 database [34] was used to model upstream processes and
is globally recognized as one of the most consistent Life Cycle Inventory (LCI) databases
available. The step wise methodology of this research can be expressed as:

Step.1: Selection of Case Study Area-Villa
Step.2: Description of Villa Characteristics
Step.3: Defining the System Boundaries
Step.4: Life Cycle Inventory and Assumptions
Step.5: Results and Assessment
Step.6: Decision Making.

2.1. Selection of Case Study Area-Villa

This study is designed to assess the potential environmental impact caused by the life
cycle of a single-family house, called a villa, in the Saudi Arabian context. Because all stages
are specific to the Saudi Arabian context, a comparison with similar buildings located in
different regions was performed. Finally, because Saudi Arabia is committed to reducing
its greenhouse emissions through multiple interventions—one of which is implementing
renewable energy—a sensitivity analysis was conducted to assess how the reduction in
the electricity impact would affect the building’s life cycle. Similar to other studies [35–37]
and the principles of Product Category Rule (PCR) 2014:02 for buildings [38], in this
investigation, the functional unit (FU) is a villa with a total gross floor area (GFA) of 387 m2

and a lifespan of 50 years.

2.2. Description of Villa Characteristics

The assessed villa is an average single-family building with a concrete-based structure.
The GFA is 387 m2. It is a two-floor villa with an open space on the second floor and five
bedrooms and bathrooms. The building plans are provided in Figures 1–3.
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The villa was built mainly with concrete. In Table 1, the building components are
described in terms of materials and quantities. Both the foundation and structure were
made of reinforced concrete, whereas walls, both internal and external, were built with
concrete blocks. The external concrete blocks contain extruded polystyrene (XPS), which
provides thermal insulation to the building. Other materials used in villa construction
were ceramic tiles, cement tiles, bitumen to provide waterproofing, gypsum plasterboards
for ceilings, and paint, among others. The domestic appliances, such as washing machines,
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refrigerators, cooking appliances, and heating, ventilation, and air conditioning (HVAC),
were excluded in line with EN 15804 as they represent less than 1% of the total mass input
in the construction stage.

Table 1. Villa Components and Material Inventory.

Building Component Component/Material Units Quantity

Foundation Reinforced concrete slab on grade m3 20.75

Structure Reinforced concrete m3 138.7

Roof and Open space Layers: 20 mm cement tile + 40 mm mortar layer + 50 mm XPS
+ 10 mm bitumen sheet + 4 mm bitumen coating m2 138.60

Ceiling 12.5 mm gypsum board on metal furring + paint m2 322.81

Exterior walls and parapet

400 mm × 200 mm × 300 mm concrete block with insulation +
adhesive mortar + 2 faced 20 mm cement plaster + ladder mesh m2 303.3

200 mm parapet wall m2 23

Paint m2 519.65

Internal walls
400 mm × 200 mm × 150 mm hollow concrete block + adhesive

mortar + 2 faced 20 mm cement plaster + ladder mesh m2 231

Paint m2 821.60

Floor and wall tiles

Dry areas: 10 mm ceramic tile + 40 mm mortar m2 302.2

Wet areas: 10 mm ceramic tile + 40 mm mortar + 2 layered
5 mm bitumen sheet + 4 mm bitumen coating m2 30.78

Wall tiles: 10 mm ceramic tile + 4 mm bitumen coating m2 81.258

Windows Double glazed window with aluminum frame windows 37

Doors
Steel door doors 2

Wood door doors 16

Stairs Welded tubular stainless steel m 13.5

Electrical network Cooper wire m 360

2.3. Defining the System Boundaries

A cradle-to-grave evaluation was conducted for the whole life cycle of the villa within
the system boundaries defined in Figure 4. Figure 4 shows the life cycle phases of the
constructed building in conformance with UNE 15804 [25].

The pre-use phase consisted of the subphases of material production comprising raw
material supply, transportation, and manufacturing (modules A1-A3 of EN 15804), and that
of building construction, which consisted of the transport and assembly of components,
energy consumption related to land soil preparation and excavation, and building material
waste generation (modules A4–A5 of EN 15804). During the use stage, the operational
use of energy and water are considered along with the repainting of the building and
replacement of the floor (modules B6, B7, B2, and B4 of EN 15804). At the end of their life
cycles, buildings are demolished, and building materials are transported and managed
into landfill (modules C1, C2, and C4 of EN 15804) [39].
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Figure 4. Life cycle assessment (LCA) system boundary based on EN 15804 modularity (included modules are shaded) and
stages defined for the villa assessment.

The use phase includes any emissions to the environment (module B1); technical
operations on the building: maintenance, repair, replacement, and refurbishment (respec-
tively module B2 to B5); and operation of the building, divided into operational energy use
(module B6) and operational water use (module B7). Only maintenance and replacement
operations and operational energy and water use are considered relevant for the villa
use phase.

At the end of its life, the entire building is deposited as waste in landfill, which means
that the C3 module of waste processing is not relevant in this system.

Other life cycle processes were omitted because they account for less than 1% of the
total environmental impact, and data availability was limited for infrastructure, construc-
tion, production equipment, and tools that are not directly consumed in the construction
process; as well as for employee-related activities such as transport to and from work,
packaging of construction products and packaging waste produced during the A5 module,
communication installations, villa equipment, HVAC, and lamps.

2.4. Life Cycle Inventory and Assumptions

The inputs and outputs used to calculate the environmental impact of the average
villa were compiled from the building’s bill of materials. Specific data collected from
local construction firms via questionnaires and interviews were used to model each life
cycle stage and taken as representative of the Saudi Arabian construction process for this
type of building. Generic data that were not based on measures or direct calculations for
the specific processes or stages were obtained from the Ecoinvent version 3.2 database.
The hypothesis of the Ecoinvent database was assumed, even though some processes
were adapted to the Saudi Arabian context. Detailed process data were considered in this
study during the life cycle for each material during manufacturing, transportation, and
disposal [40,41].

2.4.1. Building Materials Stage

Quantities of materials specified in the bill of materials were used to model the
building materials stage (Table 1). Because no specific information was available on the
manufacturing of the construction products in Saudi Arabia and previous stages, the
Ecoinvent database was used. The datasets were modified to include the Saudi Arabian
electricity mix and water supply as recommended by other studies [40].
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2.4.2. Building Materials Transport Stage

The scenario for the transportation stage was set from the local construction sector
experience. The transportation distance was assumed to be 50 km from the manufacturer
to the construction site for all materials because all materials would have been obtained
from Riyadh’s second industrial city. Materials transportation from manufacturers to the
construction site was assumed to be carried by an average 16–32 ton truck.

2.4.3. Construction Stage

In the construction phase, waste material was added as an additional 10% of the
overall quantity for the bill of quantities because during this stage, the wastage rate is
assumed to be 10%. For this additional 10%, the same assumptions were used for the
building materials and transportation stages. In Saudi Arabia, the common practice for
building waste is the landfill process. Hence, the construction waste was assumed to be
transported 50 km for disposal. Waste generated via transportation and management was
assumed to be carried by an average 16–32 ton truck.

In the construction stage, the soil preparation and excavation were included based on
the bill of materials information.

2.4.4. Maintenance and Replacement Stage

The proposed scenario for the use stage, which refers to technical operations, covers
both maintenance and replacement. Based on the service life of components and materials
and the building lifespan, the external walls will be repainted twice, while internal walls
will be repainted three times. The replacement tasks cover the replacement of floor tiles and
all layers that conform to the floor (twice during the building lifespan) and wall tiles (once)
along with the required materials. The materials used for replacement and maintenance
were assumed to be transported 50 km by an average of 3.5–7.5-ton truck. The replacement
materials waste was assumed to be transported and disposed of. The same scenario defined
in the construction stage was used in this stage.

2.4.5. Operational Stage

The energy consumption for the villa was collected by Energy Plus software conduct-
ing a one-year simulation based on the villa’s characteristics. The data obtained and used
for the scenario in the operational stage are shown in Table 2. It was assumed that the villa
would be occupied by six people and the temperature inside the villa would be 21.3 ◦C
for comfort. The most demanding uses are cooling, accounting for 62% of the electricity
demand, and interior lighting, accounting for 14% of the consumption.

Table 2. End-use energy consumption (one-year simulation). GFA, gross floor area.

End Use Electricity Consumption (kWh/year)

Cooling 29,221.30
Interior Lighting 6367.27
Exterior Lighting 2185.08

Interior Equipment 3719.76
Fans 1791.72

Pumps 0.57
Water Systems 3743.88

Total 47,029.58
Total/GFA (kWh/m2) 121.52

Water is consumed during the operational stage. The tap water Ecoinvent dataset was
modeled to consider part of the water supply coming from groundwater and the other part
from seawater in Saudi Arabia.
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2.4.6. End-of-Life Stage

In Saudi Arabia, the common practice for Construction and demolition waste (CDW)
is the landfill process. Hence, the scenario that models the end-of-life stage states that the
building is dismantled and all building materials are transported by truck and disposed of.

3. Results and Discussion

The life cycle of the villa was divided into the following stages as aligned with
the European core rules for the product category of construction products EN 15804
and the construction sector: product (building materials), building materials transport,
construction, operational, maintenance and replacement, and end of life. The midpoint
impact categories that were analyzed with CML-IA baseline v3.03 methods were global
warming (GWP100a), ozone layer depletion (ODP), acidification (AP), eutrophication
(EP), photochemical oxidation (POCP), and indicator cumulative energy demand (CED)
following the Cumulative Energy Demand v1.09 method.

3.1. Life Cycle Impact Assessment
3.1.1. Main Findings

Table 3 presents the results of the life cycle of the villa from a cradle-to-grave perspec-
tive for the functional unit and m2 (GFA). Figure 5 depicts the contribution of each life
cycle stage. The results show that for all impact categories, the operational use stage is the
most important stage, with a contribution ranging from 91% (photochemical oxidation) to
96% (ozone depletion and acidification). A total of 7.26 tons CO2-eq per m2 (GFA) were po-
tentially emitted during the villa life cycle, and 6.76 tons CO2-eq were from the operational
use stage, electricity, and water consumed over 50 years. The impact of the operational
stage was obtained mainly from electricity consumption, which was modeled on an annual
basis using Energy Plus. The obtained data show that 47,030 kWh was consumed annually,
representing 122 kWh/m2 (GFA). Of the total electricity consumed, 62% was used for
cooling, whereas 14% was used for interior lighting. The villa was composed of 695 tons of
materials, but the building materials stage, that is, the material supply and manufacturing,
represented a maximum of 6% of the life cycle impact in the category of photochemical
oxidation. This stage is analyzed in detail in the next section. The transport of building
materials to the construction site did not have a significant impact considering the whole
building life cycle, accounting for less than 1% of all impact categories. The transport
distance was assumed as 50 km because factories are in Riyadh, the second industrial city,
so all transport operations were optimized. During the construction stage, 10% of building
materials were assumed to be transformed into waste materials. Thus, the extra number
of materials is consumed as part of this stage as well as in waste transport and the man-
agement of landfills. Some other operations were included, such as excavation. Therefore,
the contribution of this stage was highly dependent on the building material stage, but its
contribution to the total life cycle of the villa was less than 1% for all impact categories
and indicators. The maintenance and replacement stages considered the replacement of
some building elements that have a shorter lifespan than that of the building. In this case,
two relevant substitutions of floor tiles and one substitution of wall tiles and painting
works of external and internal walls were considered. Even though the amount of material
consumed during the use of the building was relevant—almost 12 tons of materials—the
contribution of this stage was, at most, 1.5% of the impact of the photochemical oxidation
impact category.
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Table 3. Life cycle impact assessment (LCIA) of the life cycle of the villa considering a lifespan of 50 years (per FU) and
per m2 of GFA.

Impact Category or Indicator Acronym Units Total per FU Total per GFA (m2)

Global warming GWP
100 years kg CO2-eq 2,807,943.8 7255.668734

Ozone layer depletion ODP kg CFC-11-eq 0.35283721 0.000911724
Photochemical oxidation POCP kg C2H4 782.15594 2.02107478

Acidification AP kg SO2-eq 18,279.348 47.23345736
Eutrophication EP kg PO4

3−-eq 1577.4363 4.076062791
Cumulative energy demand CED MJ 43,015,866.13 111,152.1089
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At the end of the life cycle, it was assumed that all the building materials were
landfilled because this the current protocol for handling construction and demolition waste
in Saudi Arabia. However, the impact of this stage contributes to less than 1% of the total
life cycle impact.

A graphical explanation of these factors is provided for analysis of the impact of indicators.

3.1.2. Building Materials Stage Impact Assessment

The LCA was developed from the villa bill of materials, so the specific contribution
of the building elements is analyzed in Table 4 for each impact category. The average
villa has a reinforced concrete structure, whereby the external and internal walls are made
of concrete and, in this study, concrete blocks. Therefore, the most important material
was concrete because it represented 83% of the building weight, 57% of the structure and
foundation, 19% of the external walls, and 8% of the internal walls.

Table 4. Contribution of building elements to the LCIA of building materials stage.

Impact Category or Indicator GWP 100 years ODP POCP AP EP CED

Foundation 8% 7% 6% 6% 6% 6%
Structure 49% 48% 58% 47% 49% 46%

Roof and open space 0.9% 1.1% 0.9% 0.9% 0.6% 2.0%
Ceiling 1.7% 1.7% 2.6% 2.4% 1.8% 2.0%

Exterior walls and parapet 21% 20% 14% 18% 19% 20%
Internal walls 13% 14% 11% 13% 16% 13%

Floor and wall tiles 3% 4% 2% 4% 2% 4%
Windows 2% 3% 2% 4% 2% 3%

Doors 0.9% 1.1% 1.1% 1.6% 1.3% 2.9%
Stairs 0.9% 0.8% 1.0% 1.5% 0.9% 1.3%

Electrical network 0.04% 0.05% 0.4% 1.0% 2.0% 0.1%

In terms of contribution to the environmental impact of building materials, the same
weight relation was followed. Table 4 shows that the contribution of the structure and
foundation ranges from 52% of the impact of the material’s cumulative energy demand to
64% for the photochemical oxidation impact category.

The structure and foundation are followed by exterior and parapet walls, with a contri-
bution ranging from 14% (photochemical oxidation) to 21% (global warming), and internal
walls, with an impact ranging from 11% (photochemical oxidation) to 16% (eutrophication).

In terms of the type of materials and their contribution to global warming (GWP),
concrete accounted for 36% of the impact while contributing 83% of the building’s weight.
Steel, used mainly as reinforcement rebar, had a significant contribution of 34%, despite
representing only 3% of the total consumed material. Approximately 13% of the impact
came from cement mortar and plaster, which accounted for 11% of the materials’ weight.
Cement and mortar are used in several building elements, such as roof or floor, but the
majority of the quantity is used in internal and external walls to plaster both faces of the
concrete blocks and to paste them.

3.2. Sensitivity Analysis—2030 Vision

In Section 3.1, the results showed that the main life cycle stage contributing to the
environmental impact was the operational use stage, where electricity and water were mainly
consumed and wastewater was generated. For all categories, the impact came from electricity,
contributing at least 70% (eutrophication). Currently, Saudi Arabia is highly dependent on
fossil fuels to produce electricity. The electricity mix of the country is 1.072 kg CO2-eq/kWh
(obtained from the Ecoinvent v3.2 dataset and CML-IA baseline method).

In 2017, the Saudi Arabian government prepared a strategy called the 2030 Vision. The
objective of the Saudi Vision 2030 (SV2030) is to set up renewable and sustainable energy
(RnSE) projects to meet the electricity demand—which is expected to surpass 120 GW by
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2032—by increasing the use of renewable resources, reducing dependency on fossil fuels,
and reducing the country’s CO2 emissions.

In this sensitivity analysis, we modeled the impact of the electricity mix based on the
share of energy sources proposed by the King Abdullah City for Atomic and Renewable
Energy (K.A.CARE) to deliver clean energy by 2032, that is, 9 GW of wind, 41 GW of solar
(25 GW of concentrated solar and 16 solar photovoltaic (PV) cells), 17.6. GW nuclear, 1 GW
geothermal, and 3 GW WtE sources, with a total 60 GW hydrocarbon capacity to meet the
expected future energy demand and supply [42,43]. Thus, power mix resources by 2032 are
planned to be 41% from renewable sources (12% PV cells, 19% concentrated solar, 7% wind,
1% geothermal, and 2% from WtE), 13% nuclear, and 46% hydrocarbon. Based on the 2032
scenario, the carbon footprint of the electricity mix would be 0.501 kg CO2-eq/kWh, which
is 53% lower than the current impact.

Considering that a villa would consume 47,030 kWh annually based on the calculations
with EnergyPlus, significant environmental savings could be achieved every year by
improving the electricity carbon intensity.

Table 5 compares the current annual operational use stage and the 2030 vision opera-
tional use stage together with the reduction of the impact by implementing the strategy.

Table 5. Environmental impact of annual operational use stage with current electricity mix and 2030 Vision.

Impact Category Units per Year Current Operational
Use Stage

2030 Vision
Operational Use Stage

Variation 2030 Vision Compared
to Current Situation

GWP 100 years kg CO2-eq 52,289.474 25,465.652 −51%
ODP kg CFC-11-eq 0.00678169 0.003886419 −43%

POCP kg C2H4 14.3007096 6.8689938 −52%
AP kg SO2-eq 350.32884 167.201548 −52%
EP kg PO4

3−-eq 29.243718 18.3043584 −37%
CED MJ 815,503.1655 525,875.8671 −36%

The increase in the share of renewable sources in the Saudi Arabian electricity mix con-
tributes to a reduction in the operational impact on a yearly basis, with a minimum of 36%
for eutrophication and a maximum of 52% for photochemical oxidation and acidification.

Decarbonizing the electricity generated in Saudi Arabia that is used in the residential
sector could positively impact the life cycle of the villa. It could produce up to half of the
impact, which is the maximum reduction obtained, for the acidification impact category
(Table 6 and Figure 6).

Table 6. Environmental impact of the villa’s life cycle with current electricity mix and 2030 Vision.

Impact Category Units per Year Current Villa Villa with 2030
Vision Operational Stage

Variation 2030 Vision
Compared to Current Situation

GWP 100 years kg CO2-eq 2,807,943.8 1,466,752.7 −48%

ODP kg CFC-11-eq 0.35283721 0.20807369 −41%

POCP kg C2H4 782.15594 410.57015 −48%

AP kg SO2-eq 18,279.348 9122.9835 −50%

EP kg PO4
3−-eq 1577.4363 1030.4683 −35%

CED MJ 43,015,866.13 28,534,501.27 −34%
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Even though the benefits of improving the electricity mix per kWh per year and
for 50 years are important, the operational stage under the improved mix would have
remained the stage with the largest impact on the life cycle of the villa, with a contribution
from 84% (photochemical oxidation) to 93% (ozone layer depletion), as shown in Figure 6.

3.3. Comparison with Previous Studies

From the obtained results, it can be seen that the impact of the Saudi Arabian villa is
highly dependent on the region where it is located because the energy demand is mainly
dedicated to maintaining thermal comfort (Table 2). As suggested in ISO 14044, data
validation is an element of LCA methodology that could be performed by comparing
the results with those of other published research studies. Because no LCA study has
previously been conducted from cradle to grave in Saudi Arabia, we attempted to compare
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our results to those of other studies in different regions that considered similar materials
and scope.

A cradle-to-grave comparison with a residential building in Malaysia [40] and Uruguay [44]
was performed considering the impact of GWP, ODP, AP, and EP, as the three studies used
the same LCA method, CM -baseline, and the scopes were similar, which makes the results
relatively comparable.

The comparison of these four impact categories with those of other studies is presented
in Figure 7.
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The three buildings are residential. The Malaysian case assessed a 246 m2 GFA build-
ing, with a building frame structure of reinforced concrete and clay bricks as the building
envelope. The LCA referred to the environmental performance of the building during a
50-year lifespan, including in the assessment of the pre-use, construction, maintenance and
operation, and end of life phases.

The Uruguayan building included in this comparison was a COVISA house, a typical
three-bedroom concrete masonry Uruguayan house with a 57 m2 GFA. The environmental
assessment considered the performance during its 60-year lifespan and included the entire
life cycle except for the use (module B1 of EN 15804), refurbishment (B5), operational water
use (B7), and waste processing (C3) modules.

For all analyzed impact categories, the comparison showed that the Saudi Arabian
villa has the highest impact because of the impact of the operational stage, even though the
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Malaysian and Uruguayan buildings are also highly dependent on the operational stage.
The operational stage of the Uruguayan house contributed at least more than 50% to the
total building life cycle, whereas building materials production and transport represent
around 20% of the impact. The Malaysian case differed as the operational stage was the
most significant for GWP and AP, but for ODP, it is the materials stage, and for EP, the end
of life.

As observed in Figure 7, the operational stage in the Saudi Arabian villa represents
more than 90% of the four impact categories used for the comparison. In this study, the total
amount of electricity consumed per year was 121.52 kWh/m2; this was 59 and 57 kWh/m2

in Malaysia and Uruguay, respectively. In Malaysia, cooling energy demand represented
47% of the total electricity use, while in Saudi Arabia, it was 62%.

Regarding building materials, the Saudi Arabian residential building had the lowest
impact for three of four impact categories. The villa has a larger GFA, which can mean
less weight per m2. Moreover, in the building foundation, a significant difference exists
between the amount of concrete, a material that was widely used in the three buildings. For
the Saudi Arabian villa, a slab on grade foundation was assumed, which is a method most
commonly used in warmer climates where there is no seasonal freezing of the ground.

The comparison shows the results are comparable and confirm that the energy demand
hotspot in the residential sector in Saudi Arabia is the operational stage.

3.4. Key Limitations

An LCA reflects the system analyzed and data used, so all limitations concerning
data availability and system boundaries need to be considered. The bill of materials was
exhaustively analyzed, and different partners were involved in the process, which influence
all villa life cycle stages. The most significant stage, the operational stage, was modeled
with EnergyPlus according to the characteristics of the villa defined using Revit software,
so the limitations of the tools used were assumed when conducting the LCA. Even though
secondary datasets were modeled to represent the Saudi Arabia context, the results are also
sensitive to the datasets used in the assessment, particularly those describing materials
manufacturing. Hence, all used datasets are from the same LCA database, Ecoinvent.

4. Conclusions

The LCA allowed us to analyze the whole life cycle of a typical single-family residential
building in Saudi Arabia considering specific construction materials and scenarios of waste
management and transport. The results showed that the operational stage has the most
impact on energy consumption and the environment in the life cycle of the villa. These
results align with previously published life cycle assessments of residential buildings.
As indicated in Section 1 and as published in previous studies, the operational stage
represents between 40% and 90% of the life cycle energy consumption depending on
climatic conditions and usage habits. The operational stage of a typical Saudi Arabian villa
represented 95% of the total energy demand, which is above this range. The significant
contribution of this stage to the energy demand has implications in terms of environmental
impact, which has two main causes. First, the amount of electricity consumed during
the use stage is very high (122 kWh/m2 (GFA) and year) mainly due to climatization
requirements and, second, because electricity generation is highly dependent on fossil fuels.

In this study, a sensitivity analysis for the second cause was conducted. Saudi Arabia
plans to increase the share of renewable energy sources and reduce the amount of electricity
generated from hydrocarbons, which currently represent 46% of the total installed power,
by 2032. Compared to the current electricity environmental impact, the CO2 emission from
electricity generation will decrease by 53%, which represents a significant reduction in
impact. However, if we analyze how this reduction in environmental impact affects the
residential building life cycle, we conclude that it is an impacting factor as a reduction in
the impact is obtained, but the main factor is the amount of energy demand during the use
stage. Therefore, the results from the sensitivity analysis showed that even with a reduction
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of 54% in hydrocarbons in electricity generation, the contribution of the operational stage
to the total life cycle environmental impact of the villa remained unchanged. For the global
warming impact category, its contribution decreases from 93%, with the current electricity
mix, to 87% with the increase in renewable sources.

Further research needs to be conducted to identify the main cause of building life cycle
environmental impact and energy demand, which is the amount of electricity required
during the use stage. Energy efficiency strategies need to be developed and evaluated in
the Saudi Arabian context to reduce the electricity demand of residential buildings, which
now accounts for 50% of the country’s electricity demand. The life cycle approach will
allow us to evaluate how the focus on operational energy demand of these strategies affects
all building life cycle stages, from building materials manufacturing to the end of life.

Author Contributions: Conceptualization, H.A., A.K. and B.A.; methodology, H.A., A.K.A.; for-
mal analysis, A.K., S.A. and T.T.; writing—original draft writing, H.A., A.K.A., A.K. and T.T.;
writing—review and editing, A.K.A. and B.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by King Abdulaziz City for Science and Technology, Project
number (20-0003) from the National Center for Building and Construction Technology.

Data Availability Statement: Data will be available on suitable demand.

Acknowledgments: The authors would like to express their deep and sincere gratitude to King
Abdulaziz City for Sciences and Technology (KACST), for funding and supporting this research
project. Project number (20-0003) from the National Center for Building and Construction Technology.

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Dudley, B. BP Statistical Review of World Energy, 67th ed.; BP p.l.c.: London, UK, 2018.
2. United Nations. Sustainable Development Goals. Available online: https://www.un.org/sustainabledevelopment/sustainable-

development-goals/ (accessed on 22 February 2021).
3. Cao, X.; Dai, X.; Liu, J. Building energy-consumption status worldwide and the state-of-the-art technologies for zero-energy

buildings during the past decade. Energy Build. 2016, 128, 198–213. [CrossRef]
4. Fernandez, N.; Katipamula, S.; Wang, W.; Xie, Y.; Zhao, M. Energy savings potential from improved building controls for the US

commercial building sector. Energy Effic. 2018, 11, 393–413. [CrossRef]
5. Vandecasteele, C.; Andres, A.; Coz, A. WASCON 2015: Resource efficiency in construction. Waste Biomass Valoris. 2017, 8,

1379–1380. [CrossRef]
6. Ruuska, A.; Häkkinen, T. Material efficiency of building construction. Buildings 2014, 4, 266–294. [CrossRef]
7. Climate Action Tracker. Saudi Arabia. Country Summary. Available online: https://climateactiontracker.org/countries/saudi-

arabia/ (accessed on 22 February 2021).
8. Liu, H.; Tellez, B.G.; Atallah, T.; Barghouty, M. The role of CO2 capture and storage in Saudi Arabia’s energy future. Int. J. Greenh.

Gas Control 2012, 11, 163–171. [CrossRef]
9. Oxford Business Group. Saudi Arabia’s Construction Sector Bounces Back in 2019. Available online: https://oxfordbusinessgroup.

com/overview/strong-foundations-sector-bounced-back-2019-infrastructure-works-housing-developments-and-large (accessed
on 22 February 2021).

10. Felimban, A.; Prieto, A.; Knaack, U.; Klein, T.; Qaffas, Y. Assessment of current energy consumption in residential buildings in
Jeddah, Saudi Arabia. Buildings 2019, 9, 163. [CrossRef]

11. Curran, M.A. Life cycle assessment: A review of the methodology and its application to sustainability. Curr. Opin. Chem. Eng.
2013, 2, 273–277. [CrossRef]

12. Halliday, S. Sustainable Construction; Butterworth-Heinemann: Sydney, Australia, 2008.
13. Hong, J.; Zhang, X.; Shen, Q.; Zhang, W.; Feng, Y. A multi-regional based hybrid method for assessing life cycle energy use of

buildings: A case study. J. Clean. Prod. 2017, 148, 760–772. [CrossRef]
14. Guan, L.; Walmsely, M.; Chen, G. Life cycle energy analysis of eight residential houses in Brisbane, Australia. Proc. Eng. 2015, 121,

653–661. [CrossRef]
15. Ding, G.K. Life cycle assessment (LCA) of sustainable building materials: An overview. In Eco-Efficient Construction and Building

Materials; Elsevier: Amsterdam, The Netherlands, 2014; pp. 38–62.
16. Babaizadeh, H.; Haghighi, N.; Asadi, S.; Broun, R.; Riley, D. Life cycle assessment of exterior window shadings in residential

buildings in different climate zones. Build. Environ. 2015, 90, 168–177. [CrossRef]

https://www.un.org/sustainabledevelopment/sustainable-development-goals/
https://www.un.org/sustainabledevelopment/sustainable-development-goals/
http://doi.org/10.1016/j.enbuild.2016.06.089
http://doi.org/10.1007/s12053-017-9569-5
http://doi.org/10.1007/s12649-017-9999-5
http://doi.org/10.3390/buildings4030266
https://climateactiontracker.org/countries/saudi-arabia/
https://climateactiontracker.org/countries/saudi-arabia/
http://doi.org/10.1016/j.ijggc.2012.08.008
https://oxfordbusinessgroup.com/overview/strong-foundations-sector-bounced-back-2019-infrastructure-works-housing-developments-and-large
https://oxfordbusinessgroup.com/overview/strong-foundations-sector-bounced-back-2019-infrastructure-works-housing-developments-and-large
http://doi.org/10.3390/buildings9070163
http://doi.org/10.1016/j.coche.2013.02.002
http://doi.org/10.1016/j.jclepro.2017.02.063
http://doi.org/10.1016/j.proeng.2015.08.1059
http://doi.org/10.1016/j.buildenv.2015.03.038


Sustainability 2021, 13, 3542 18 of 18

17. Evangelista, P.P.; Kiperstok, A.; Torres, E.A.; Gonçalves, J.P. Environmental performance analysis of residential buildings in Brazil
using life cycle assessment (LCA). Constr. Build. Mater. 2018, 169, 748–761. [CrossRef]

18. Asif, M.; Muneer, T.; Kelley, R. Life cycle assessment: A case study of a dwelling home in Scotland. Build. Environ. 2007, 42,
1391–1394. [CrossRef]

19. Petrovic, B.; Myhren, J.A.; Zhang, X.; Wallhagen, M.; Eriksson, O. Life cycle assessment of a wooden single-family house in
Sweden. Appl. Energy 2019, 251, 113253. [CrossRef]

20. Kumar, V.; Hewage, K.; Sadiq, R. Life cycle assessment of residential buildings: A case study in Canada. Int. J. Energy Environ.
2015, 9, 1017–1025.

21. Zhang, W.; Tan, S.; Lei, Y.; Wang, S. Life cycle assessment of a single-family residential building in Canada: A case study.
In Building Simulation; Springer International Publishing: Cham, Switzerland, 2014; Volume 7, pp. 429–438.

22. Asif, M.; Dehwah, A.H.A.; Ashraf, F.; Khan, H.S.; Shaukat, M.M.; Hassan, M.T. Life cycle assessment of a three-bedroom house in
Saudi Arabia. Environments 2017, 4, 52. [CrossRef]

23. Berardi, U. Sustainability assessment in the construction sector: Rating systems and rated buildings. Sustain. Dev. 2012, 20,
411–424. [CrossRef]

24. Ramesh, T.; Prakash, R.; Shukla, K.K. Life cycle energy analysis of a residential building with different envelopes and climates in
Indian context. Appl. Energy 2012, 89, 193–202. [CrossRef]

25. Yang, X.; Hu, M.; Wu, J.; Zhao, B. Building-information-modeling enabled life cycle assessment, a case study on carbon footprint
accounting for a residential building in China. J. Clean. Prod. 2018, 183, 729–743. [CrossRef]

26. Islam, H.; Jollands, M.; Setunge, S. Life cycle assessment and life cycle cost implication of residential buildings—A review. Renew.
Sustain. Energy Rev. 2015, 42, 129–140. [CrossRef]

27. CEN/TC 350. Sustainability of Construction Works—Environmental Product Declarations—Core Rules for the Product Category of
Construction Products EN 15804:2012+A1:2013/FprA2:2019; European Committee for Standarization. s.l.: Brussels, Belgium, 2019.

28. EN-European Standard. EN15978-Sustainability of Construction Works-Assessment of Environmental Performance of Buildings-
Calculation Method; No. EN 15978:2011; European Committee for Standarization. s.l.: Brussels, Belgium, 2011.

29. ISO-14040. Environmental Management—Life Cycle Assessment—Principles and Framework, 2nd ed.; International Organization for
Standardization, ISO14040; ISO: Geneva, Switzerland, 2006.

30. ISO-14044. Environmental Management—Life Cycle Assessment—Principles and Framework, 1st ed.; International Organization for
Standardization, ISO14044; ISO: Geneva, Switzerland, 2006.

31. PRé. SimaPro. Available online: http://www.pre-sustainability.com/simapro (accessed on 22 February 2021).
32. Van Oers, L. CML-IA Database, Characterisation and Normalisation Factors for Midpoint Impact Category Indicators. Version

4.5. April 2015. Available online: http://www.cml.leiden.edu/software/data-cmlia.html (accessed on 22 February 2021).
33. Guinée, J.B.; Jeroen, B.; Lindeijer, E. Handbook on Life Cycle Assessment. Operational Guide to the ISO Standards; Springer:

Berlin/Heidelberg, Germany, 2002; Volume 7.
34. Wernet, G.; Bauer, C.; Steubing, B.; Reinhard, J.; Moreno-Ruiz, E.; Weidema, B. The Ecoinvent Database Version 3 (part I):

Overview and Methodology. Int. J. Life Cycle Assess. 2016, 21, 1218–1230. [CrossRef]
35. Cuéllar-Franca, R.M.; Azapagic, A. Environmental impacts of the UK residential sector: Life cycle assessment of houses. Build.

Environ. 2012, 54, 86–99. [CrossRef]
36. Adalberth, K.; Almgren, A.; Petersen, E.H. Life-cycle assessment of four multi-family buildings. Low Energy Sustain. Build. 2001,

2, 1–21.
37. Pierluca, V.; Umberto, A. An attributional life cycle assessment for an Italian residential multifamily building. Environ. Technol.

2018, 39, 3033–3045. [CrossRef]
38. EPD International AB. Product Category Rules (PCR) 2014:2, Version 2.01 Buildings; EPD International AB: Stockholm, Sweden,

2019.
39. Clift, R.; Doing, G.; Finnveden, G. The application of life cycle assessment to integrated solid waste management

part1—methodology. Process Saf. Environ. Prot. 2000, 78, 279–287. [CrossRef]
40. Abd Rashid, A.F.; Idris, J.; Yusoff, S. Environmental Impact Analysis on Residential Building in Malaysia Using Life Cycle

Assessment. Sustainability 2017, 9, 329. [CrossRef]
41. Frischknecht, R.; Jungbluth, N.; Althaus, H.J.; Doka, G.; Heck, T.; Hellweg, S.; Hischier, R.; Nemecek, T.; Rebitzer, G.; Spielmann, M.

Overview and Methodology. Available online: http://www.ecoinvent.org/files/200712_frischknecht_jungbluth_overview_
methodology_ecoinvent2.pdf (accessed on 22 February 2021).

42. Khan, M. Saudi Arabia’s Vision 2030. Def. J. 2016, 19, 36–42.
43. Yamani, H.; Zell, E.; Gasim, S.; Wilcox, S.; Katamoura, S.; Stoffel, T.; Shibli, H.; Engel-Cox, J.; Subie, M.A. 2012. Energy

Sustainability for Future Generatoins. KACARE. Assessment of solar radiation resources in Saudi Arabia. Sol. Energy 2015.
[CrossRef]

44. Soust-Verdaguer, B.; Llatas, C.; Moya, L. Comparative BIM-Based Life Cycle Assessment of Uruguayan Timber and Concrete-
Masonry Single-Family Houses in Design Stage. J. Clean. Prod. 2020, 277, 121958. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2018.02.045
http://doi.org/10.1016/j.buildenv.2005.11.023
http://doi.org/10.1016/j.apenergy.2019.05.056
http://doi.org/10.3390/environments4030052
http://doi.org/10.1002/sd.532
http://doi.org/10.1016/j.apenergy.2011.05.054
http://doi.org/10.1016/j.jclepro.2018.02.070
http://doi.org/10.1016/j.rser.2014.10.006
http://www.pre-sustainability.com/simapro
http://www.cml.leiden.edu/software/data-cmlia.html
http://doi.org/10.1007/s11367-016-1087-8
http://doi.org/10.1016/j.buildenv.2012.02.005
http://doi.org/10.1080/09593330.2017.1371252
http://doi.org/10.1205/095758200530790
http://doi.org/10.3390/su9030329
http://www.ecoinvent.org/files/200712_frischknecht_jungbluth_overview_methodology_ecoinvent2.pdf
http://www.ecoinvent.org/files/200712_frischknecht_jungbluth_overview_methodology_ecoinvent2.pdf
http://doi.org/10.1016/j.solener.2015.06.031
http://doi.org/10.1016/j.jclepro.2020.121958

	Introduction 
	Materials and Methods 
	Selection of Case Study Area-Villa 
	Description of Villa Characteristics 
	Defining the System Boundaries 
	Life Cycle Inventory and Assumptions 
	Building Materials Stage 
	Building Materials Transport Stage 
	Construction Stage 
	Maintenance and Replacement Stage 
	Operational Stage 
	End-of-Life Stage 


	Results and Discussion 
	Life Cycle Impact Assessment 
	Main Findings 
	Building Materials Stage Impact Assessment 

	Sensitivity Analysis—2030 Vision 
	Comparison with Previous Studies 
	Key Limitations 

	Conclusions 
	References

