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The significance of sustainable buildings has grown lately due to the imperative to conserve energy.
Buildings consume a substantial portion, approximately 40%, of total energy usage. The surface area
of the building facade plays a crucial role in achieving energy efficiency. Particularly in hot climates,
the building envelope operates as an obstacle to external climate fluctuations. This study focuses on
the impact of the building facade components on the energy and thermal performance of buildings in
hot climates. Based on prior studies, it investigates the effect of external wall materials, glazing layers,
and insulation materials on buildings energy consumption. The study reviews innovative design
approaches and technologies that improve environmental conditions, providing modern and effective
solutions to optimize building envelope performance in hot climates. The research utilized
DesignBuilder simulation program to assess the influence of fagade wall materials and glazing on
energy consumption. Findings demonstrate that selecting appropriate materials and adjusting glazing
types significantly impact energy usage. Enhancing thermal properties, u-value and SHGC, can
improve the performance of facade materials. Additionally, glazing areas exert substantial influence
accounting for approximately 80% of the facade's impact on energy consumption. The results indicate
that energy savings are up to 78.4% compared to the base-case.

1. Introduction

Over the last several decades, various studies have focused
on growing worries about climate change. Overheating and solar
gain pose challenges, especially in hot climates . The built
environment consumes around 40% of global energy use [3]. The
significance of energy-efficient building design has been
emphasized by rising global temperatures and energy use,
especially in areas with hot climates [4]. Of the total HVAC load,
26% is attributed to heat gain through the building envelope [5].

The building envelope influences energy consumption for
heating and cooling while providing thermal comfort and
sufficient daylight for building occupants [6]. According to
studies, the building envelope generates 73% of total heat or gain
loss [7]. Heat flow through the building envelope, comprising
walls, and fenestrations (windows and doors), is influenced by
their resistance, thermal capacity, absorption, transmission, and
emission properties [8]. Careful consideration of specific
requirements is essential when selecting materials for these
components. Designing the building envelope following the local
climate is crucial for achieving energy efficiency [5]. Particular
design techniques should be used based on climatic zone
circumstances [9].In hot climates, the maximum cooling load
primarily occurs through the following building components,
ranked in order of significance:

o Windows: Windows are a major source of heat gain due to
solar radiation.

e Walls: Heat transfer through walls contributes significantly
to cooling demands. Insulation, material choice, and wall
thickness impact their thermal performance.

From the previous arrangement and Figure 1, the roofs of
buildings have the least impact on energy consumption so this
research will focus on building facades, including walls and
fenestrations. Optimizing these elements is essential for energy-
efficient building design in hot climates.
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Figure 1: Heat Gain through various Building Envelope
components [8]
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Recent studies have focused on building facades because of
their crucial role in regulating indoor temperatures, reducing
energy consumption, and mitigating the environmental effects of
buildings [10], [11]. An adequate building facade can contribute
to reducing harmful environmental impacts by about 80% [12].
The primary determinant of building energy consumption is the
balance between energy gain and loss through the building
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facades. Reducing the U-value of the external wall positively
affected annual energy savings in heating and cooling.

The following section discusses different building facade
parameters and their impact on thermal transfer within buildings.
Additionally, recommendations are provided for each parameter
to optimize energy efficiency.

2. Literature Review

The literature review examines previous studies on building
facade performance in hot climates, focusing on the effects of wall
materials, and glazing types. Key findings from existing research
provide insights into the role of each component in mitigating heat
gain, reducing cooling loads, and enhancing thermal comfort.
These findings are separated into two parts. The first part is about
the factors affecting the energy-saving performance of the wall.
The second is the Factors influencing the energy-saving
efficiency of the glazing:

2.1. Factors affecting the energy-saving performance of the wall

Walls play an essential role in providing thermal and acoustic
comfort. Walls form a significant portion of the building envelope
and are exposed to substantial direct solar radiation. A wall's
thermal resistance (R-value) significantly affects building energy
usage. Given the significance of implementing energy
conservation measures, the impact of thermal resistance or
thermal transmittance (U-value) of the building facade system can
be analyzed. The U-value determines the rate of heat loss through
a building material, indicating the energy conservation efficiency
for a specific room or building. Thermal transmittance, or U-
value, is a critical indication of a building's energy performance
[13]. Enhancing these two aspects can achieve energy savings for
lighting, heating, and cooling. Various techniques can improve
the resistance to heat transfer through the exposed walls. The
following section covers the systems and technologies that have
recently been applied in building facades.

a. Wall Insulation

The thermal insulation of building envelopes is crucial for
energy conservation, as it adds a high-resistance layer between the
interior and exterior environments, thus reducing heat loss.
Employing static or dynamic insulation materials helps mitigate
heat transfer from building facades caused by temperature
differentials between the interior and exterior [14]. The traditional
approach argues that maintaining a continuously high thermal
resistance for the building exterior will automatically reduce
energy consumption and operational expenses [15].

An Guo, Z.L. stated that improving thermal insulation may
improve interior comfort and reduce air conditioning energy
usage by 15-20% [15]. Nevertheless, increasing thermal thickness
and resistance might result in higher overall annual energy
consumption [16]. There is a need for advanced technologies in
the building insulation sector to address the drawbacks associated
with traditional static insulation materials. As a result, the
tendency of dynamic isolation began.

b. Dynamic insulation:

It can be defined in a single statement: Dynamic insulation =
conventional insulation + dynamic heat exchange within the
building envelope.

Dynamic insulation can adjust the thermal transmittance of
the building envelope by utilizing a circulating fluid [17]. When
compared to building envelopes with identical static insulation,
energy savings might be greater than 40% [17]. Figure 4 indicates
Available dynamic insulating systems according to fluid type.
Active insulation with air likely represents the most widespread
use of dynamic thermal insulation in the building field. The
exploration of dynamic insulation is constrained due to its absence
from widely used building design tools like DesignBuilder, Esp-r,
EnergyPlus, and TRNSYS [18].
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Figure 2: Available dynamic insulation systems based on fluid
type/circulation [18]
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Many researchers have investigated the effect of dynamic
insulation on energy consumption. Samuel [19] demonstrated that
using dynamic insulation reduces energy consumption by up to
9% and improves thermal comfort. another study by Fantucci
[20]achieved a 42% daily thermal energy savings as a result of
using dynamic insulation while the thermal performance
efficiency increased between 9% and 20% and the heat loss was
decreased by up to 68%. It also reduced cooling load by 12% and
4% reduction in total energy consumption and carbon emissions
in the research by Elsarrag and Alhorr [21]. Ascione et al. [22]
showed that Dynamic insulation caused a 29.6% decrease in
cooling demand and considerable raise in summer indoor comfort.
It has also been proven that total energy consumption may be
decreased by roughly 30% and 50% in the research by Pflug et al.
[23] and Favoino et al. [24] respectively.

Phase change material (PCM) is one of the types of dynamic
thermal insulation that uses a flowing fluid: air, water, or
refrigerant. PCMs are compounds that absorb and release thermal
energy when they melt and freeze. When a PCM melts, it absorbs
a significant quantity of heat from its surroundings, storing
energy. When it solidifies, it releases the stored energy, providing
heat. This property makes PCMs effective for thermal
management applications in buildings, electronics, and textiles
[25]. There are many types of PCMs [26]:

e Organic PCMs: Paraffin and fatty acids. Advantages include
chemical stability, non-corrosiveness, and a wide range of

melting points.

Inorganic PCMs: Salt hydrates and metals. They typically
have higher thermal conductivity and volumetric latent heat
storage capacity but can be corrosive and suffer from
supercooling.
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e Eutectic PCMs: Combinations of organic and inorganic
materials to optimize properties like melting point and heat

storage capacity.

Abbas et al. mentioned that the use of PCM achieved the
lowest energy consumption, as the percentage of energy
consumption savings ranged between 11% and 6.8%, but its cost
is relatively high compared to traditional materials, about 36%
[27]. Another study by Sadineni demonstrated that PCM showed
maximum energy savings of about 30% and a maximum expense
savings of about 30% over traditional non-PCM base-case [28].
PCMs offer a promising solution for enhancing energy efficiency
and thermal management across various sectors.

orientations, while also lowering annual energy usage from 18%
to 51.4% depending on building orientation and location.

2.2. Factors affecting the energy-saving performance of the
glazing

The glazed openings have a considerable impact on building
energy usage. During the summer, 87% of unwanted heat enters a
building via windows and doors [36]. Glazing accounts for
approximately 50% of building energy loss [5]. Glass
transmittance significantly impacts daylight efficiency, leading to
energy savings. Reducing glass transmittance of external glazing
leads to increased lighting energy while it can help decrease solar
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Figure 3: Classification of VGS [29]

c. Green facades (Vertical greening)

Green facades are an effective way to improve buildings by
incorporating living plants into the design. The literature on green
infrastructure uses many definitions, categorization systems, and
typologies, but green walls can generally be separated into two
categories: green facades (GFs) and living walls (LWs), Figure 3
[29]. Green facades, like other green infrastructure, help lower the
internal temperature of buildings, thereby reducing energy
consumption. These vertical systems offer a range of
environmental, economic, and social advantages [30].
Incorporating green vegetated facades into building exteriors
creates an insulating air layer [31].

According to Mahmoud et al., [32] annual energy usage can
be decreased by up to 8% when using green vegetated facades that
shade the walls and windows thus reducing the air conditioning
load by reducing cooling load by up to 23%. The study of the
thermal effectiveness of vertical greenery vegetation systems
decreased indoor temperature by up to 4.0 °C- 3.0 °C [33].
Ramadhan et al, [34] mentioned that the effect of applying VGS
on reducing Energy consumption with a 2.0-m air cavity width
reached 59% to 78%. Using these systems will reduce annual
cooling demands and CO2 emissions by about 78% [34]. Another
study [35] found that green vegetated facades minimize energy
demand in air conditioning units, from 13.4% to 37.6% for
cooling and from 18.3% to 100% for heating, except in some

gain from 55% to 40% [1].

Additionally, the U factor (U-value) and the Solar Heat Gain
Coefficient (SHGC) are significant in the glazing thermal
performance. Understanding the U-value measures how effective
a material is at retaining heat. Lower U values indicate better
insulation and energy efficiency. Lower U-values can be achieved
through various methods, including adding extra glazing layers,
applying special coatings to restrict solar radiation, and filling
gaps between layers with low thermal conductivity gases such as
air, argon, or krypton [37]. The SHGC represents how much solar
heat enters a building through the glass [38]. Increasing the SHGC
has a negative effect on heating and a favourable effect on energy
savings for cooling[39].

The number and kind of glass layers are important to be
considered when designing windows. This can affect the amount
of light transmitted into the building and solar heat gain [40].
Using multiple glass layers with air space in between reduces
direct solar radiation transmission [5]. Laminated glass consists
of two or more layers of glass linked together by polymer sheets.
The glass and interlayers come in various colors and thicknesses.
It offers improved security, acoustic insulation, and UV
protection [41].

2.3. Double-skin facade (DSF)

It consists of three distinct layers: an exterior surface placed
at some distance from the interior glazed wall system, forming a
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Figure 4: DSF configuration and ventilation modes with relation to envelope layers [11]

cavity (air gap) of varying size, allowing air to circulate between
them [42]. This air gap is crucial for the optimal performance of
both layers, offering insulation and protection against high
temperatures, winds, and noise. Figure 4 shows DSF
configuration and ventilation modes concerning envelope layers.
The airflow within the double skin cavity is a critical aspect of the
system, as the heat transferred through the facade directly impacts
the energy consumption of the building [43]. DSF requires
roughly 600 mm between glass skins for maintenance [44]. Al
Radh et al. stated that a cavity width of 0.7-1.2 m can balance
solar gain and heat transfer[45]. The stack effect, driven by
differences in air density, pushes excess heat outward, effectively
releasing hotter air, Figure 5. As a result, the DSF’s inner layer's
temperature decreases, reducing the quantity of heat transferred
into the interior space.
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Figure 5: The operating modes of DSFs in hot climates

Another study [11], In hot and humid climates, concluded
that a DSF can potentially achieve a 22% reduction in annual
cooling energy consumption. When a DSF configuration was
implemented into the building design, it reduced yearly cooling
demand by 9% to 16%. The building's annual cooling energy
usage might be reduced by 32% just by adding mechanical
ventilation to the air cavity [11]. Research by Krishnan H, H., et
al proved that CCF designs improved energy consumption by 22-
41% compared to standard double-glazed units (DGUs) (21-37%)
[46]. In another research by Al-Tamimi [47], the CCF operating
temperatures were reduced by 33.5% to 68.75% monthly and
27.5% to 80.25% annually compared to single-glazed units. It can
be seen that a double facade has a good potential to reduce energy
consumption [48].

In light of the above background, choosing appropriate
facade systems can dramatically decrease the energy consumption
of the buildings. The impact of fenestration exceeds that of walls
by a large margin. This study aims to assess the performance of
various facade components on energy efficiency and
environmental performance in buildings. The research adopted
the systems formulated in the previous review that can be
examined by the simulation programs to study their efficiency in
saving energy. What distinguishes this research from previous
studies is that it tests a combination of different walls and glass
types, rather than studying only walls or glazing types.

3. Methodology

To fulfill the research objective, The methodology described
below illustrates the approach employed to assess the building
envelope effects on energy performance in hot climates. The
procedure consists of two major aspects. These parts can be
summarized as follows:

1) The first section is a theoretical investigation. The topic of
this section is based on a theoretical review to determine the
chosen facades and fenestration types, and the base-case
description that will be simulated.

The second section is based on a simulation study for the

suggested case studies.

2)

3.1. The theoretical investigation

This research investigated how the parameters of walls and
glazing, discussed in the theoretical section, affect energy
consumption. Table 1 and Table 2 illustrate the types of walls and
glazing to be studied and their thermal properties.

The study focused on studying 5 types of walls previously
mentioned in the theoretical background, representing integrated
facades. The components of the composite section of every wall
studied were extracted from the literature review. The air cavity
of DSF is 0.6m, as is the ratio mentioned in previous studies.
Additionally, 3 types of glass were studied, including single and
double layers, to understand the impact of layering and glass type
on energy consumption.

3.2. Simulation as a method for predicting the performance of
the building envelope

This study relied on simulation as the best method to predict the
building envelope's performance on energy consumption during
the design phase. Simulation provides savings in time, effort, and
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Table 1: The studied wall types and specifications

Sample Wall Wall section (from outer surface to inner surface) U-
number type value
Outer surface
Generic | * Cement mortar (2cm)
1 wall e Clay brick (25 cm) 250.00mm Clay brick 1557
e Cement mortar (2cm)
Inner surface
DOuter surface
120:00mmm" Clay brigk
e Cement mortar (2cm)
e Clay brick (12 cm)
2 Insx;llted o Polystyrene insulation (6¢cm) 0.47
o Clay brick (12 cm)
e Cementv (2cm)
T20000fmm Clay brick
Inner surface
sasiwz 190
sond el - mmO00S T
e Cement mortar (2cm)
PCM e Clay brick (12 cm)
3 wall e BioPCM® M182/Q21 0.40
¢ Clay brick (12 cm)
e Cement mortar (2cm)
sond ¢eld mm000S T
sosiwz 1ol
Outer surface
o Grass 40,00 Cultivated Sandy 5o 25,040,
e Sandy soil
Green ¢ W_aterproof backer board (5cm) 15.00mm  Air gap 15mm[not to scale)
4 wall * Air gap (1.5cm) 20,00mm  Plywood (Lightweigh) 0.36
e Plywood (2cm)
e Clay brick (12cm)
e Cement mortar (2cm) 120.00mm Clay brick
Inner surface
o Single clear 6mm glass
5 DSF e Air gap 0.6m
e Double clear 6mm glass

costs. DesignBuilder with its EnergyPlus simulation tool used for
simulation. DesignBuilder is the most established and advanced
user interface for EnergyPlus. The study was conducted in a
security room in Cairo city with a 36m2 (6m * 6m) footprint and
3.5m height on the ground floor. The location has been ignored
because all facades are identical. Through the simulation, the
changes were made only to the wall and glazing types to compare

these variables exclusively while keeping other variables such as
the room shape, size, and usage constant.

Egypt's climate is generally categorized as hot and dry
according to the Koppen climate classification [49].
Consequently, the study utilized Cairo's climatic data for the
simulation program. According to Egypt [50]. It is common in
Egypt for building envelopes to be constructed of bricks with
internal and external cement mortar layers and a 30% opening
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ratio. These characteristics were considered the base case, against
which results would be compared.

Table 2: The studied glazing types and specifications

sﬁmgg Glazing type U-value SHGC
A Single clear 5778 0819
6mm
Double
reflective
B bleached 6mm 2.429 0.636
with 6mm air
gap
Double low-e
C 6mm with 6mm 2.334 0.426
air gap

4. Results and discussion

The results section presents findings from analyzing building
envelope performance in hot climate. It discusses the impact of
envelope materials and glazing properties on energy
consumption. Table 3 and Figure 6 illustrate the cases studied, the
total energy consumption, and the percentage of saved energy for
these cases.
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Figure 6: Total energy consumption for the cases

The results indicate that case 12 (double skin fagade) is the
optimal case with 78.4% saving energy compared to the base-
case. Cases 2A, 3A, and 4A, had the lowest energy efficiency with
saving percentages of 3.6%, 3.5%, and 5.5% respectively. These
cases share the common feature of having single glazing but vary
in the wall materials. This indicates that using single glazing is
insufficient in energy performance. Figure 8 shows that cases (1C,
2C, 3C, and 4C) with low-e glazing are the second optimal cases.
The low-e glass experiences the least amount of solar gains,
unlike the single clear glass, as is clear in Figure 7.

Also, it has found a minimal difference in total energy
consumption among 1A, 2A, and 3A, for example, which all use
the same Glazing. This reveals that wall materials have a
significantly smaller impact on facade energy performance than

Table 1: Case studies and their total energy consumption

glazing. When comparing the sections composed of green walls,
we find they have lower energy consumption than other sections,
excluding the double-skin facade. Referring to Table 1, we find
this logical because the U-value of green walls is lower than other
types of walls. The same applies to glass, where low-e glass has a
lower U-value and a higher SHGC than other glass types, making
it more insulating and less heat-absorptive. Consequently, it
reduces cooling energy consumption, which is predominant in hot
climates.

8000
6000
4000
2000 .
0
m Clear glass (A)
m Reflective glass (B)

B Low-e glass (c)
Figure 7: Solar gain exterior windows

Solar gain (KWh)

For cooling loads, in Figure 8, case 12 (DSF) consumed the
minimum cooling loads, as this type of facade insulates the
interior spaces due to the large air gap that prevents thermal
exchange between the inside and outside of the building.
Comparing with the total energy consumption results, we find that
cooling energy consumption closely aligns with them. This is
because the Cooling energy consumption represents the dominant
consumption in hot climates, as mentioned earlier. The base case
has the largest energy consumption because it has the highest U-
value for wall materials and glazing. This means that its thermal
resistance capability is inferior.

3500

2500
= 2000
2
=~ 1500
1000
500
0 L —

cooling
H1A E1B mi1C w2A 2B 2C m3A B3B B3C H4A H4B m4C mS

Figure 8: Cooling energy consumption

Regarding heating energy consumption in Figure 9, we
observe that wall material types have a significantly greater
impact than their effect on cooling energy. This is evident, for
example, in cases 1C, 2C, 3C, and 4C although they have the same
type of glass and differ only in the kind of wall materials there is

Base Casel | Case2 | Case3 | Case4 | Case5 | Case6 | Case7 | Case8 | Case9 Case Case Case
Cases

case 10 11 12
Code 1A 1B 1C 2A 2B 2C 3A 3B 3C 4A 4B 4C 5

Total energy
consumption 102.97 91.95 75.79 99.23 86.4
(KWh/m?)

65.16 99.32 86.16 64.62 97.29 84.03 61.11 22.28

Percentage of energy
reduction relative to - 10.7 26.4 3.6 16.1
the base-case (%0)

36.7 35 16.3 37.2 55 18.4 40.7 78.4

PV

The number is wall type — The letter is glazing type (According to table and table)
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a clear difference in their heating energy consumption. Another
observation is that heating energy consumption in case 3C, with
PCM and low-e glass, is more than 2C with wall insulation and
low-e glass. This indicates that the bio PCM with low-e glass
highly insulates the room, preventing it from receiving solar
radiation. The heating loads of case 3B are almost zero although
the wall material and glazing do not have the best thermal
performance. For wall material, the PCM is efficient in insulation
as it can protect the room from cold weather. For glazing,
reflective glass absorbs solar heat during the day and PCM retains
it at night reducing heating energy consumption. Contrary to
expectations, cases with clear glass (high U-value) consume more
heating energy than those with reflective glass (low U-value).
This is because clear and reflective glass absorbs solar radiation
during the day, but clear glass loses it at night.

200

o Ll

Heating
m1A m1B mIC m2A W28 m2C m3A

Figure 9: Heating energy consumption

38 m3C m4A m4B m4C m5

Previous results indicate that a lower U-value does not always
directly correlate with reduced energy consumption. This was
demonstrated in case 3B which involved PCM and reflective
glass. Despite green walls and low-emissivity glass having lower
U-values compared to PCM and reflective glass, the first scenario
achieved better heating energy performance. The glazing type is
the most effective factor in energy efficiency compared to wall
materials. The ratio between the effect of wall materials and the
effect of the glass type is approximately 20% to 80%. The DSF is
the optimal solution to overcome the high cooling loads in hot
regions, as the cavity provides highly efficient insulation against
external environmental conditions. The performance of
conventional insulation in total energy consumption is
comparable to the bio PCM in hot climates.

5. Conclusion

This study investigated the impact of fagade components on
energy efficiency. It aimed to identify the optimal solution that
offers reduced heating and cooling loads. 12 scenarios with 5
different wall sections and 3 types of glazing have been studied
and compared with the base-case in terms of energy efficiency.
DesignBuilder simulation results showed the benefits of using a
double skin facade (DSF) in hot climates. The research reached
the fact that enhancing the building facade dramatically affects the
total energy consumption by up to 80%. The lowest U-value does
not always achieve the best performance. Overall, this paper
emphasizes the critical role of adopting an integrated design
approach that comprehensively considers all envelope
components. This research provides insights for architects,
engineers, and policymakers seeking to mitigate the
environmental impact of buildings and promote sustainable
development in hot climate regions.
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