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Abstract: In Saudi Arabia, the carbon footprint and energy use that results from using concrete
in construction is a major negative contributor to the environmental effects of building materials.
Likewise, the impact of annual cooling and heating energy demands has an equally prominent role to
play. These demands need to be assessed and benchmarked in order that reduction targets can be
set. Saudi Arabia presents its own unique context and local conditions, which creates a challenge
when utilizing generic frameworks for assessing the environmental impact of domestic buildings.
In meeting this aim, this paper presents a resilience and environmental sustainability assessment
framework (RESAF) developed specifically for domestic buildings in Saudi Arabia. RESAF helps
designers/builders to minimize the carbon footprint of the building fabric and reduce in-use energy
demands of domestic buildings in Saudi Arabia. This paper shows how this framework can be
used to reduce, by approximately 23%, the carbon impact from construction materials, primarily by
substituting a portion of cement for pulverized fly ash (PFA) or ground granulated blast furnace slag
(GGBS). A reduction of 19% in annual cooling and heating energy demand were additionally achieved
throughout the building’s life, simply by increasing insulation and using triple-glazed windows.
The importance of passing these alternative solutions through the resilience filter is highlighted,
not least questioning whether they are really fit-for-purpose.
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1. Introduction

Many authors have identified challenges or concerns with the current situation of Saudi Arabian
domestic buildings with regard to their sustainability and resilience [1–6]. This may be because no
homegrown/developed building rating system exists that considers the country’s unique factors [7].
That said, a sustainability code is currently being developed, which will likely soon be released by
the National Committee for the Saudi Building Code [8]. In Saudi Arabia, the construction sector
negatively impacts the environment, using higher amounts of energy and material resources than
other sectors [9]. At the same time, the region experiences high temperatures [10], which can reach
50 ◦C between June and July [11]. In Saudi Arabia, cooling systems currently account for around
70% of household electrical demands during summer months [12]. Therefore, it is not surprising that
domestic buildings consume approximately half of the country’s electricity production [1,5]. This is an
area where considerable environmental improvements can be made. However, these improvements
should not solely indicate an occupied building’s energy use. In other words, the materials used within
a building and the allied construction processes used to create them (i.e., embodied and embedded
impacts) must also be considered given they have a significant environmental impact [13]. A large
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part of society’s total carbon footprint is produced from the carbon emissions connected with built
environments [14]. Sustainable strategies for construction are attracting increased attention among
scholars/practitioners and society as a whole due to their concerns over environmental damage and the
world-wide depletion of resources [15], not least of which is oil. It has been argued that civil engineers
have engineered with society in mind and have thus always placed sustainability at the heart of their
work [16]. Therefore, better consideration of the materials used therein cannot be ignored.

For sustainable building practices to be implemented in Saudi Arabian construction, a balance
must be struck between environmental, social, and economic performance [17]. When assessing the
environmental sustainability of a building, it is widely considered that energy performance is the most
important of these criteria [18], especially considering the advent of climate change, which strongly
impacts the other two pillars. Therefore, it is not surprising that this area receives the greatest attention.

At the same time, the sustainable long-game in Saudi Arabia has to be considered. The impact on
future generations to provide for themselves is a key factor, as is the longevity or resilience of future
societies. Resilience in this context means that under changing circumstances, the function (in this case
that of a domestic building) can still be delivered no matter what transpires [19]. Future uncertainties
are inevitable and ‘resilience proofing’ is a concept that addresses these uncertainties [20]. Certainties
and uncertainties (perhaps better considered by asking a series of ‘what if?’ questions) include both
expected and unexpected circumstances and outcomes, natural, or man-made [21].

In recent years, the number of natural disasters in Saudi Arabia, such as dust storms and floods,
have increased [22]. Viewing these concerns and challenges from two perspectives—i.e., sustainability
and resilience—is extremely beneficial to future-proofing domestic building designs [23]. However,
for practitioners and scholars to successfully incorporate the concepts of sustainability and resilience,
new frameworks and tools must be developed and utilized in the built environment [24]. Reassuringly,
many published studies have concluded that it is technically possible to incorporate resilience indicators
and metrics with those for sustainability; for the most part the two work in parallel to each other [25].

In an ideal world, construction systems would incorporate robust resilience standards and
sustainable performance criteria [26] because buildings are likely to encounter changing circumstances
as they emerge in the future. If they cannot adapt (by themselves or through minimal intervention)
they will quickly reach their end-of life state and become obsolete [27]. In order to be resilient,
individuals or entities must possess characteristics that enable them to maintain their identity when
they are faced with stressful and unusual situations. Ambitiously, they may even emerge stronger
from such situations [28]. Those working in construction design should, therefore, place a high
priority on ensuring that new buildings are able to cope with potential loads and stresses, which future
circumstances may impose on them and that they can withstand the damage they may sustain from
current and future climatic events [29]. Buildings should also be constructed in line with local cultural
and environmental conditions [30].

The selection of construction materials is important as it contributes significantly to environmental
sustainability [31]. The building industry has several unique features, such as extremely long lifespans,
the range of construction methods and a vast selection of materials [32]. Achieving high impact with
sustainability in construction is influenced by design and decisions at the early stages [33]. Research by
Alaidroos and Krarti [34] affirms the promotion of energy saving for buildings by motivating and
investing. In a country such as Saudi Arabia, zero-carbon homes as a concept may become possible
through the utilization of solar energy [2]. Sustainability concerns must be addressed in the early stages
of building projects, when decisions are being made about building materials and techniques, following
the life cycle concept [35]. Huge demands for energy should be minimized as much as possible
before applying zero-energy home solutions [36]. As a potential example of consideration given to
construction materials, a former study achieved a 20% reduction in carbon by using a design with a
reused steel structure [37]. In Saudi Arabia, although efforts are being made to propose new regulations
and government policies, and energy-efficient technologies are available, the energy consumption
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habits and lifestyle of Saudi citizens must be improved if these are to have an impact [38] in both the
short and long term.

Whilst there are many tools available for measuring sustainability and resilience [3], questions
exist about whether these tools meet the local conditions and context for Saudi Arabia. One of the
difficulties is that there are reported contradictions between energy performance figures once the
building is occupied (operation stage) as compared to the simulated long-term performance suggested
in the design stage [39]. Furthermore, a study by Alshuwaikhat and Mohammed [40] asserted that
a methodology suitable for one country cannot necessarily be transferred successfully to another,
because of the different contexts existing in each. This may go some way towards explaining why such
discrepancies exist. A number of factors in Saudi Arabia need to be taken into account [41]:

• Policies and regulations
• Culture and traditions
• Public opinion/behavior
• Environmental factors
• Climate
• Geographical characteristics
• Systems and materials used in construction
• How resources are consumed
• The prospect for integration of renewable energy

Saudi government organizations have also been paying greater attention to sustainability in recent
years [4,42]. A tangible example of this is Saudi Vision 2030, which takes a huge positive step towards
implementing sustainability [43]. In addition it is recommended that tools tailored for sustainable
assessment of Saudi Arabian homes be developed from within [44,45]. Additionally, it is recommended
that such innovative tools be employed by building owners so that they can manage construction
decisions (including renovation projects) sustainably, especially when they own a large portfolio of
buildings [46].

In meeting this aim this paper presents a resilience and environmental sustainability assessment
framework (RESAF) for domestic buildings. RESAF helps designers/builders minimize the carbon
footprint of the building fabric and thereby reduce in-use energy demand of domestic buildings in
Saudi Arabia. The sections of the paper are outlined as follows: Section 2 explains the methodological
design of the RESAF by pointing out the filters and steps. Section 3 outlines the results of applying
a domestic building case study to the RESAF. Section 4 discusses the developed framework and the
results. Finally, the conclusion is drawn in Section 5, which also outlines recommendations for future
work in relation to this study.

2. RESAF: The Methodological Framework

The RESAF has been developed to help practitioners (e.g., designers, engineers, contractors) in
Saudi Arabia to select appropriate construction materials which meet sustainability (i.e., environmental)
and resilience criteria. Although the developed framework is intended to be used for domestic buildings
in Saudi Arabia, it could, with minor adjustments, be used for other types of buildings. Likewise,
the generic aspects could allow application to other regions. Figure 1 shows the dual filter approach:
the inner sustainability filter (Section 2.1) and the outer resilience filter (Section 2.2).
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Figure 1. Resilience and environmental sustainability assessment framework (RESAF) framework
filters and steps.

The inner filter consists of three stages of assessment for materials used (i.e., cradle-to-gate,
gate-to-grave (transport), and U-value calculations).

The units of measure used therein are: Embodied carbon (kgCO2e); embodied energy (MJ) where
1 MJ = 0.2778 kWh; and U-value (W/m2.K).

The following information is required in order to make an assessment of the domestic building:

• Domestic building plans and dimensions
• Location of the building
• Soil types at the location of the building (see: 2.1.3.3)
• Construction materials (types and quantities)
• Modes of transport and gate-to-grave (from the factory gate to the end of the use of the building)

distances (where available)
• Detailing about wall and roof construction
• Glazing types (e.g., windows or skylights)

Utilizing the framework might be possible, even if some of the information listed above is not
available. However, in such cases, appropriate assumptions should be made and suitable justification
provided. The accuracy and efficiency of the outcomes (i.e., results) are very much dependent on
the availability of the above-mentioned information as well as the choices made by the users while
implementing the framework.

The excel-based tool, which accompanies the framework, was developed to allow ease of
considering the impact of changing material choices within a domestic building design.

2.1. Part 1: Information and Details about Proposed House Building (Inputs)

2.1.1. Stage 1: Proposed Construction Material Selection for a House ‘Cradle-to-Gate’

At this stage, we consider the embodied carbon and energy from the cradle-to-gate assessment for
construction materials. Cradle-to-gate is defined as the life cycle of the product from the moment the
resources are extracted to the time the material is ready for transport to the factory gate [47,48]. Stage 1
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is designed in line with the basic data extracted from the inventory of carbon and energy (ICE) version
2.0. [49]. The data from this (and previous) versions have been used in a number of studies. Therefore,
no future validation is needed [50–52]. In addition to this, data have been organized based on (LCA),
(ISO) 14040/44 principles, and associated framework developed by Hammond and Jones [53].

There are 14 categories of construction materials in the framework: aggregate and sand, aluminum,
block, carpet, cement, ceramics, ready-mix concrete, precast concrete, glass, insulation, paint, plastics,
steel, and timber. All these categories include a number of types, making 162 types in total, covering
the most important materials which are likely to be used in a domestic property.

The data presented at this stage are based on embodied carbon coefficients (ECC; in kgCO2e/kg)
and the embodied energy coefficients (EEC; in MJ/kg) for the construction materials. To calculate the
embodied carbon (EC; in kgCO2e) and embodied Eeergy (EE; in MJ) for the construction materials,
refer to Equation (1):

EC = ECC × Q or EE = EEC × Q (1)

where Q denotes construction material quantities (kg).
The following is an example of Equation (1): if Q is 4 kg and the ECC is 0.07 kgCO2e/kg, then the

EC for this material is 4 × 0.07= 0.28 kgCO2e.

2.1.2. Stage 2: Transport Selection from Gate-to-Grave

In order to improve the outcome of embodied carbon kgCO2e for the construction materials,
Stage 2 is included in the framework. ‘Freighting goods (downstream)’ and ‘well-to-tank (WTT)
(upstream)’ data have been taken from government emission conversion factors for greenhouse gas
company reporting [54]. As per the same reference and the greenhouse gas protocol reported by
Ranganathan et al. [55], freighting goods emissions data are associated with the fuel used during
transport modes. However, the WTT reports emissions of fuel before the transport mode, such as those
embodied from the extraction and refining of fossil fuel. Data for an average load of each transport
mode has been included. Data are reported in kgCO2e/tonne.km and converted to kgCO2e for each
mode of transport (i.e., heavy goods vehicle (HGV) diesel, diesel vans, petrol vans, rail, freight flights,
and cargo ships)

2.1.3. Stage 3: U-Value Calculations for Domestic Buildings

U-value calculations have been considered in order to help select building materials that reduce
the long term (in-use) energy demand for heating and cooling domestic buildings [56].

U-value (W/m2.K) calculations are undertaken for: walls and roof sections; windows and roof
light glazing; and ground floors. U-values are converted to gain or loss coefficients (W K–1). Finally,
an annual energy demand and embodied kgCO2e are calculated for both cooling and heating.

To calculate the U-value of a construction section, consisting of multiple layers of different material,
a simple formulation is used as shown in Equation (2) [57].

U = 1/(RSI + R1 + R2 + . . . + RSE) (2)

where:
U = U-value of individual element (walls and roofs) (W/m2.K)
RSI = Internal surface resistance (m2KW−1)
RSE = External surface resistance (m2KW−1)
R1 and R2 = Thermal resistance for components of walls and roofs (materials layers) (m2KW−1)
It is assumed that the internal thermal resistance is 0.13 and the external thermal resistance

is 0.04 m2KW−1 [58]. A calculation for the thermal resistance of components like R1 is shown in
Equation (3)

R1 = (d1/λ1) (3)
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where:
d1 = thickness of material (m)
λ1 = thermal conductivity (W m–1 K–1)
The glazing U-value for the building depends on several properties (i.e., types of frames, glazing,

gap between panes, and conditions) and whether it is a window or roof light. The result for the U-value
are based on the criteria tables sourced from CIBSE [57].

The ground floor U-value for a building depends on the ground floor area and perimeter as well as
the soil type (clay/silt, sand/gravel, or homogeneous rock) and thermal insulation resistance (m2KW−1).
The result for the U-value are once again based on the criteria tables sourced from CIBSE [57].

Equation (4) is used to calculate the annual energy demand (kWh) from a building’s cooling or
heating load [58].

Ht × CDD × 24/1000 or Ht × HDD × 24/1000 (4)

where:
Ht = Total contribution to the heat gain or loss coefficient of a house from walls, roofs, grounds

floors, windows, and ventilation) (W K−1)
CDD = Cooling degree-days (◦C)
HDD = Heating degree-days (◦C)
The data on degree days were extracted from the American Society of Heating, Refrigerating and

Air-Conditioning Engineers (ASHRAE) [59]. Degree days are the total of the differences between the
outside temperature and a reference temperature measured over a determined period of time [60].
A base temperature of 18.3 degrees is used when calculating heating and cooling degree days,
which adheres to the Saudi Building Code [61]. The multiplication by 24 is necessary to convert days
into hours and kilowatt-hours (kWh) are obtained by dividing by 1000.

Ht is calculated from Equation (5):
U × A (5)

where:
U = U-value of individual element (i.e., walls, roofs, grounds floors, windows) (W/m2.K)
A = area of element (m2).
Note that the contribution of ventilation to the heat gain or loss coefficient (W K–1) is calculated as

in Equation (6):
0.33 × V × n (6)

where:
V = volume of the house (m3)
n = rate of air changes per hour (ACH).

2.1.4. Stage 4: Assessing the Resilience of Possible Sustainable Solutions in the Future

Today, it is not unusual for building designs to incorporate considerations of sustainability and
resilience (in addition to adaptability and livability) [62]. As reported by Rogers [62], civil engineers
must be provided with support to improve how their interventions (in this case materials) are
conceived, prepared, and implemented so they align with these concepts and are able to adapt to
changing circumstances.

The assessment of the resilience in filter 2 uses an urban futures assessment. In other words,
the future performance of materials selected in Stages 1, 2, and 3 are considered within the context of
three very different future scenarios.

Scenario 1. Market forces (MF): a conventional scenario sometimes referred to as business-as-usual,
where no major changes to current patterns of behavior are expected. In terms of material selection,
this would likely mean that sustainability does not feature high up the agenda and the aesthetics
(i.e., form) and function of a material waste is considered far more readily than sustainability credentials.
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Scenario 2. Policy reform (PR): based on strict policy to achieve sustainability goals. In terms of
material choice sustainability is likely to feature much higher on the agenda enforced by strict policies
for improving material selection.

Scenario 3. New sustainability paradigm (NSP) is led by the widely accepted sustainable citizen
values and behavior. For material selection, it is likely that citizens readily embrace sustainable material
choice and the governance systems support such implementation.

In order to do this a number of necessary conditions (NCs), which are conditions necessary to
allow selected materials to deliver their function in the long term, should be derived [19]. These are
shown in Table 1.

Table 1. Necessary conditions (NC) for materials used in domestic buildings.

No Necessary Conditions

1 Availability of proposed materials

2 Bounce back ability of the building

3 Absence of other environmental considerations

4 Minimum building code requirements

5 Environmental footprint of transport

6 Public acceptance of sustainable solutions

The matrix in Table 2 is used to evaluate the necessary conditions for the sustainable solution
(selected materials) regarding their performance in three future scenarios. This evaluation is to decide
whether these solutions should be implemented, adapted, or replaced by other solutions that will go
through the evaluation process again [19]. In each of these future scenarios, there are three grade levels
to assess respecting necessary conditions. They are as follows:

• Green: condition highly likely to continue in the future;
• Amber: condition at risk in the future;
• Red: condition highly unlikely to continue in the future.

Table 2. An example of the resilience matrix for assessing materials [19].

Necessary Conditions New Sustainability Paradigm Policy Reform Market Forces

(A) “Green” “Green” “Green”

(B) “Green” “Green” “Amber”

(C) “Red” “Amber” “Red”

If green grades are allocated in all three scenarios, such as in condition (A), there is the possibility
of a solution utilized with confidence. However, if amber or red grades are allocated to one of the
three future scenarios, such as conditions (B) and (C), it simply means that the proposed solution is not
resilient, requiring more research for the possibility of the adaptation or conceptualization of other
alternative solutions.

2.2. Outline of the Case Study

The house project is a proposed design to be built in Dammam, Saudi Arabia. The total floor space
is 890 m2. The house is composed of ground, first, and penthouse floors (Figures 2–5). The building
is a concrete structure using a two-way ribbed slab system. The construction materials are specified
in the proposed design and the usage of materials, quantities, and specifications are summarized in
Table 3. The total weight of the materials amounts to approximately 3,319,162 Kg.
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Table 3. Proposed construction materials in the domestic building design.

Material Type Quantity (Unit) Quantity (Kg) Specifications and Purpose

Ready-mix
concrete

(25–30 MPa) - 100%
Portland cement (CEM I) 31.57 m3 76,084

Plain concrete for blinding
(below foundations,

ground beams)

Ready-mix
concrete

(28–35 MPa) - 100%
Portland cement (CEM I) 772.79 m3 1,870,152

Reinforced concrete for
foundations, beams, columns,

slabs, stairs

Cement Mortar (1:3 cement: sand
mix)1 130.13 m3 247,247

Top-of-floor slab to receive
finishes, concrete blocks

insulation, and plastering for
exterior and internal walls

Steel Reinforcement steel1 - 37,912 Steel rebar for concrete
structure elements

Timber Plywood1 3923.83 m2 32,960
Formworks in construction

process for concrete
structure elements

Precast
concrete

(25–30 MPa) - 100%
Portland cement (CEM I) 5.76 m2 2082 Exterior wall cladding

Block Autoclaved aerated block 7335 pieces 88,020 Filling the empty spaces in the
two-way ribbed slabs

Block Concrete block: (12 MPa) 2819 pieces 95,846 Masonry solid blocks for
foundation walls
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Table 3. Cont.

Material Type Quantity (Unit) Quantity (Kg) Specifications and Purpose

Block Concrete block: (8 MPa) 27,226 pieces 787,160 Masonry hollow blocks for
external and internal walls

Insulation
(plastics) General Polyethylene2 1175.17 m2 171.04 Below foundation, slab and

ground beam

Insulation Expanded Polystyrene2 16.61 m3 531.52 Thermal insulation, 50mm
thickness

Soil General Aggregate1 16.61 m3 37,206 Roof deck

Timber Laminated veneer lumber2 3.52 m3 2816 Doors

Glass Toughened glass2 1.06 m3 2650 Windows

Aluminum General Aluminium1,2 1.79 m3 4833 Window framing and doors

Carpet Wool 105.86 m2 253 Flooring

Stone Granite1 426.72 m2 7373 Building facade stone finish

Paint General paint2 3331.93 m2 337 Internal and external walls

Clay Clay Tiles1 111.30 m2 1268 Roof tiles (external finish)

Plastics PVC Pipe1,3 1736.70 m 2417 Plumbing and electrical pipes

Ceramic General ceramic1 - 8499 Floors, walls and skirting tiles

Stone Marble tiles1 - 13,344 Floors, walls and skirting tiles
1,2 Density of the materials extracted from [57,63], to calculate with kg. 3 Polyvinyl chloride (PVC).

3. Results

3.1. Cradle-to-Gate

The results from cradle-to-gate presented in Tables 4 and 5 illustrate the embodied kgCO2e and
MJ from the construction materials proposed by the case study designer. Overall, the influence of
concrete materials on the outcome is clear for both the embodied carbon and energy. This was to be
expected even though the resources needed to produce concrete are locally available [64], particularly
in developing countries. The issue is that its manufacture involves a huge amount of energy, especially
the cement. In this building it can be seen that steel has a remarkable impact with 11.51% of the total
embodied carbon (kgCO2e) and 16.46% of the total embodied energy (MJ). Steel and reinforced concrete
are used extensively by structural engineers and architects, and both materials make intensive use of
energy [65]. Taken together, there is an indication that the types of materials adopted need enhancing
or different materials need to be used in order to minimize the negative effects on the environment.

Table 4. Embodied Carbon kgCO2e for cradle-to-gate.

Material Embodied Carbon kgCO2e %

Ready-mix concrete 287,434 46.94

Block (concrete products) 86,716 14.16

Steel 70,517 11.51

Cement (mortar) 54,642 8.92

Aluminum 44,270 7.23

Timber 38,087 6.22

Aggregate and sand 8155 1.33

Plastics 7810 1.28

Ceramics 6629 1.08
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Table 4. Cont.

Material Embodied Carbon kgCO2e %

Glass 3578 0.58

Insulation 1749 0.29

Carpet 1484 0.24

Paint 983 0.16

Precast concrete 352 0.06

Total 612,406 100.00

Table 5. Embodied energy (MJ) for cradle-to-gate.

Material Embodied Energy (MJ) %

Ready-mix concrete 1,845,880 31.84

Steel 954,248 16.46

Block (concrete products) 841,504 14.52

Aluminum 749,115 12.92

Timber 521,155 8.99

Cement (mortar) 328,839 5.67

Plastics 163,213 2.82

Aggregate and sand 128,596 2.22

Ceramics 101,988 1.76

Glass 62,275 1.07

Insulation 47,093 0.81

Carpet 26,830 0.46

Paint 23,646 0.41

Precast concrete 2832 0.05

Total 5,797,214 100.00

With these negative impacts in mind, a number of suggested actions will be highlighted for the case
study. Looking ahead, specifying materials that have less impact on the environment such as substitutes
for cement [66], could be a substantive step towards solutions for currently unsustainable materials.

The first action is to partially substitute the cement with replacement materials when using
ready-mix concrete, for example by using pulverized fly ash (PFA) or ground granulated blast furnace
slag (GGBS). Table 6 demonstrates the extent of the savings that can be made in terms of embodied
carbon and energy (i.e., 76,084 kg of ready-mix concrete (25–30 MPa) and 1,870,152 kg for ready-mix
concrete (28–35 MPa). The savings could lead to a 41% reduction in embodied carbon and 27% reduction
in energy consumption when substituting cement in this way. A further advantage of utilizing PFA or
GGBS is that these ‘waste’ materials would not need to be disposed of in landfill, thus reducing the
significant negative environmental impacts from a domestic building’s construction [67].

There are three types of blocks in the building: autoclaved aerated blocks, concrete blocks (8 MPa),
and concrete blocks (12 MPa). They have been used as presented in Table 7. Concrete blocks (12 MPa)
and (8 MPa) will still be proposed. However, the second action is to change the selection of autoclaved
aerated blocks to concrete blocks (8 MPa). This will result in a significant reduction (>20%) of embodied
carbon and energy. Table 7 shows the breakdown of these savings in detail. The reason for this
reduction is that autoclaved aerated blocks embody 3.50 MJ/kg and 0.326 kgCO2e/kg, compared with
0.59 MJ/kg and 0.063 kgCO2e/kg, respectively, for concrete blocks (8 MPa).
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Table 6. The influence of blast furnace slag or fly ash replacement on embodied carbon kgCO2e and
embodied energy (MJ) of ready-mix concrete [(25–30 MPa) and (28–35 MPa)].

Material Type Embodied Carbon
kgCO2e

Total Saving
(%)

Embodied
Energy (MJ)

Total Saving
(%)

Ready-mix
Concrete

100% Portland
cement (CEM I) 287,434 1,845,880

Ready-mix
Concrete

Replacing cement
with 15% fly ash 267,972 7 1,747,808 5

Ready-mix
Concrete

Replacing cement
with 30% fly ash 240,648 16 1,592,109 14

Ready-mix
Concrete

Replacing cement
with 25% blast

furnace slag
230,993 20 1,611,571 13

Ready-mix
Concrete

Replacing cement
with 50% blast

furnace slag
170,736 41 1,339,859 27

Table 7. Comparison of the two proposed options for blocks (concrete products) ready-mix concrete.

Old Proposed Option New Proposed Option

Blocks (concrete products)

Autoclaved aerated block:
7335 pieces,

Concrete block (12 MPa):
2819 pieces and

Concrete block (8 MPa):
27,226 pieces

Concrete block (12 MPa):
2819 pieces and

Concrete block (8 MPa):
34,561 pieces

Embodied kgCO2e 86,716 kgCO2e 67,730 kgCO2e
(22% saving)

Embodied energy (MJ) 841,504 MJ 624,314 MJ
(26% saving)

3.2. Gate-to-Grave

Transport (gate-to-grave) examines how these construction materials are delivered to the site
and how they are disposed of at the end of the building’s operation. It has been presumed that
most of the selected materials will be delivered locally from manufacturers in Saudi Arabia, except
ceramic, granite, and marble (from Italy, for example). It is also assumed that all the materials will be
disposed of, except steel. Figure 6 represents the result. The transport from just gate-to-grave consumes
approximately 75,118 kgCO2e, while 612,406 kgCO2e is the consumption from cradle-to-gate for all
activities (e.g., material processing and manufacturing, transport to the factory). Ignoring the transport
from gate-to-grave is not a reasonable approach when calculating the embodied carbon as it equals
12% of cradle-to-gate embodied carbon, as shown in Figure 6. Return of transport to its base has not
been included as this is not directly controlled by the framework users who select the materials and
potential suppliers, otherwise the carbon emissions might increase twofold and be 150,236 kgCO2e.

In Figure 7, ready-mix concrete, cement, and concrete blocks are the main contributors to embodied
carbon from freighting goods and well-to-tank (WTT), even though they are locally sourced. Aggregate
and sand (including marble and granite sourced from Italy, while gravel is locally sourced) still
reach 5000 kgCO2e. Other materials (plastic, paint, insulation, glass, carpet, and aluminum) have no
tangible effect on the embodied carbon. Freighted goods’ carbon emissions are dramatically higher,
with 81% of the total carbon embodied transport from gate-to-grave, compared with WTT emissions.
No direct solution can be proposed and whenever possible materials are sourced locally, which reduces
carbon emissions. A number of studies have highlighted the necessity of reducing the carbon dioxide
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emissions which arise from the transportation of materials during the distribution of materials and
the construction stage [68]. It is, therefore, suggested that companies should make an effort to select
the nearest supplier and avoid deliveries of small amounts of goods. Bear in mind that the impact of
transportation can still be high if low-energy materials are transported over long distances [69].
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3.3. In-Use Consumption of Energy

It is not sufficient to calculate the improvement to embodied energy alone due to material choices
made. A holistic assessment should also look at the impact that these choices have on the yearly energy
demand (consumption) for the heating or cooling load in the domestic property during the operation
of the building. With the material properties proposed, the respective U-value properties for each of
the building elements adopted are presented in Table 8. Contribution to heat gain or loss coefficient
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from ventilation is calculated as 431.39 (W K–1), the building volume is 3735 m3, and the rate of air
changes per hour is 0.35 ACH [70].

Table 8. Properties of elements used in the case study building.

Building
Elements Details U-Value

(W/m2K) Area (m2)
Contribution to Heat

Gain or Loss
Coefficient (W K–1)

Roof 1

Ceramic (20 mm), polyurethane
(0.20 mm), polystyrene ‘extruded’
(20 mm), bitumen (4 mm), cement

mortar ‘1650 kg/m3’ (10 mm),
reinforced concrete (200 mm)

0.95 175 165.57

Roof 2

Gravel (30 mm), polyurethane (0.20
mm), polystyrene ‘extruded’ (20
mm), bitumen (4 mm), cement
mortar ‘1650 kg/m3’ (10 mm),
reinforced concrete (200 mm)

0.91 175 159.04

Wall 1

Granite (20 mm), masonry block
(200 mm), polystyrene ‘extruded’

(20 mm), cement mortar ‘1650
kg/m3’ (10 mm)

0.87 580 503.22

Wall 2
Masonry block, (200 mm),

polystyrene ‘extruded’ (20 mm),
cement mortar ‘1650 kg/m3’ (20 mm)

0.862 290 249.84

Window

Double glazing, aluminum frame,
air-filled, low-emissivity: εn = 0.1

‘soft coat’, 12 mm gap between
panes, and 8 mm thermal break

2.50 133.20 333

Ground floor
Land soil type is sand or gravel,

and polystyrene ‘extruded’ (20 mm)
is used for the insulation.

0.41 381 156.21

Based on these values, a building in Dammam would expect to consume on average a total energy of
176,295 kWh/year, (198 kWh/m2/year). Breaking this number down into detail, 94% (166,080 kWh/year)
is for cooling and 6% (10,215 kWh/year) is for heating. Assuming that 0.726 kgCO2e/kWh is the factor
for conversion from energy used to carbon emitted in Saudi Arabia (this has been adapted by adding
6% to the 0.685 kgCO2/kWh factor provided by Taleb and Sharples [44] based on a recommendation by
Hammond and Jones [49]) it can be calculated that during its operation stage a building in Dammam
embodies 127,990 kgCO2e year.

A study by Alaidroos and Krarti [34] reported the energy consumption in different cities for
domestic buildings with the same properties, but the study did not include embodied carbon.
Since the developed framework provides an option to select other cities, Figure 8 illustrates the
energy consumption and embodied kgCO2e in different cities. These figures are dramatically high
in comparison with other benchmarks and is nowhere near achieving a carbon neutral design.
Carbon neutrality may be way off. However, it has been proposed that the domestic sector in Saudi
Arabia should aim to achieve low-carbon energy consumption rates of approximately 77 kWh/m2 and
98 kWh/m2 yearly [71]. It is interesting to note that the yearly embodied figure for a city like Khamis
Mushait is 73 kWh/m2 (53 kgCO2e/m2), which actually meets the low-carbon embodied benchmark
recommended by Aldossary et al. [71], while a city like Makkah is 260 kWh/m2 (189 kgCO2e/m2),
which is the highest. The figures for all of the cities are most significantly influenced by cooling load,
with only a slight effect from the heating load.
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A reduction in the rates of kWh or kgCO2e per meter square, as presented in Figure 8, can be
achieved by using extra insulation for walls and roofs and changing the type of windows, especially
since these materials do not have tangibly negative impacts on the environment in terms of overall
embodied carbon and energy (refer to Tables 4 and 5 for more information). Table 9 shows the
annual energy and carbon savings of the three options according to the different changes to elements.
For example, in option 2, by increasing the extruded polystyrene from 20 mm to 30 mm for the walls and
roofs, changing the window type to triple glazing and retaining the other originally proposed elements
(in Table 8), annual energy consumption and carbon emissions can be reduced by approximately 17%.
This reduction can also increase to 19% if the window frames are replaced with plastic (PVC), as in
Option 3.

Table 9. Proposed changes to specific properties of elements.

Options
Proposed Changes to Elements1 Saving Percentage in

Energy Consumption or
Embodied Carbon (%)Walls and Roofs Windows

1 Increase extruded polystyrene
from 20 mm to 30 mm No changes 13

2 Increase extruded polystyrene
from 20 mm to 30 mm

Replace the double glazing with
triple glazing and keep the

aluminum frame
17

3 Increase extruded polystyrene
from 20 mm to 30 mm

Replace the double glazing with
triple glazing and change to

PVC frame
19

1 Other properties have not been changed in Table 8.

Three alternatives are illustrated in Table 10 to outline the environmental impacts in both the
construction material stage and the in-use building stage.
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Table 10. Different alternatives for use of the framework.

Aspects Base Case 1 Alternative 1 Alternative 2 Alternative 3

Changes to
minimize the

embodied energy
and carbon from

materials

No changes
Use ready-mix concrete, replacing the cement with 50% blast furnace

slag;
replace autoclaved aerated blocks with concrete blocks (8 MPa)

Changes to
minimize the

in-use energy (1)
No changes No changes

Increase extruded
polystyrene from 20

mm to 30 mm

Increase extruded
polystyrene from
20 mm to 30 mm

Changes to
minimize the

in-use energy (2)
No changes No changes

Replace the double
glazing with triple

glazing and keep the
aluminum frame

Replace the double
glazing with triple
glazing and replace

with PVC frame

Embodied energy
from materials

5,797,214 MJ or
1,610,466 kWh

5,074,003 MJ or
1,409,558 kWh

(12.48% savings)

5,128,687 MJ or
1,424,749 kWh

(11.53% savings)

5,016,377 MJ or
1,393,449 kWh

(13.47% savings)

Embodied carbon
from materials 612,406 kgCO2e 476,722 kgCO2e

(22.16% savings)
479,386 kgCO2e

(21.72 % savings)
472,019 kgCO2e
(22.92% savings)

Yearly energy
consumption
(in-use stage)

176,295 kWh
(198 kWh/m2)

176,295 kWh
(198 kWh/m2)
(no savings)

145,792 kWh
(164 kWh/m2)
(17% savings)

142,266 kWh
(160 kWh/m2)
(19% savings)

Yearly embodied
carbon

(in-use stage)

127,990 kgCO2e
(144

kgCO2e/m2)

127,990 kgCO2e
(144 kgCO2e/m2)

(no savings)

103,285 kgCO2e
(119 kgCO2e/m2)

(17% savings)

103,285 kgCO2e
(116 kgCO2e/m2)

(19% savings)
1 Refer to Table 3 for base construction materials for the case study.

It is worthwhile to note that when in-use stage changes have not been performed (Alternative 1),
there is no change to long-term energy consumption during operation of the building. The only
benefits from the cradle-to-gate materials stage are further reductions in embedded carbon (22.16%)
and energy (12.48%).

Alternative 2 showed a 17% reduction in yearly energy consumption and carbon production:
145,792 kWh and 103,285 kgCO2e (164 kWh/m2 and 119 kgCO2e/m2). In short, a slight increase of less
than 1% in embodied energy and carbon from materials compared to Alternative 1 (which comes from
glass and insulation) is well worth the tradeoff when a considerable amount more can be saved each
year of use. Over a 50- to 100-year lifespan, this can be considerable (i.e., up to 100 times more).

However, Alternative 3 demonstrated a 19% savings in energy use as well as a slightly higher
savings of less than 1% of embodied carbon and energy from materials compared to Alternatives 1 and
2. The reason for this slight improvement is that the PVC used as a frame for the windows has much
lower carbon and energy coefficients (in MJ/kg and kgCO2e/kg) than aluminum (see Table 5).

It is assumed that these significantly reduced impacts will apply to other Saudi Arabian cities.
During building life cycle, this will result in years of savings from both the point of view of the materials
and also from the enhanced in-use performance of the building.

There is also another point to consider: many Saudi studies have previously ignored embodied
carbon and energy from materials [1,34]. It seems they conducted this because the in-use stage is
where the majority of the energy consumption for a building exists. This philosophy may not be
accurate, especially when examining Table 10 and attempting to explain the numbers in the base case.
The embodied energy of the materials is equal to approximately nine years of energy consumption
from a building operation and the carbon equals approximately five years of yearly carbon emissions
from a building operation. This shows that a philosophy of ignoring it may not be appropriate and
justifies the research presented here.
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The next section considers the resilience filter, which will determine the future resilience of these
material choices (solutions) to reduce energy and carbon.

3.4. Future Resilience of Material Choices

This domestic building case study utilizes a number of proposed solutions, such as partially
replacing cement for concrete mix, not using autoclaved aerated block, increasing insulation thickness,
and using triple-glazed windows with PVC frames. Thus, the main question is: Are the solutions
fit-for-purpose in the future? Table 11 offers an assessment of this by considering their resilience within
three reported future scenario archetypes: the new sustainability paradigm, policy reform, and market
forces [19,72]. This urban futures methodological approach helps evaluate whether the proposed
solutions can be implemented and whether they will function and cope with changes in the future

Table 11. Assessing the resilience of possible sustainable solutions in the future for the case study. PFA:
pulverized fly ash; GGBS: ground granulated blast furnace slag.

Necessary
Conditions

New Sustainability Paradigm
(NSP) Policy Reform (PR) Market Forces (MF)

Availability of
proposed materials

Availability is less well-considered
initially and partially replacement
of cement with other substitutes

(PFA or GGBS) ensues. With time
availability becomes a concern as
does the reliance of coal for PFA

production. “Amber”

Availability is less well-considered.
Domestic building policies require
a minimum cement replacement in
order to help meet carbon targets
which are a primary focus. “Red”

Concerned with developing a market
to increase the demand for these

materials for concrete factories; this is
accompanied by an increased search
for other substitutes (options such as

pozzolans) to meet the policy
standards. “Red”

Bounce back ability
of the building

Partially replacement of cement
with other substitutes (PFA or
GGBS) is readily endorsed as it

avoids waste and reduces carbon –
Bounce back is less well
considered. “Amber”

Long term resilience of the
material itself is less

well-considered than ability to
meet carbon targets - a strict

structure design requirement for
cement replacement is set. “Red”

The market is concerned with
minimizing costs by following exact

design principles (i.e., original
minimum compressive strength),

longevity is considered only where a
costs and liability occur. “Amber”

Absence of other
environmental
considerations

The importance of replace high
impact materials as aluminum
frames with other types (e.g.,
PVC) is an initial priority. As
durability concerns are raised

sustainable alternatives are
proposed. “Green”

As durability concerns are raised
about resilience of materials to hot
weather conditions, policy reacts.
A dual approach is adopted; use of
recycled PVC in frame production;

adoption of PVC frames with
triple glazing adopted in cities

with lower temperatures; retain
aluminum frames with triple

glazing for hot regions. “Amber”

The market is interested in meeting
the conditions for a reasonable low

cooling and heating energy to avoid
other environmental concerns. “Red”

Minimum building
code requirements

A target of maximum U-values,
annual energy consumption and

other building material
specifications are readily and
willingly exceeded. “Green”

Building regulations set ever
tighter U-values for building
elements (e.g., yearly energy
consumption), this includes a
maximum embodied carbon
threshold for materials use.

“Amber”

MF implements these rules gradually
rather than immediately stimulating
new markets. The bare minimum is

achieved, exceedance occurs only
where a Market advantage is served.

“Amber”

Environmental
footprint of
transport

NSP considers whole life costing
in order to ensure the

environmental footprint of
transport is considered in whole.

“Amber”

Where the material comes from is
less important than meeting
targets and ticking checklist,

whilst promotion for
transportation (with low carbon

emissions) is regulated and
enforced the bigger picture is
sometime missed. “Amber”

Any attempt to minimize the
transportation of goods (construction
materials) is considered purely on an
economics basis – if it saves money it

is readily adopted. Only where a
long-term interest for the building is
served will a higher price be paid for

reducing the footprint. “Amber”

Public acceptance
of sustainable

solutions

Public ability to accept these
changes (people’s behavior), is

high especially when it comes to
understanding sustainable

concerns. “Amber”

Acceptance is enforced by policy
rather than being readily accepted.
Acceptance is promoted through

education and by simplifying
environmental figures to formats
readily understood by the public.

“Green”

Acceptance has to be carefully
thought through- by presenting

carbon numbers in terms of savings
percentages (e.g., a homeowner will
save 17% of their bill rather than a
homeowner will save 17% energy);

prompt sustainability and resilience
through social networking

applications. “Green”
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PFA and GGBS have been proposed as alternatives to using a percentage of cement (up to 50%)
as well as to reduce the carbon and energy footprint for concrete. The availability of materials is an
important factor in the selection of materials in the construction industry. Availability is paramount
because specific materials may be in irregular supply and regulations to enforce adoption may lead to
an increase in demand by stakeholders in the market. Concrete producers should therefore be ready
to make these cement substitutes readily available. High demands for specific materials leads to a
shortage, which will be reflected in the price. The search for replacements for cement will provide more
alternatives for the industry. Based on a study by Kupwade-Patil et al. [50], one example is pozzolans,
which can be found in Saudi Arabia. This supports the proposal of reducing the environmental impacts
of concrete production by a number of cement alternatives, not just PFA and GGBS.

The bounce back ability of the structure of the building is also a matter of concern. When selecting
a concrete mix with replacement cement, such as PFA or GGBS, a designer must choose the same
compressive strength so that the building can function as it was intended to. In this case study, for
example, the concrete mixes are 25–30 MPa and 28–35 MPa. There are other solutions where the
designer may reduce the compressive strength or concrete sections, especially when the structure
building is overdesigned. This will reduce the negative environmental effects from concrete, but the
designer must make sure that the building is safe and will function (carry the design loads) without
any problems.

Another proposal is to replace aluminum frames with PVC. PVC frames reduce in-use energy,
they also have smaller carbon and energy embodied coefficients than aluminum (i.e., aluminum uses
155 MJ/kg and 9.16 kgCO2e, respectively, whereas PVC uses 77.2 MJ/kg and 3.1 kgCO2e, respectively).
However, PVC may be affected by the hot weather of Saudi Arabian summers. Referring again to
Section 3.2, Alternative 2 with aluminum frames (with triple glazing) saves 17% of in-use energy and
is better in terms of extreme heat resilience than Alternative 3 with PVC. What is important here is
that decision-makers do not get too distracted by the targets in hand and chase these at the detriment
of missing other environmental impacts. For example, around 10 years ago in the European Union,
the push to meet carbon targets prompted (through policy changes and tax incentives) an uptake
of diesel cars with more miles per gallon. However, other negative environmental effects (such as
particulates) were not readily considered [73]. In essence, it was not a resilient solution. Selecting
Alternative 3 with PVC frames is still a solution in cities such as Khamis Mushait, which have lower
temperatures. The construction community may face difficulties in implementing this change as plastic
is known to be environmentally unfriendly, but it could be promoted if regulations attach a condition
that only recycled PVC were used. Stichnothe and Azapagic [74] concluded that the use of recycled
PVC frames leads to a huge reduction in carbon emissions. The use of recycled PVC would therefore
be an alternative, slightly modified, and environmentally friendly solution.

Maintaining the current environmental footprint for transport is an important necessary condition
because it was assumed at the design stage that most materials would be from local manufacturers or
suppliers (not least PFA). Regulating types of transport and enforcing the use of those with minimum
carbon emissions is a solution, but unfortunately this is not within the control of the construction
industry. If policy suggests that PFA and GGBS should be adopted as concrete replacements for cement,
this may initially be supplied locally. Coal fired power stations reduce supplies and have to be imported
further afield, which inadvertently increases carbon emissions. Another issue confronted by designers
is that all materials except for steel are disposed of after the end of the building’s life. In the future, most
materials, including concrete and blocks, should be recycled/reused when a building nears the end of
its life in order to maximize sustainability benefits, hopefully there are not long term implications of
having PFA and GGBS within concrete These Transportation and recycling requirements would need
to be considered for all materials adopted.

When it comes to regulations, including building codes, certain U-values for building elements
should be set, for example, a maximum embodied carbon of materials and so on. These measures
will add positive value to utilize the RESAF framework itself, so that users will aim to achieve these
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requirements to meet (and exceed) minimum performance. If the levels of sustainability are to keep
improving in the future, assessment and continuous improvement are essential [33]. It is fair to say
that the engineering and construction community needs to work much harder to ensure the promotion
of sustainability in work practices. A gradual enforcement of the regulations is a good approach to
making the rules easy to follow, practical, and enduring.

The final issue is the ability of the public to accept these proposed solutions. It is sometimes
difficult for people to change their behavior. People have built their houses using normal concrete or
single- and double-glazing. Designers, however, might suggest alternatives. The role of designers is to
highlight the short- and long-term benefits in figures. For example, they might translate the yearly
savings in energy (kWh) into a percentage of a homeowner’s electricity bill. Increasing awareness of
sustainability among the local community is also a major change that is required for the implementation
of sustainable and resilient buildings. One way to increase public awareness is to use the media to
introduce the Saudi public to the concept of sustainability [6]. In the present environment, stakeholders
might promote sustainability and resilience through social networking applications.

The present study uses a specific case (domestic building) in Saudi Arabia to demonstrate the
maximum benefits of an RESAF framework.

4. Discussion

The scope of this RESAF framework is wider than that of former studies that targeted domestic
buildings in Saudi Arabia. The researchers developed this framework to addresses previous
shortcomings of studies that used aspects in isolation rather than combination. For example,
a cradle-to-gate assessment of embodied carbon and negative effects on the environment included the
global warming potential (GWP) of the materials utilized for a housing project in Saudi Arabia [63].
An assessment of energy consumption (during operation) was used for a domestic building [1,34,44,75]
in Saudi Arabia. The establishment of a standard definition for low energy demand in the form
of kWh/m2 was accepted for domestic buildings in Saudi Arabia [71].

Looking into the results of applying the domestic case study, RESAF is able to provide a picture
of how construction materials perform environmentally, as well as how this performance may be
improved. Results showed overall improvement in terms of environmental impacts, which meets the
reason behind the design of this framework. These improvements illustrate recognizable reductions
in carbon emissions and energy consumption in both the materials (embodied impacts) and for
the long-term cooling and heating of domestic buildings (see different alternatives for use of the
framework in Table 10, Section 3). These reductions were achieved simply by implementing minor
changes to construction materials. Furthermore, these changes have been assessed in the context
of the necessary resilience conditions, such as availability of proposed materials. This is because
it is important to understand how these selected materials (proposed solutions) fit-for-purpose in
the future (see Table 11). In sum, the RESAF considers many key environmental concerns, such as
the annual energy demand and related carbon for the cooling or heating load (the important part
of energy consumption during building use) and the construction materials used to construct the
building, with assessment of their embodied energy and carbon. It explains how different materials will
contribute to the in-use energy of the building and the negative environmental effects of the materials
themselves. Moreover, RESAF provides an insight into important considerations for the resilience
of sustainable solutions proposed, specifically in terms of uncertainty in the future, and how these
solutions will perform, which has not been broadly discussed in Saudi Arabia. Although resilience in
Saudi Arabia has been studied [22,76,77] and a framework for community resilience to disaster has
been proposed, it was not directed at buildings, which this RESAF framework focusses on.

5. Conclusions

It is hoped that, in Saudi Arabia, sustainability and resilience can be integrated to the maximum
extent at earliest stages possible within the decision-making processes. The RESAF presented within
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the paper will help building construction and design projects create a more favorable long-term
legacy at each stage of the material selection process [3]. This was done by illustrating how materials
contribute to the two filters of sustainability and resilience. The application of the RESAF tool has
shown that minor changes to building material selection (replacing cement with PFA or GGBS) can
play a vital role in reducing embodied energy or carbon in the life cycle of materials (by >13%) and the
operation of the building (over 22%). It is also worth noting transport practices such as gate-to-grave,
which accounted for approximately 12% of the embodied kgCO2e through RESAF application, is more
readily considered. Whilst some choices (i.e., introducing more insulation and adoption of triple-glazed
PVC windows) increase the embodied carbon of the building itself (1%), this is far outweighed by the
annual savings they bring (17%), which leads to a considerable multiplying effect (between 50 and
100 times) over the lifetime of the building. These are important findings for Saudi Arabia, as they
showcase tangible reductions in the environmental effects when using a RESAF.

The research presented here shows how to holistically assess the choices we make when it comes to
material selection for Saudi Arabian domestic homes. The added advantage of the RESAF is that once
the iterative process of making environmental improvements has been made, the alternative materials
solutions can be passed through the resilience filter. This allows the resilience of the solutions to be more
readily considered in order for long term impacts of the choices to be highlighted, i.e., the availability
of PFA and GGBS in the far future along with the durability of alternative materials to extreme heat.
Moreover, the role of policy, market forces, and sustainability were considered in this study. In other
words, conducting the selection of construction materials using the RESAF increases the ability of
maintaining sustainable solutions (selected material) in the future.

In light of RESAF’s future, there are some further points to consider. One consideration is that it is
important to gain feedback about the developed framework from Saudi Arabian experts in the domestic
construction industry. Feedback may be collected by conducting interviews or a series of workshops
with potential users. This is to ensure that such a framework can be smoothly implemented by potential
industry users. In addition, transforming the RESAF to an online web or mobile application is also
a possible solution for better implementation in the future. Such an idea may help to promote the
RESAF across the construction industry, as well as enhance how the selection of construction materials
is beneficial to sustainability and resilience. Finally, this framework is a pathway to establishing
regulations and rules for sustainable and resilient domestic buildings in the country.
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