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Abstract: This study investigates the use of building-integrated photovoltaics (BIPVs) as shading
devices in hot climates, with reference to the conditions of Saudi Arabia. It used parametric numerical
modelling to critically appraise the potential of eight design configurations in this regard, including
vertical and horizontal shading devices with different inclination angles. The study assumed that
the examined shading devices could be entirely horizontal or vertical on the three exposed facades,
which is common practice in architecture. The study found that the examined configurations offered
different solar and shading potentials. However, the case of horizontal BIPV shading devices with
a 45° tilt angle received the highest amount of annual total insolation (104 kWh/m?) and offered
effective window shading of 96% of the total window area on average in summer. The study concluded
that, unlike the common recommendation of avoiding horizontal shading devices on eastern and
western facades, it is possible in countries characterised with high solar altitudes such as Saudi Arabia
to use them effectively to generate electricity and provide the required window shading.

Keywords: building-integrated photovoltaics (BIPVs); solar energy; shading devices; architecture;
Saudi Arabia

1. Introduction

In recent decades, researchers have been actively engaged in studying renewable energy
technologies, including their potential applications in buildings. These efforts are driven by the
insecurity of fossil fuel supplies and the associated negative environmental impacts. One important
renewable energy source in this regard is solar energy, which could be effectively used in buildings
for water heating and electricity generation. This is even more effective in hot climates due to the
abundant availability of solar radiation. One of the most promising technologies in this field is the
use of building-integrated photovoltaics (BIPVs) to generate electricity in buildings. The following
sections of this literature review provide some details in this regard. The main attention in this context
is paid to the potential use of BIPV as shading devices in hot climatic areas such as Saudi Arabia.

1.1. BIPVs Concept and Applications

Building-integrated photovoltaics (BIPVs), as opposed to building-applied photovoltaics (BAPVs),
are simply photovoltaic (PV) systems that are used as integral parts of the building envelope.
In this capacity, BIPV systems share the well-known advantages of BAPV systems such as providing
an on-site renewable energy source that is silent, produces no hazardous emissions during operation,
and requires relatively little maintenance during its expected lifetime of 20-25 years [1,2]. However,
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BIPV modules develop the PV system’s role from a mere electrical device to a construction element
that could be used to enrich the architectural design instead of disturbing it [3]. BIPV may replace
conventional construction materials in parts of the building envelope using different forms, including
panels, foils, tiles, and glazing. However, this should be done without compromising the required
functional qualities of these elements, including structural rigidity and thermal insulation [4].
One of the most common forms of BIPVs is PV integration into building roofs, see Figure 1. This is
possible in a variety of forms such as roof cladding [5], roof tiling [6], and in the roofing of atria
and skylights [7]. BIPVs integrated into roofs have a great potential for harvesting solar radiation.
However, there are some design challenges such as partial shading, which requires a detailed shading
analysis during the design phase [8]. In hot climates, BIPVs in roofs may experience excessive heat,
which reduces their efficiency. In this case, a proper PV cooling mechanism should be considered at
early design stages [5]. There is also the challenge of dust deposition over PV panels, especially if
dust is coupled with high humidity. This necessitates the use of regular dust-cleaning techniques [9].
The use of BIPV systems in building facades is also common and could be implemented in a variety
of forms. This includes window glazing [10], shading devices [11], cladding and construction of
walls [12], double-skin facades [13], Trombe walls [14], etc. Some examples are presented in Figure 1.
The main advantage of facade integration is that PV panels are made visible for people, which may be
considered as a visual added value. However, one of the main challenges, in this case, is the issue of
shading, which significantly depends on building massing. This issue has to be considered in the early
design stage. Further details on the use of BIPVs as shading devices is provided in Section 1.3 of this
literature review.
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Figure 1. Some integration forms of photovoltaics into building facades [15].

1.2. BIPVs Status in Saudi Arabia

The use of BIPV systems is greatly related to the local culture, architecture, and climatic conditions
of each country. Several studies could be found in this context for some specific countries, such as
Bahrain [9], Egypt [16], India [17], Malaysia [18], Italy [19], and Canada [20]. Saudi Arabia is an Arab
country that has the largest oil reserves in the world (about 25%). It is considered the fastest growing
electricity consumer in the Middle East. In 2005, it was the world’s 15th largest consumer of primary
energy, of which over 60% was petroleum-based [21]. Despite the fact that oil availability is the main
driving power of the Saudi economy so far, its sustainability is questioned considering the global
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concern over fossil fuel supplies [22]. Saudi Arabia has considered this issue through the adoption of
Saudi Vision 2030. One of the main objectives of this vision is to reduce Saudi Arabia’s dependence
on oil and to diversify its economy in a more sustainable way. The Vision has set an initial target of
generating 9.5 gigawatts of renewable energy in this regard. It also aims to localise a significant portion
of the renewable energy value chain in the Saudi economy, including research and development and
manufacturing [23]. Considering the prevailing arid climatic conditions and the plentiful availability
of solar radiation in Saudi Arabia, solar energy, including PV technology, can play a leading role
in this regard [24]. This makes investment in the PV sector an essential strategy in Saudi Arabia,
considering the continued rise of electricity demand. Despite the abundant availability of oil and
electricity supplies in Saudi Arabia, the cost of solar energy will be less than the cost of fossil fuel
energy, if environmental and health costs are considered [25]. However, the use of BIPV systems is still
not a common practice in the architecture of Saudi Arabia. This forms a lost opportunity so far that
should be invested in as soon as possible. As for research, several studies have been done in the field
of solar energy use in buildings with reference to Saudi Arabia [26,27]. However, integration options
of PV into the building fabric have not been highlighted. Thus, this study aims to investigate this issue
with reference to the use of BIPVs as shading devices in building facades.

1.3. The Use of BIPV's as Shading Devices in Hot Climates

In general, the amount of incident solar radiation received by the PV system is the most important
climatic variable that determines the performance of photovoltaic integrated shading devices. This is
expressed in Equation (1) shown below [28]:

p :Asurf Xfactiv X GT X il X Hinvert (1)

where P is electrical power produced by photovoltaics [W], Ag, is the net area of surface [m?], factiv 1S
the fraction of surface area with active solar cells, Gy is the total solar radiation incident on the PV
array [W/m?], 77, is the module conversion efficiency, and 7;,..r¢ is the conversion efficiency from
direct current (DC) to alternating current (AC). In research, it is a common practice to implement
experimental measurements or simulation tools in the scope of PV performance assessment [29].
For example, Freewan [30] investigated the impact of external shading devices on the thermal and
daylighting performance of offices considering hot climatic conditions. Despite the fact that this study
did not consider the use of shading devices as BIPVs, it gives some insights about their shading
potential considering different building configurations. The study used real-time measurements
and computer simulations (IES/SunCast and Radiance) to quantify several variables, including air
temperature, and window shaded area. The study considered the south-west orientation, and three
configurations of fixed shading devices, namely vertical fins, diagonal fins, and egg crate. The results
showed that windows protected by diagonal fins and egg crate shading devices performed better
compared to the vertical fins. However, other orientations in addition to the horizontal shading device
configuration were not examined.

Mandalaki, Zervas, Tsoutsos, and Vazakas [31] carried out an assessment of different
configurations of fixed shading devices with integrated PV systems. The assessment aimed to compare
the amount of energy produced by the investigated shading devices compared to their impact on the
energy required for the heating, cooling, and lighting of internal spaces. The study investigated the
energy performance of thirteen configurations of fixed shading devices. These configurations included
horizontal, vertical, and combined ones incorporated in a single office room considering Mediterranean
climatic conditions. The study used computer simulation for thermal assessment (Energy Plus) and PV
electricity production (Autodesk Ecotect). As for lighting, the study used both computer simulation
(Radiance and Autodesk Ecotect) in addition to a physical model. The study discussed the advantages
of each configuration in this context. However, it was limited to the southern window orientation.
Zhang, Lu, and Peng [32] carried out an evaluation of the potential benefits of integrated PVs in
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shading devices considering the climatic conditions of Hong Kong. The aim was to evaluate BIPV
performance in terms of electricity generation and energy savings. The study used EnergyPlus for
numerical simulation considering various tilt angles and orientations. The results concluded that the
optimum BIPV installation position to maximise electricity generation is the south facade with a 30° tilt
angle. However, the optimum angle for both electricity generation and energy savings was 20°. Despite
the multiple criteria used in the analysis, the study was limited to the horizontal BIPV configuration.

It could be noted in the above-mentioned studies that horizontal shading devices are usually
examined in the case of southern facades, while vertical ones are examined in the case of eastern
and western facades. This is justified by the fact that horizontal shading devices are effective against
high midday sun, while the vertical ones are effective against low sun. However, the terms “high”
and “low” used in the literature are quite general and require some investigation to determine the
resulting solar and shading performance of shading devices used in any specific climatic location.
For example, some hot climatic zones are characterised by high solar altitudes in summer mornings
and evenings. Table 1 shows some numerical examples, where summer solar altitude is around 60°
at 10 a.m. and increases thereafter. Thus, the question arises: Is it a wise design decision to avoid
horizontal shading devices on eastern and western facades in the hot climatic zones characterised by
the high solar altitudes found in the summer? If they will be used as BIPVs, then what is their solar
and shading potential to generate electricity and provide the required window shading compared
to the vertical ones? The following investigation aims to bridge this gap found in the literature
by addressing this question with reference to climatic conditions in Saudi Arabia. The study has
considered two external and fixed BIPV installation configurations in this regard, which are the
horizontal and vertical shading devices installed consistently. This means that they could be entirely
horizontal or vertical on the three exposed facades, which is a common practice in architecture,
see Figure 2.

Table 1. Peak solar altitudes on the 1 August 2018 for three example cities characterised by hot climatic
conditions [33].

. Solar Altitude
City Lat.
10 a.m. 12 p.m. 02 p.m.
Cairo, Egypt 30.04° N 59.9° 77.9° 60.5°
Riyadh, Saudi Arabia 24.71° N 61.4° 83.3° 61.3°
Sanaa, Yemen 15.36° N 58.9° 86.5° 63.5°

2. Research Materials and Methods

This research is based on a quantitative analysis that utilises numerical parametric simulation as
a data collection tool. The following sections present the research materials and methods implemented
in this study.

2.1. Building Geometry and Climatic Conditions

This study examines a generic 20 x 20 m open-plan office building of five floors, as shown in
Figure 2. The building is oriented to normally face the four main cardinal directions. Horizontal
windows are assumed in each floor, with a window area of about 25% of the floor plan. Shading
devices are assumed along the windows as horizontal or vertical screens. The depth of shading devices
is assumed to be similar to the standard PV panel depth, i.e., 1 m. The total PV area is assumed to be
fixed in all cases. In the horizontal shading devices, PV vertical spacing is restricted by the floor height
(3.5 m), while the vertical ones are normally distributed along the facade. The examined building is
assumed to be in Riyadh city, Saudi Arabia. The climate of this city represents the prevailing climatic
conditions in Saudi Arabia, which are hot and arid. Saudi Arabia, in general, is characterised by a high
availability of solar radiation. The annual average daily Global Horizontal Irradiance (GHI) ranges
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from 5.7 kWh/m? to 6.7 Wh/m?. Higher values are usually observed in inland regions and lower ones
are observed along coastal areas. This indicates that PV technology would perform well at any location
in Saudi Arabia [24]. Riyadh is located in the middle of Saudi Arabia (24°38’ N 46°43' E). Its climate is
marked by extreme temperatures in the summer, where the average daily high temperature is about
39 °C. Temperature varies greatly between night and day, and between summer and winter. In winter,
the average daily high temperature drops to about 25 °C. The average daily incident solar radiation is
also characterised by significant seasonal variation. Its value is about 7.4 kWh/m? in summer and
5.0 kWh/m? in winter [34].

Horizontal BIPV Shading Devices Vertical BIPV Shading Devices
Cases Cases

H-SD-0 (no inclination) V-SD-0 (no inclination)
H-SD-30 (inclined at 30°) V-SD-30 (inclined at 30°)
H-SD-45 (inclined at 45°) V-SD-45 (inclined at 45°)
H-SD-60 (inclined at 60°) V-SD-60 (inclined at 60°)

Figure 2. The proposed horizontal modelling cases (H-SD) and vertical ones (V-SD), where four BIPV
inclination settings are examined.

2.2. Modelling Variables and Cases

The dependent and independent variables considered in this study are as follows:

- Dependent variable: Two variables are compared here to find out the impact of the examined
BIPV shading devices in terms of solar energy harvesting, shading potential, and energy saving.
These variables are:

e Incident Solar Radiation (insolation) over the examined shading device. This is averaged for
both summer and winter as an average daily total and has been estimated on the external
surface of each shading device as a surface-area-normalised value.

e  The Surface Outside Face Sunlit Fraction, which quantifies the fraction of window exterior
surface that is illuminated by beam solar radiation. This equals the window outside face
sunlit area divided by the total window area. To estimate this fraction, it is impractical to
rely on the average daily value because it considers the night-time hourly values, which are
out of question. Therefore, the window sunlit fraction is estimated for each facade during
its exposure time as an average hourly value. This has been done considering windows
of the middle floor, which experience an average solar exposure compared to the top and
bottom floors.

- Independent variables: Five independent variables are examined here as follows:

e  (Climatic conditions (summer and winter conditions).
e  Direction of BIPVs (horizontal and vertical).
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e  Orientation of BIPVs (east, south, and west).

e Inclination angle of BIPVs (0°, 30°, 45°, and 60°).

e  BIPV exposure to the sun (exposed which represents the top or external shading devices;
and semi-exposed which represents the internal shaded shading devices).

This resulted in a set of modelling cases that are intended to examine several parameters that
are expected to significantly affect the performance of the examined BIPV shading devices. Figure 2
shows the proposed modelling cases. Each shading device was modelled considering summer and
winter conditions, three main orientations, and exposed and semi-exposed conditions, which resulted
in 96 modelling cases.

2.3. Simulation Tool Selection and Validation

In order to fulfil the intended parametric modelling, the performance of shading devices used
as BIPVs is investigated using computerised modelling. Several reliable and validated programs
are available in this regard, including DesignBuilder. DesignBuilder provides advanced modelling
tools including energy, lighting, and CFD in an easy-to-use three-dimensional interface to draw
the examined geometry and present the modelling results. DesignBuilder 5.4 utilises the power
of EnergyPlus 8.6 for thermal modelling. EnergyPlus is a collection of several modules that work
together to calculate the energy consumption in buildings [29]. In addition to the calculations of
heating and cooling loads, EnergyPlus can be used to quantify incident solar radiation and the shading
potential of shading devices. EnergyPlus has been validated using the analytical and comparative
methods specified in the American Society of Heating, Refrigerating, and Air-Conditioning Engineers
(ASHRAE) Standard 140-2014 [35]. Despite the fact that EnergyPlus is a validated simulation tool [36],
it is the user’s responsibility to implement the modelling process correctly. This is usually ensured
by comparing the simulation results with the experimental results. However, in studies that have
no access to experimental testing facilities, it is possible to verify simulation outputs by comparing
them to the outputs of mathematical models [37] or the outputs of other simulation tools implemented
under similar conditions as presented in the ASHRAE Standard 140-2014 [35]. The study used two
available tools in this regard, which are IES VE 2018, and Ecotect Analysis 2011. These tools are
holistic simulation packages that could perform several simulation tasks, including thermal and
solar simulation.

Thus, this part of the study compares the outputs of DesignBuilder 5.4 with the outputs of IES VE
2018 and Ecotect Analysis 2011 programs. Considering the climatic conditions of Riyadh, Cases H-SD-0
and V-SD-0 were modelled using the three tools under the same geometrical and thermal conditions, as
explained above, considering the southern facade. Modelling was carried out for summer (June, July,
and August) and for winter (December, January, and February). The study used the normalised
insolation levels (kWh/m?) on the shading device as a comparison base. Table 2 shows the obtained
results. It is noteworthy that the outputs of the DesignBuilder are consistent with the tools used for
comparison, showing a good agreement in general. Summer discrepancy ranged between 4.6% and
7.8%, and winter discrepancy ranged between 2.0% and 7.6%. In general, this comparison, in addition
to the previous validation studies mentioned above, seems to justify the use of the implemented
DesignBuilder settings for the investigation proposed in this study.
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Table 2. Insolation values obtained from DesignBuilder compared to IES VE and Ecotect Analysis
under summer and winter conditions.

Average Summer Insolation Average Winter Insolation
(Kwh/m?) (Kwh/m?)
H-SD-0 V-SD-0 H-SD-0 V-SD-0

IES VE 6.87 3.14 3.88 2.31
Ecotect Analysis 6.76 4.15 432 2.66
Average 6.82 3.65 4.10 2.49
DesignBuilder 7.14 3.38 4.02 2.31
Discrepancy (%) 4.6 —7.8 —2.0 —7.6

3. Results and Discussion

After the completion of the simulation, the use of shading devices as BIPVs in the proposed cases
was assessed depending on the DesignBuilder/EnergyPlus outputs. This has been done considering
the average values of summer and winter design weeks specified by DesignBuilder from 20 to 26 July
and from 22 to 28 December, respectively. The amount of Incident Solar Radiation (insolation) over
the examined configurations of BIPVs is used here as the main indicator of BIPV solar performance.
This depends on how much insolation falls on the BIPV and how much area of the BIPV is shaded.
The first factor depends on the examined climatic conditions, facade orientation, and PV orientation
and inclination angle. The second factor depends on BIPV position, e.g., on the top floor or on the
typical floor. Thus, two values are used in the first section of the results discussion: insolation value
over the examined configurations of BIPVs, and PV Face Sunlit Fraction. The second section of
results discusses the results related to BIPV shading performance in comparison to the observed
solar radiation.

3.1. Horizontal BIPV Shading Devices

Figure 3 illustrates the normalised insolation levels recorded for the different cases of the examined
horizontal BIPV shading devices. It shows insolation values for each facade at summer and winter
as a total daily average considering three inclination angles. Insolation was recorded over the BIPV
shading devices installed on the top and typical floors in order to examine any potential shading effect
of the top shading devices on the bottom ones. As for the top BIPV shading devices, these are totally
exposed to sun. The highest insolation level (7.5 kWh/m?) was recorded in summer in the case of
the southern facade with no inclination (H-SD-0). This is because the sun is almost perpendicular to
the PV as the solar altitude at noon in summer in Riyadh is 85.9° [33]. This is also in agreement with
the average incident solar radiation data of Riyadh [34]. As the inclination angle increases, summer
insolation received by PV panels installed on the southern facade incrementally decreases by about
1 kWh/m? for each case. On the contrary, the solar altitude at noon in winter in Riyadh is 41.8° [33].
This reduces the insolation value received by the horizontal PV panels installed on the southern facade
to 2.9 compared to 7.5 kWh/m? in summer. However, increasing the PV inclination angle in winter
increases the PV exposure to sun, which increases the insolation value by about 1.1 kWh/m? at all the
examined inclination angles. The eastern and western facades received a relatively high amount of
insolation in summer compared to the southern facade. The highest amount was 6 kWh/m? in both
the eastern and western facades in the case of a 30° inclination angle. In winter, this value drops to
1.9 kWh/m? in the eastern facade and 2.7 kWh/m? in the western one. In general, changing the PV
inclination angle in the eastern and western facades has less effect compared to the southern facade.
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Figure 3. Normalised average daily total insolation levels recorded for the different cases of the
examined horizontal shading devices at top floor (top) and typical floor (bottom).

In the case of BIPV shading devices installed on the typical floor, the situation dramatically
changed due to BIPV self-shading. This could be observed in Table 3, which shows the Sunlit Fraction
values of the examined horizontal BIPV cases. For example, the southern BIPV shading devices are
significantly shaded by the upper ones, see Figure 4. The insolation level recorded at the southern
facade in summer dropped from 7.5 to 1.8 kWh/m? in the case of PV with no inclination (H-SD-0).
As the inclination angle increases, the observed shading effect on the southern BIPV shading devices
slightly ceases (as Sunlit Fraction increased from 0.21 to 0.34) and the summer insolation value slightly
increases to about 2.3 kWh/m?. In winter, the impact of this shading effect in Case H-SD-0 is much
less due to the lower solar altitude. Thus, the insolation level recorded at the southern facade in
winter dropped slightly, from 2.9 in the top floor to 2.4 kWh/m? in the typical floors. Increasing the
PV inclination angle by 30° in winter significantly increases its exposure to the sun, which increases
the insolation value from 2.4 to 3.6 kWh/m?. As for the eastern and western facades of the typical
floors, insolation values observed at the BIPV shading devices also dropped compared to the top floor.
The insolation level recorded at the eastern and western facade in summer dropped from 5.7 to
3.1 kWh/m? in H-SD-0 as a result of the PV shading effect. As the inclination angle on the eastern
and western facades increases, this shading effect ceases (Sunlit Fraction increased from 0.87 to 0.91).
Thus, the summer insolation value increased from 4.2 kWh/m? in the case of the 30° inclination angle
to 4.5 kWh/m? in the case of 60° inclination angle. Similar to the southern facade, the impact of
the observed shading effect on the eastern and western facades ceases in winter. In case H-SD-0,
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the insolation level recorded at the eastern and western facade dropped from 1.9 and 2.4 kWh/m?
in the top floor to 1.0 and 1.7 kWh/m? in the typical floors of the eastern and western facades,
respectively. Increasing the PV inclination angle by 30° in winter slightly increases PV exposure to
sun, which increases the insolation value from 1.0 and 1.7 kWh/m? to 1.4 and 2.4 kWh/m? for the
eastern and western facades, respectively. In general, it could be noted that inclined BIPV shading
devices performed better in most of the cases. On the one hand, this is because PV inclination reduces
the observed shading effect of the top PV panels on the bottom ones. On the other hand, it improves
the insolation intensity over PV panels mainly when the sun is low in winter.

Table 3. Average summer and winter building-integrated photovoltaic (BIPV) Sunlit Fraction in the
case of horizontal self-shaded BIPVs (installed on the typical floors).

Average BIPV Sunlit Fraction

Case Summer Winter
South East West South East West
H-SD-0 0.21 0.87 0.88 0.95 0.86 0.86
H-SD-30 0.24 0.88 0.88 0.95 0.86 0.86
H-SD-45 0.27 0.90 0.90 0.95 0.87 0.87
H-SD-60 0.34 0.91 0.91 0.95 0.88 0.88
H-SD-0

Figure 4. Shading patterns observed in cases H-SD-0 and V-SD-0 in summer (left) and winter (right)
on the southern facade at 1:00 pm.

3.2. Vertical BIPV Shading Devices

Similar to the above, Figure 5 illustrates the normalised insolation levels recorded at the different
examined cases of vertical shading devices. It shows insolation values for each facade in summer and
winter as a total daily average considering three examined inclination angles. Insolation was recorded
over the shading devices installed at the beginning and middle of the facade in order to examine
any potential shading effect between the shading devices. In general, results showed that despite
the fact that vertical shading devices are not recommended on southern facades due to their limited
shading potential at noon, especially in the top floors as presented in Figure 4, they could harvest
a relatively good amount of insolation in summer compared to the horizontal shading devices. As for
the exposed BIPV shading devices installed at the beginning of the southern facade, the normalised
insolation level in case V-SD-0 in summer was 3.3 compared to 7.5 kWh/ m?, which was observed in
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the top floor of case H-SD-0. This is about 45% of the amount received by the southern horizontal
shading device. This indicates that architects can effectively use vertical louvres as BIPVs on the
southern facade. However, their limited shading potential on windows, as numerically presented in
Section 3.3, should be enhanced by using other shading means such as blinds. In the case of internal
vertical BIPVs installed at the southern facade, the normalised insolation level in summer dropped to
1.8 kWh/m? due to the PV self-shading effect. This shading effect occurs as a result of the shadow
of the external vertical shading devices on the internal ones mainly in summer. Table 4 shows that
the BIPV Sunlit Fraction value in this case is only 0.32, which means that about two-thirds of the
PV is shaded. The above-mentioned normalised insolation value (i.e., 1.8 kWh/m?) is similar to the
one recorded in the typical floors of case H-SD-0, which makes the semi-exposed horizontal and
vertical shading devices installed on the southern facade equivalent in terms of harvesting insolation.
Insolation values and Sunlit Fraction values recorded at the southern facade remained the same for all
the vertical BIPV shading devices as no inclination was tested on this facade.

8
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Figure 5. Normalised average daily total insolation levels recorded for the different cases of the
examined vertical shading devices at the beginning (top) and middle (bottom) of the building facade.
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Table 4. Average summer and winter BIPV Sunlit Fraction in the case of vertical self-shaded BIPVs
(installed in the middle of the facade).

Average Photovoltaic (PV) Sunlit Fraction

Case Summer Winter
South East West South East West
V-SD-0 0.32 0.45 0.46 0.90 0.46 0.48
V-SD-30 0.32 0.52 0.52 0.90 0.47 0.49
V-SD-45 0.32 0.58 0.58 0.90 0.47 0.49
V-SD-60 0.32 0.58 0.58 0.90 0.47 0.49

In winter, the normalised insolation level over the southern exposed BIPV shading devices
dropped to 2.1 kWh/m? compared to 3.3 kWh/m?, which was observed in summer. As for the
semi-exposed BIPV shading devices installed in the middle of the southern facade, the insolation value
dropped from 2.1 to 1.9 kWh/m? when comparing summer and winter values. This drop is observed
despite the fact that the BIPV Sunlit Fraction in winter increased from 0.32 to 0.90. This means that
32% of BIPV exposure in summer could be more effective in harvesting insolation than 90% of BIPV
exposure in winter. As for the eastern and western facades, no significant difference was observed
between the external and internal vertical BIPV shading devices. In addition, the insolation value
recorded at the internal BIPVs installed on the eastern and western facades generally increases as
the inclination angle increases. This is more significant in summer, where tilting the vertical shading
devices towards the south increases their exposure to sun and therefore BIPV Sunlit Fraction as
presented in Table 4. Thus, the insolation value recorded at the internal BIPVs installed at the eastern
and western facades in summer increased from 1.3 in the case of no inclination angle to 2.3, 2.8,
and 3.2 kWh/m? for the inclination angles of 30°, 45°, and 60°, respectively.

3.3. Solar and Shading Performance Assessment of BIPV Shading Devices

To assess the performance of the examined BIPV shading devices discussed above, the insolation
value cannot solely be used as an indicator. This is because some of the examined configurations
may provide a relatively high insolation value but may not provide the required window shading,
which increases the energy required for cooling in summer considering the examined hot climatic
conditions. Some studies [30,31] also suggested that it is also useful to consider the impact of the
BIPV shading effect on natural lighting and, accordingly, the required lighting energy. However,
the focus in this study is maintained over window shading as an advantage that helps reduce the
cooling energy. This is because some estimations suggest that the energy required for lighting the
building represents about 15% of the typical building total energy consumption in hot climates [38].
Some estimations also suggest that the ratio between the electricity demand required for lighting and
cooling in office buildings located in hot climates is about 1:6. This is due to the current advancement in
lighting technology including the use of energy-efficient lighting such as LED technology, in addition to
lighting control. In such climates, the heating needs are insignificant [39]. Thus, the window Face Sunlit
Fraction is used here to quantify the fraction of the window exterior surface that is illuminated by beam
solar radiation. It could also be presented as Outside Face Shaded Fraction, which is adopted here.
As for insolation, it is possible to sum up summer and winter insolation values for each inclination
angle to find out the higher average annual total value. Given that the PV area is normally distributed
over the three facades, the normalised insolation value could be used for comparison. Thus, the main
aim is to find out the geometry of BIPV shading devices that offer the best integration of these
two variables and the compromise that may be accepted here. Figure 6 shows the obtained results.
It may be noted that horizontal BIPV shading devices installed on the eastern, southern, and western
facades offered better performance in general compared to the vertical ones.
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Figure 6. Total performance indicators of the examined cases of BIPV shading devices.

The case H-SD-45 received the highest amount of annual total insolation (104 kWh/m?) on the
eastern, southern, and western facades. This was followed by case H-SD-60 (101 kWh/ m?). Both cases
offered effective window shading in summer by an average of 96% and 98% of the window area,
respectively. On the contrary, the case V-SD-0 received the lowest amount of annual total insolation
(53 kWh/m?), preceded by the case V-SD-30 (67 kWh/m?). Both cases offered relatively limited window
shading in summer by an average of 23% and 27% of the window area, respectively. The detailed
shading potential of BIPV shading devices on these facades is illustrated in Table 5. It shows that the
recorded average window shading in summer in the case of horizontal shading devices installed on
the eastern and western facades ranges from 67% to 97% of the window area. This was recorded in
cases H-SD-0 and H-SD-60, respectively. This shows that as the inclination angle of the horizontal
shading devices installed at the eastern and western facades increases, their shading potential increases
too. This shows that unlike the common recommendation of avoiding horizontal shading devices on
eastern and western facades, it is possible in countries characterised with high solar altitudes such as
Saudi Arabia to use them effectively to generate electricity and provide the required window shading.

Table 5. Detailed summer average values of Outside Face Shaded Fraction recorded at the windows of
each facade.

Average Summer Outside Face Shaded Fraction of Windows

BIPV Case

East South West Average Total
H-SD-0 0.67 1.0 0.68 0.78
H-5SD-30 0.88 1.0 0.89 0.92
H-SD-45 0.94 1.0 0.94 0.96
H-SD-60 0.97 1.0 0.97 0.98
V-SD-0 0.10 0.5 0.10 0.23
V-SD-30 0.15 0.5 0.15 0.27
V-SD-45 0.20 0.5 0.20 0.30
V-SD-60 0.24 0.5 0.24 0.33

4. Conclusions

Several concerns face the world today regarding the sustainability of future energy supplies.
This includes oil-producing countries such as Saudi Arabia, where oil availability has so far resulted in
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a limited utilisation of renewable energy sources, especially solar energy. In this context, buildings
exposed to the sunny climate of Saudi Arabia could be effectively used to convert solar energy into
electricity using building-integrated photovoltaics (BIPVs). Thus, this study has investigated the use
of shading devices as BIPVs considering the hot climatic conditions of Saudi Arabia. The study relied
on parametric numerical modelling of a generic open-plan office building to examine the potential of
eight configurations of photovoltaic integrated shading devices in summer and winter. This included
external vertical and horizontal shading devices with the same PV area considering inclination angles
of 0°,30°, 45°, and 60°. The study assumed that the examined horizontal and vertical shading devices
are installed consistently, i.e., entirely horizontal or vertical on the three exposed facades. The study
found that two performance indicators are essential in the case of BIPVs used as shading devices:
the amount of insolation received by PV panels and the amount of shading secured for windows.
These two indicators were measured using the area-normalised insolation level of PV panels and the
Outside Face Shaded Fraction of building windows.

The study found that the horizontal BIPV shading devices installed on the top floor and the
vertical ones installed at the beginning of the building facade could harvest higher insolation values.
This is because they are totally exposed to the sun without any PV self-shading. Increasing the PV
inclination angle helps in reducing the impact of this self-shading effect without compromising the
required window shading. Despite the fact that it is commonly recommended to use horizontal shading
devices on southern facades and vertical shading devices at eastern and western facades, the designer
may use the same type on all three facades to satisfy some architectural requirements. This situation,
in particular, was investigated in this study. The study found that it is possible in countries characterised
with high solar altitudes such as Saudi Arabia to use horizontal shading devices on eastern and western
facades effectively in summer and in winter to harvest solar radiation and provide the required window
shading. In this regard, the case in which the BIPV horizontal shading device was inclined at 45°
(H-SD-45) received the highest amount of annual total insolation (104 kWh/ m?) on the eastern,
southern, and western facades. This was followed by the case H-SD-60, which received 101 kWh/ mZ2.
Both cases offered effective window shading in summer by an average of 96% and 98% of the total
window area, respectively. The study recommends further experimental verification of the presented
results. This would be useful to examine BIPV electricity production considering real-time conditions,
especially air temperature and dust deposition. An additional investigation could also be carried out
to investigate the impact of the proposed BIPV configurations on natural lighting levels and lighting
energy consumption. This could be used to implement an optimisation approach that combines BIPV
energy production, shading effect, and impact on the building energy consumption. In addition to
the investigated shading devices, there are a variety of PV integration options within the building
envelope using a broad range of technologies that could also be investigated. This includes movable
BIPV shading devices that have the advantage of blocking unwanted solar gains through windows in
summer but not in winter. The use of this large design potential is expected to make BIPV systems
a commodity building product and boost its industry and market in the future.
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