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PAPER INFO ABSTRACT
Papl?r history: The study explores the impact of surface orientation and tilt on incident solar irradiation. It was conducted in
Received: 22 December 2022 M'Sila, an Algerian province, from February to June. A number of experiments were carried out using an
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experimental setup consisting of a heliometer and a slant changer, which allowed for the variation of the tilt angle.
Accepted: 17 June 2023

Nineteen tilt angles ranging from 0° to 90° were investigated for the four main directions: North, South, East, and
West. The obtained outcomes were statistically analyzed. At east and south orientations, incident solar irradiance
rose as a function of tilt angle, reaching a maximum at the optimal angle, and then gradually decreased. Generally,
the incident solar irradiance decreased as the tilt angle increased in the case of west and north orientations. The
tilt angle of the exposed surface as well as the sun's elevation in the sky affected the amount of intercepted energy
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Surface Orientation, significantly at each orientation (p<0.05). When the sun was low in the sky, the south orientation was most
Solar Energy, preferred for an inclination greater than or equal to 25°. The north-facing surfaces with steep slopes (> 55°)
Building Sector received the least amount of solar radiation. These results hold great importance, particularly in the building sector,

as they can be utilized to achieve energy saving.
https://doi.org/10.30501/jree.2023.377799.1523

To collect the maximum solar energy, the system's solar
surface (receiving surface) should be perpendicular to the
incident solar irradiation; to do so, this surface must follow the
sun's movement across the sky. Solar trackers have been
developed for this specific purpose (Anshul et al., 2020).
However, they come with certain drawbacks, including hot
costs, energy consumption for operation, and limited suitability
in certain situations (Handoyo et al., 2013; Skeiker, 2009;
Elminir et al., 2006). Therefore, setting the solar system at an
optimal tilt angle (fixed value) and correcting the tilt on a
regular basis is frequently practical (Handoyo et al., 2013;
Elminir et al., 2006; Torres & Crichigno, 2015). The optimum
tilt angle of a solar system is the angle at which the radiation on
its exposed surface is at its maximum for a given day or period.

Data of incident solar irradiation acquired from
meteorological stations is always recorded on horizontal
surfaces rather than tilted ones. Therefore, in most cases,

1. INTRODUCTION

Solar energy is the most environmentally-friendly energy
source that can be used to replace conventional energy
(Kalogirou, 2004; Ka-LunLau et al., 2017; Chegaar & Chibani,
2001). Many devices have been developed to harness this
natural energy, whether in the form of heat (Chegaar &
Chibani, 2001; Handoyo et al., 2013) or electricity (Devereux
& Cole, 2021; Kousksou et al., 2015). Solar energy also saves
energy while protecting the environment in passive buildings.

Due to the shape of the Earth and its movement around its
axis and around the sun, many factors affect the amount of solar
irradiation that reaches the surface of solar systems, including
latitude of the site, day of the year, time of the day, surface tilt
angle, and surface azimuth angle (Handoyo et al., 2013). Apart
from the design and location of solar systems, the tilt and
azimuth angles of the solar exposed surface are two parameters

;f;/z:ttecr?]n (tﬁarr?gg\llgegttc;;mgr&\/; tgi::;g?'\;%%?_s S_?ggsssgkl)ir emp_irical models are used to d_ete_rmine Fhe radiation ir_lcident
1988). Moreover, the tilt.e’mgle (i,nclinatior; angle ’B) s the anglé on tilted surfaces from the radiation |pC|dent on a horizontal
me'd by the syétem's solar surface plane and the horizon. The surface (Basharat et al., 2016; Jakhrani et al., 2012; Shukla et

. . ' al., 2015). These models calculate beam and ground reflected
surface azimuth angle (y), on the other hand, is the angle formed radiation on a tilted surface using the same method. The only

Wh(_en projecting the n(_)rmal to the system’s solar surface onto a difference lies in the treatment of diffuse radiation (Elminir et
horizontal plane, relative to due south or north. al., 2006)
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Optimal tilt angle determination has been the subject of
several investigations (Handoyo et al., 2013; Basharat et al.,
2016; Ashetehe et al., 2022). The optimal tilt angle can be
calculated using a direct formula (Qiu & Riffat, 2003; Hafez et
al., 2017; Duffie & Beckman, 1988) or by estimating the
incident solar irradiation on tilted surfaces (Calabrd, 2013],[
Idowu, 2013; Ihaddadene et al., 2017). The appropriate tilt
angle can also be determined through experimentation (EIminir
et al., 2006; Ihaddadene et al., 2017). Furthermore, in the
literature, numerous optimum tilt angle values for fixed solar
systems have been presented, depending solely on the latitude
of the installation site (Skeiker, 2009). It is worth noting that
the majority of publications discussing the optimal tilt angle
have been conducted on surfaces oriented toward the equator
(Duffie & Beckman, 1991; El-Sebaii, et al., 2010). Therefore,
the ideal orientation of solar systems (optimal azimuth angle)
is toward the equator; solar systems in the northern hemisphere
should face south, whereas those in the southern hemisphere
should face north.

M'Sila is an Algerian province located at latitude 35°
42'07", longitude 4° 32'43", and an elevation of 441 meters
above sea level. It receives an average of 1.79 MWh/m? solar
energy annually (Kherbiche, et al., 2021), with an average day
length of 12 hours. Moreover, the duration of a day in M'Sila
can vary from 8 hours, 30 minutes, and 36 seconds (the shortest
day) to 14 hours, 19 minutes, and 48 seconds (the longest day).
M'Sila is well positioned in terms of solar energy potential. The
quantitative evaluation of solar irradiation incident on a tilted
plane is very important for designing solar energy collecting
devices, buildings, and a variety of other structures. This paper
aims to study experimentally, for the first time, the
simultaneous impact of surface orientation and inclination on
incident solar irradiation in the M’Sila region over a period of
five months: February, March, April, May, and June. The
findings of this study are intended to be applied to the building
sector. For the four main directions of North, South, East, and
West, 19 tilt angles ranging from 0° to 90° were investigated.
Another objective of the current research is to determine the
best tilt angle and orientation for this region during the four
months of study. In other words, this research represents the
initial phase of M'Sila’s solar energy exploitation. The present
paper follows a structured format, starting with an introduction
that provides background information. It then proceeds to
explain the methodology employed in the study, present and
analyze the obtained results, and discuss their implications.
Finally, the document concludes by summarizing the key
findings and their significance.

2. MATERIALS AND METHODS

2.1. Experimental and set up

A compass, a slant changer, and a heliometer make up the
experimental equipment pieces used to meet the objectives of
the current study.

A. Compass

A compass is a device that determines orientation in any
location by using the four cardinal points (north, south, west,
and east). The needle on the compass is always pointing north.
The compass used in our case is a digital one, i.e., a
downloadable application on a mobile phone and it allowed
determining the four primary orientations concerning the site
under study.

B. Slant changer

The slant changer is a wooden instrument that was made out
of a protractor to investigate the impact of surface inclination
on intercepted solar energy. As shown in Figure 1, the tilt angle
with this instrument can be adjusted in 5° increments from 0°
to 180°. Its center has a pivoting axis on which the heliometer
(see later) is fixed. This pivot allows varying the tilt angle
manually. The variation of the inclination angle is subject to £1°
inaccuracy.

C. Heliometer

The instantaneous rate of solar energy intercepted is
measured in kilowatts per square meter using a heat flux sensor
known as a heliometer. The heliometer utilized is a component
of the ET 200 thermal collector, an experimental device made
by the German company Gunt (Figure 2).

As illustrated in Figure 2, the measurements from the
heliometer are shown on the relevant display screen on the
control and command box of the ET 200 thermal collector.
More details on the heliometer's operating principle can be
found in our later work (Ihaddadene et al., 2018). The use of
the heliometer makes it possible to study the effects of surface
inclination and orientation independently of their construction
materials or surface size. Moreover, incident solar irradiance
was measured with + 0.01 kKW/m? precision.

2.2. Experimental procedure

To meet the objectives of the current study, the four cardinal
points were initially identified using an electronic. These points
were then marked on the study site, along with the pivoting
support to which the slant changer was attached. The
heliometer was then mounted on the pivot of the angle changer,
as illustrated in Figure 3. Thus, this design makes it feasible to
intercept solar irradiance at different angles throughout the day.
Moreover, the pivoting support makes it easy to switch from an
east-west orientation to a south-north orientation (Figure 3).

The inclination angle was adjusted from 0° to 90° in 5° steps
for each direction, and the incident irradiance was captured by
the heliometer, with the measured value shown in kW/m? on
the control and command box. The measurements were taken
every ten (10) minutes from 8:30 a.m. to 4:30 p.m. on five days
in 2019: February 27, March 17, April 15, May 15, and June
10.

It is important to note that incident solar irradiance was
measured for each experiment within a time frame of less than
one minute for all tilt angles (0° to 90°) and orientations. This
efficient data collection process validates the research
outcomes.

Pivoting axis Angle stabi

Figure 1. Slant changer (Protractor).
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Heliomete

Figure 2. ET 200 Solar collector and heliometer.
2.3. Statistical analysis

The term “statistics™ refers to a methodology created by
scientists and mathematicians for gathering, organizing, and
analyzing data to reach certain conclusion. A variety of
statistical tests can be employed depending on the number of
groups being compared, the assessment of normality, and the
assumption of independence. In this investigation, Friedman's
test, a non-parametric test similar to one-way ANOVA with
repeated measures, was employed to assess whether there is a
statistically significant difference among the means of three or
more groups, with the same subjects appearing in each group.
The statistical software SPSS 26 was utilized to conduct this
investigation based on the significance probability («.=0.05).

3. RESULTS AND DISCUSSION

Two aspects were addressed during the course of this study:
the effect of orientation and tilt angle on incident solar
irradiation, regardless of the nature of the solar exposed
surface. Except for February, the days chosen to carry out the
experiments correspond to the typical days. In other words,
daily extraterrestrial radiation on the selected days is nearly
equal to the average monthly extraterrestrial radiation.

Instead of using the azimuth angle (y) values, we directly
employed the orientations themselves in the following analysis.
In fact, the azimuth angles are given as follows: y =0° for the
south, y =90° for the west, y =180° for the north, and y =270°
for the east.

3.1. Effect of orientation on inident solar irradience

The orientation of solar-exposed surfaces with regard to the
four cardinal points affects the amount of energy intercepted.
Figure 4 illustrates five examples of incident solar irradiance on
a 40° inclined surface directed at the four cardinal points during
the five days of study. The incident solar energy is clearly
affected by the orientation of the solar exposed surface, as
evidenced by different paces obtained at different orientations.
In terms of figures, on February 27, for instance, the surface-
facing south received the highest amount of solar irradiance,
23.95 kW/m?, while the north-facing surface received the lowest
(8.42 kW/m?). Furthermore, the east-facing surface received
more solar irradiance than the west-facing surface, with values
of 20.55 kW/m? and 13.43 kW/m?, respectively.

The oscillations seen on the curves in Figure 4 (dashed black
circles) result from cloud passage, which inhibits solar radiation
from reaching the earth’s surface. Therefore, the experiments
were conducted on days with mostly clear skies and brief
periods of cloud cover that intermittently obscured the sun.

In the case of a 40° sloped surface, the east-facing surface
received more energy in the morning during the five months of
testing, while the west-facing surface received the least (Figure
4). This outcome was obtained due to the sun’s daily course,
which rose on the east side and set on the west. Furthermore, no
generalization can be made for surfaces facing the four
directions in the afternoon. When the sun is low in the sky
during the months of February and March, the south-facing
surface receives more energy in the afternoon compared to other
directions. Conversely, the north-facing surface receives the
least amount of energy during this time (refer to Figure 4).

The collected data on the effect of orientation during the test
days showed non-normal distribution. In addition,
Additionally, the groups representing solar irradiance by
direction were paired, as the measurements were taken for the
same angle. Hence, the Friedman test—a non-parametric test—
was applied in this case to determine if there were differences
in measured data based on orientation.

Table 1 displays the Friedman test results for each
experiment day. As can be observed, there is a significant
difference between the groups since the P-values at all
orientations are lower than the significant probability (p<0.05),
meaning that the surface orientation significantly affects the
amount of solar energy received.

Table 1. Friedman test results for the effect of the surface orientation
on the intercepted solar irradiance provided by SPSS 26.

Sampling Ch Degree of P-
number Square freedom df value
Febzr;ary 19 32,647 3 0.000
March 17 19 27,935 3 0.000
April 15 19 31,210 3 0.000
May 15 19 50,736 3 0.000
June 10 19 11,103 3 0.011

The amount of solar energy intercepted by a surface is affected
by not just its orientation but also the sun position in the sky. As
shown in Figure 4, when the sun rises higher in the sky from
February to June, the curves depicting the daily evolution of the
intercepted solar irradiance in the west and south directions tend
to converge. The east and north directions exhibit similar
patterns of change.
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Figure 4. Incident solar irradiance on a 40° inclined surface directed at four cardinal points during the five days of study.

As known, the sun remains below the equator from
September 21 (autumn equinox) to March 21 (spring equinox),
passing through December 21 (winter solstice). Hence, during
this period, the sun is low in the sky in the northern hemisphere.
Conversely, it is above the equator from March 21 to September
21, passing through June 21 (summer solstice), and the sun is
high in the sky throughout this time in the northern hemisphere.
Furthermore, the sun is at the same level as the equator for the
spring and autumn equinoxes. The summer solstice marks the
highest altitude of the sun, whereas the winter solstice marks its
lowest.

The impact of the sun elevation in the sky on the amount of
solar irradiance intercepted at different tilt angles oriented
toward the four cardinal points is shown in Figure 5. This latter
demonstrates that in addition to the orientation and elevation of
the sun in the sky, the inclination angle of the solar exposed
surface has an important impact on the amount of solar energy
gathered. For example, on February 27, the average incident
daily solar irradiance on a surface inclined at 60° and orientated
west was 0.22 kW/m?, while it was 0.33 kW/m? on a surface
inclined at 20° in the same direction and on the same day.

Results of the Friedman test to determine how the sun
position in the sky affected the solar energy intercepted, as
shown in Table 2. As can be seen, there is a significant
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difference in the solar irradiance gathered on different days
since the P-values are lower than significance probability
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(p<0.05), indicating that the sun's position in the sky affects the
amount of solar energy intercepted significantly.
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Figure 5. Effect of the sun elevation in the sky on the intercepted solar energy for different orientations and tilt angles

Table 2 differs from Table 1 by presenting a condensed
summary of the key points obtained from Friedman's test,
achieving a more space-efficient representation.

Table 2. Friedman test results for the effect of the sun’s position on
the intercepted solar irradiance provided by SPSS 26.

. P- .
Null hypothesis Test Decision
value
Two-way
The distributions of Feb. analysis of Reiection of
27, Mar. 17, Apr. 15, variance by )
. 0.000 null
May 15, and June 10 are Friedman hvoothesis
the same ranking for P
related samples

In the case of west-facing surfaces, the impact of the sun
elevation in the sky on the intercepted energy is insignificant for
inclined surfaces with a tilt angle greater than 75° (Tilt angle of
80° in Figure 5). Indeed, the highest variations in solar
irradiance received throughout the test period are less than 21%,
14%, and 9% on sloped surfaces at 80°, 85° and 90°,
respectively. This finding can be applied to the building sector
in M'Sila, where the amount of solar radiation hitting west-
facing walls (sloped surfaces at 90°) varies slightly (no more

than 9%) between February and June. Furthermore, the incident
solar irradiance increases with the sun elevation on slanted
surfaces between 30° and 70° (Tilt angles of 40° and 60° in
Figure 5). The energy collected peaks on May 15 for surfaces
inclined from 0° to 25° (tilt angle of 20° in Figure 5). It is worth
noting that regardless of the tilt angle, the position of the sun in
the sky on March 17 and April 15 had a minor effect (p = 0.705)
on the amount of energy intercepted in the westerly direction
(Figure 5).

For east-facing surfaces, the energy collected peaks on May
15 for surfaces inclined from 0° to 45° (Tilt angles of 20° and
40° in Figure 5) and on March 17 for surfaces inclined from 50°
to 90° (Tilt angles of 60° and 80° in Figure 5).
For south-facing surfaces, the energy collected peaks on May 15
for surfaces inclined from 0° to 30° (Tilt angle of 20° in Figure
5) and on March 17 for surfaces inclined from 35° to 75° (Tilt
angles of 40° and 60° in Figure 5). Furthermore, the incident
solar irradiance decreases with the sun elevation on slanted
surfaces greater than or equal to 80° (Tilt angle of 80° in Figure
5). This result may be extended to the building sector in M'Sila,
where south-facing walls receive much more solar energy in the
winter than in the summer since the sun rays fall on them
perpendicularly in the winter and almost parallel in the summer.
This experimental outcome is consistent with the calculations
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achieved for Abu Dhabi by Jafarkazemi et al. (Jafarkazemi &
Saadabadi, et al, 2013).

For north-facing surfaces, the incident solar irradiance
increases with the sun elevation on slanted surfaces up to 75°
(Tiltangles of 20°, 40°, and 60° in Figure 5). On surfaces sloped
at angles greater than 75°, low solar irradiation intensities less
than 0.15 kW/m? were recorded during the test period. North-
facing walls, therefore, receive the least solar energy throughout
the test period compared to other orientations.

The tilt angle of the exposed surface and the sun elevation in
the sky affect the quantity of energy intercepted in each
direction. Figure 6 depicts the best orientations found for each
month over the trials.

The south is the ideal orientation for very particular angles,
not all angles (Figure 6). Indeed, when the sun is low in the sky
(as it is in February and March), the south orientation is most
favored for an inclination greater than or equal to 25° (§ > 25°).
When the sun is high in the sky (as it is in April, May, and June),
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the east direction is preferred for inclination angles more than
75° and less than or equal to 90° (75°< B <90°). Furthermore,
north-facing steeply sloped surfaces (B > 55°) received the least
amount of solar irradiation throughout the testing period,
whereas low-sloped surfaces (B < 5°) received the highest
(except for May).

In reality, there is no discrepancy between our findings and
those reported in the literature about the best orientation, which
is a southward orientation (El-Sebaii, et al., 2010; Jafarkazemi
& Saadabadi, et al, 2013; Gunerhan & Hepbasli, 2007). On an
annual basis, as indicated in the literature (Jafarkazemi &
Saadabadi, et al, 2013; Gunerhan & Hepbasli, 2007; Li & Lam,
2007), the south is the optimal direction, but not on a monthly
scale, according to our findings.

27th February
North

East

25°<a.<90°

South

= North =East ®South

17th March

North

East

South

=North =East mSouth

15th April
North

South
East

=North =East = South

15th May

East

= North wEast mSouth

South

10th June

=North =East ®South

North

East

Figure 6. Monthly best orientations.

Furthermore, our experimental study was conducted from
February to June. During this period, the south is the best
orientation for tilt angles ranging from 20° to 80° (Figure 7). The
north direction is the least sunny for tilt angles greater than 25°,
as shown in Figure 7.

The findings of the current investigation are extremely
significant for the building sector since the monthly solar gain is
more interesting than the yearly gain. Fixed solar devices, on the
other hand, are more concerned with annual solar gain than
monthly gain.

In the building sector, east-facing walls receive more solar
energy when the sun is high in the sky than in other orientations.

However, when the sun is low in the sky, south-facing walls are
exposed to greater solar radiation than walls with other
orientations. From February through June, the north-facing
walls are the coldest part of the building envelope since they
receive the least amount of solar radiation (Figure 7).

3.2. Effect of tilt on inident solar irradience

Figure 8 shows the effect of tilt angle on incident solar
irradiance for each of the four orientations throughout the
testing period. As can be observed, the incident solar irradiance
depends on both the tilt angle and the direction of the exposed
solar surface since the pace of the curve representing the
evolution of the incident solar irradiance as a function of the tilt
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angle differs from one orientation to another. It should be noted
that the curves illustrating the relationship between incident
solar irradiance and tilt angle for various orientations vary with
the sun's annual course.

When the solar exposed surface is oriented towards the east,
the incident solar irradiance increases with the tilt angle,
reaches a maximum, and then decreases (Figure 8). The vertical
surface (i.e., slanted 90° to the horizontal) receives the least
amount of solar energy regardless of the position of the sun in
the sky, which affects the optimal tilt angle. Indeed, the optimal
tilt angle for an east-facing surface depends on the sun's annual
trajectory (Figure 8).

This finding can be applied to the building sector in M'Sila,
where terrace roofs (horizontal surfaces) and roofs (inclined
surfaces) that face east get more solar irradiance than east-
facing walls (vertical surfaces) from February to June.
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Figure 8. Effect of tilt angle on incident solar irradiance for the four main orientations (East, West, North, and South).

When the sun is high in the sky, nearly horizontal surfaces
receive more solar energy than those slanted at various degrees
(due to the angle at which solar radiation strikes these surfaces).
The curve describing the evolution of incident solar irradiance
vs. the tilt angle becomes more flattened when the sun is low in
the sky compared to when it is high. Specifically, on February
217, the difference between the maximum and minimum energy

received was approximately 38%. However, on May 15, this
difference increased to over 90%.

Table 3 displays the outcomes of the Friedman test used to
evaluate the effect of tilt angle on solar energy intercepted in the
eastern direction. As can be seen, there is a significant difference
in the solar irradiance gathered at different tilt angles since the
P-values are lower than the significant probability (p<0.05),
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indicating that the inclination angle affects the amount of solar
energy intercepted significantly.

When the sun is high in the sky, nearly horizontal surfaces
receive more solar energy than those slanted at various degrees
(due to the angle at which solar radiation strikes these surfaces).
The curve describing the evolution of incident solar irradiance
vs. the tilt angle becomes more flattened when the sun is low in
the sky compared to when it is high. Specifically, on February
217, the difference between the maximum and minimum energy
received was approximately 38%. However, on May 15, this
difference increased to over 90%.

Table 3 displays the outcomes of the Friedman test used to
evaluate the effect of tilt angle on solar energy intercepted in the
eastern direction. As can be seen, there is a significant difference
in the solar irradiance gathered at different tilt angles since the
P-values are lower than the significant probability (p<0.05),
indicating that the inclination angle affects the amount of solar
energy intercepted significantly. It is important to note that there
are no appreciable differences in the solar radiation incident on
east-facing surfaces tilted at 0°, 5°, 10°, 15°, 20°, and 25° in
April, May, and June, as revealed by the Friedman test; y2(5,
N=50)=2.506, p=0.776, (5, N=46)=2.751, p=0.738, (5,
N=45) =452, p=0.477, respectively. In other words, the
incident solar irradiation in April, May, and June are not
significantly affected by the inclination of the east-facing
surfaces from 0° to 25° (a nearly horizontal surface).

When the solar exposed surface is oriented towards the
west, the incident solar irradiance decreases as the tilt angle
increases (Figure 8). Thus, the horizontal surface (3=0°) always
receives maximum solar irradiation, while the vertical surface
(B=90°) receives the least, regardless of the sun's position in the
sky from February to June. In other words, from February to
June, the best tilt angle for the west direction is 0° (horizontal
surface). It is a fixed angle that does not change with the sun's
path. The outcomes of the computations carried out by F.
Jafarkazemi in Abu Dhabi (United Arab Emirates)
(Jafarkazemi & Saadabadi, et al, 2013) are compatible with this
result. Furthermore, throughout the study period, the difference
between the maximum and minimum intercepted solar energy
was significant, exceeding 160%.

Again, in case this result is applied to the construction sector
in M'Sila, we can state that from February to June, terrace roofs
(horizontal surfaces) get higher solar irradiance than roof
surfaces oriented to the west or west-facing walls. Moreover, the
west-facing walls are less irradiated than other inclined surfaces.

The results of the Friedman test, which aimed to assess the
impact of tilt angle on solar energy intercepted in the western
direction, are also shown in Table 3. As can be seen, there is a
significant difference in the solar irradiance received at various
tilt angles since the P-values are lower than the significance
probability (p<0.05), showing that the inclination angle
considerably impacts the amount of solar energy intercepted in
the western direction.

Figure 8 demonstrates that nearly vertical surfaces facing
west, with tilt angles of 75°, 80°, 85°, and 90° relative to the
horizontal, receive approximately equal solar irradiance from
April to June (a variation of less than 15% for each inclination).
The P-values determined for each inclination are greater than
the significance probability (p>0.05), which means that the
Friedman test statistically supports this result: y2(2, N=43,
75°)=0.625, p=0.730, %%(2, N=43, 80°)=0.347, p=0.841, (2,
N=43, 85°) =2.612, p=0.271, (2, N=43, 90°) =5.414,
p=0.067.

When the solar exposed surface is oriented towards the
north, the incident solar irradiance generally decreases with the
tilt angle (Figure 8). Thus, regardless of where the sun is in the
sky, the horizontal surface receives the maximum amount of
solar radiation. In other words, for a north orientation, the
optimal tilt angle, which receives the maximum amount of solar
energy, is constant and does not change with the sun's annual
trajectory (from February to June). The same result was found
for the west orientation. It is worth noting that the incident solar
irradiance does not decrease linearly as the tilt angle increases.
When the sun is low in the sky, the incident solar irradiance
decreases, passes through a minimum, and then increases very
slightly (stabilizes) as the angle of inclination increases
(February 27 and March 17 are examples of this). When the sun
is high in the sky, such as on April 15, May 15, and June 10,
vertical surfaces receive the least amount of solar energy
(incident solar irradiance decreases with the tilt angle).
Moreover, the difference between the maximum and minimum
recorded incident solar irradiance is significant, topping 300%
during the whole study period.

Once more, terrace roofs (horizontal surfaces) get higher
solar irradiance from February to June than roof surfaces that
are oriented to the north or north-facing walls. Moreover,
compared to other north-inclination surfaces, the walls facing
north receive less solar radiation.

Table 3 displays the outcomes of the Friedman test used to
evaluate the impact of tilt angle on solar energy intercepted in
the northern direction. As can be seen, there is a significant
difference in the solar irradiance gathered at different tilt angles
since the P-values are lower than the significance probability
(p<0.05), indicating that the inclination angle affects the amount
of solar energy intercepted significantly.

When the solar exposed surface is oriented towards the
south, the incident solar irradiance rises as the tilt angle
increases until it reaches maximum and then, decreases (the
same trend as the east orientation). Moreover, when the sun is
high in the sky, the vertical surface is the least radiated; this is
the case on April 15, May 15, and June 10 (Figure 8). When the
sun is low in the sky, as it is on February 27, the horizontal
surface receives the least amount of solar irradiation (Figure 8).
This result is evident because the sun rays fall parallel to the
receiving surface.

As shown in Figure 8, the optimal tilt angle varies with the
sun's annual path. Indeed, when the sun rises in the sky, the
optimal tilt angle shifts to low slopes and when the sun moves
down, the optimal tilt angle shifts to high slopes.

According to this research, walls facing south get less solar
radiation from April to June than terrace roofs (horizontal
surfaces) or roofs oriented in the same direction (incident solar
irradiation difference exceeding 51%). In February, the sun is
low in the sky; therefore, terrace roofs receive less solar
radiation than south-facing walls. This finding can be extended
to the winter, revealing that south-facing walls get more heat
from the sun than terrace roofs do.

The findings of the Friedman test, which aimed to assess the
effect of tilt angle on solar energy intercepted in the south, are
likewise displayed in Table 3. As seen, the P-values are again
lower than the significance probability (p<0.05), showing that
the inclination angle considerably affects the amount of solar
energy intercepted in the southern direction.

The amount of solar energy incident on a surface at any
orientation and tilt varies with the sun's position in the sky. It
depends on how the sun rays fall on the surface. The maximum
radiation is received when the sun rays are perpendicular to the
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lower in the sky in February than in June. Hence, the solar rays
fall nearly perpendicular to the vertical surfaces and almost
parallel to the horizontal ones in February. The opposite

exposed surface. When the sun rays fall parallel to the surface,
it receives the least amount of radiation. For example, a sloped

surface facing south at 90° receives more solar radiation in
February than in June (Figure 8). Additionally, as seen in
Figure 8, the vertical surface receives more solar radiation in
February than the horizontal surface. Moreover, the sun is

happens in June.

Table 3. Friedman test results for the effect of the tilt angle on the intercepted solar irradiance in all directions provided by SPSS 26.

Orientations Null hypothesis Test P value Decision
The distributions of
Fast 0°, 5°,10°, 15°, 20°
2’50 ’300 '350 '400 " | Two-way analysis of
Feb. 27 West 450’ 500‘ 550’ 60°’ variance by 0.000 Rejection of null
' o o Friedman ranking for ' hypothesis
North 657, 70%, 75, 80%, related samples
85°, and 90° are the
South same.
East The distributions of
et O o e aee | Two-way analysis of
S ) variance by Rejection of null
Mar. 17 45°, 50°, 55°, 60°, . . 0.000 .
65° 70° 75°  80° Friedman ranking for hypothesis
North T e related samples
85°, and 90° are the
same.
South
East
The distributions of
West 02'55 33(") 325 438 " | Two-way analysis of
Apr. 15 45°. 50°. 55°. 60°. _ variance b_y 0.000 Rejection of_null
65° 70° 75° 80° Friedman ranking for hypothesis
North o ] related samples
85°, and 90° are the
same.
South
East The distributions of
02’55 330 325 459 " | Two-way analysis of
West IS variance by Rejection of null
May 15 :550 580 ‘ ;3:0 ’ 6820 Friedman ranking for 0.000 hypothesis
North 85°, and 90° are the related samples
same.
South
East The distributions of
West 02’5? 330 325 4(2)8 " | Two-way analysis of
es S ) variance by Rejection of null
Junel0 45°,50°, 55°, 60°, . . 0.000 .
65° 70° 75°  80° Friedman ranking for hypothesis
North Y o related samples
85°, and 90° are the
South same.

As shown in Figure 7, the flat surface toward the north and
the surface inclined at 30° south received maximum solar

5. CONCLUSIONS

This investigation, which aimed to study the effect of
surface orientation and inclination on incident solar irradiation
in M’Sila region from February to June, yielded the following
results:

radiation during the study period from February to June.

In reality, this period is insufficient for determining the
yearly optimal tilt angle, but it is sufficient to investigate the
surface orientation and inclination effect on the solar energy
captured.
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- The incident solar energy is greatly affected by the
orientation and tilt of the solar-exposed surface as well as the
position of the sun in the sky (p<0.05) since it depends on how
the sun rays strike the surface;

- When the sun is low in the sky, the south orientation is most
favored for an inclination greater than or equal to 25°.
Furthermore, when the sun is high in the sky (as it is in April,
May, and June), the east direction is preferred for inclination
angles more than 75° and less than or equal to 90°. During the
testing period, north-facing steeply sloped surfaces (f > 55°)
received the least amount of solar irradiation.

- For east and south orientations, incident solar irradiance
rises as a function of tilt angle, reaching maximum (optimal
angle) and then decreasing. Generally, the incident solar
irradiance decreases as the tilt angle increases for west and north
orientations. Moreover, for east and south orientations, the ideal
tilt angle varies with the sun's annual path, whereas it is
constant at 0° for west and north orientations.

- The flat surface toward the north and the surface inclined
at 30° south receive maximum solar radiation during the study
period from February to June.

- The results make it possible to identify the orientations
(North, South, East, and West) and inclinations (terrace roofs,
roof, and vertical walls) in the building sector that are the most
suited for solar heat input, provided by the sun both in summer
and winter. Indeed, east-facing walls receive more solar energy
when the sun is high in the sky than in other orientations.
However, when the sun is low in the sky, south-facing walls are
exposed to more solar radiation than other orientations.
Moreover, the north-facing walls are the coldest part of the
building envelope since they receive the least amount of solar
radiation. East, west, and north facing walls do not receive as
much solar radiation as terrace roofs. During the summer,
terrace roofs are exposed to more solar radiation than south-
facing walls. The inverse is true in the winter.
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NOMENCLATURE
df Degrees of freedom
N Sampling number
P Probability value
Greek letters
o Significance probability
B Inclination angle [°]
Y Surface azimuth angle [°]
12 Chi square
REFERENCES

1. Anshul, A., Akash, K. S., Murali, M.S.R., Chandrakant, D., Shukla, K.N.,
Deepak, P. & Geetam, R. (2020). Review on sun tracking technology in
solar PV system. Energy Reports, 6, 392-405.
https://doi.org/10.1016/j.egyr.2020.02.004.

2. Ashetehe, A. A, Gessesse, B. B., Shewarega, F. (2022). A generalized
approach for the determination of optimum tilt angle for solar
photovoltaic modules with selected locations in Ethiopia as illustration
examples. Scientific African, 18,.
https://doi.org/10.1016/j.sciaf.2022.01433.

3. Basharat, J., Abid T. S., Naiem A. (2016). Estimation of solar radiation
and optimum tilt angles for south-facing surfaces in Humid Subtropical
Climatic Region of India. Engineering Science and Technology, an
International Journal, 19 4), 1826-1835.
https://doi.org/10.1016/j.jestch.2016.10.004.

11, No. 1, (Winter 2024) 157-167

4,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Calabro, E. (2013). An Algorithm to Determine the Optimum Tilt Angle
of a Solar Panel from global horizontal solar radiation. Journal of
Renewable Energy, 1-12. http://dx.doi.org/10.1155/2013/307547.

Chegaar, M., Chibani, A. (2001). Global solar radiation estimation in
Algeria. Energy Conversion and Management, 42, 967-973.
https://doi.org/10.1016/S0196-8904(00)00105-9

Devereux, L. R., & Cole, J. M. (2021). Data-driven materials discovery
for solar photovoltaics. Data Science Applied to Sustainability Analysis,
129-164. https://doi.org/10.1016/B978-0-12-817976-5.00008-5.

Duffie, J. A. & Beckman, W. A. (1991). Solar Engineering of Thermal
Processes, 2™ ed. John  Wiley&sons, Inc,  Canada,
https://www.google.com/books/edition/Solar_Engineering_of Thermal

Processes/tPayQgAACAAJ?hI=en

Duffie, J. A. & Beckman, W. A. (1982). Solar Engineering of Thermal
Processes, Wiley, New York.
https://books.google.com/books/about/Solar_Engineering_of Thermal

Processes.html?id=5uDdUfMgXYQC

El-Kassaby, M. M. (1988). Monthly and daily optimum tilt angle for

south facing solar collectors; theoretical model, experimental and
empirical correlations, Solar & Wind Technology, 5 (6), 589-96.
https://doi.org/10.1016/0741-983X(88)90054-9.

Elminir, H. K., Ghitas, A. El-Hussainy, E.F., Hamid, R., Beheary, M.M.

& Abdel-Moneim, K. M. (2006). Optimum solar flat-plate collector
slope: Case study for Helwan, Egypt. Energy Conversion and
Management, 47, 624-637.
https://doi.org/10.1016/j.enconman.2005.05.015.

El-Sebaii, A.A., Al-Hazmi, F.S., Al-Ghamdi A.A., & Yaghmour, S.J.

(2010). Global, direct and diffuse solar radiation on horizontal and tilted
surfaces in Jeddah, Saudi Arabia. Applied Energy, 87, 568 —576.
https://doi.org/10.1016/j.apenergy.2009.06.032.

Gunerhan, H., Hepbasli, A. (2007). Determination of the optimum filt

angle of solar collectors for building applications. Building and
Environment, 42(2), 779-783.
https://doi.org/10.1016/j.buildenv.2005.09.012.

Hafez, A.Z., Soliman, A., El-Metwally, K.A., Ismail, I.M. (2017). Tilt
and azimuth angles in solar energy applications — A review. Renewable
and Sustainable Energy Reviews, 77, 147-168.
https://doi.org/10.1016/j.rser.2017.03.131.

Handoyo, E. A., Ichsani, D., Prabowo. (2013). The Optimal Tilt Angle of
a  Solar  Collector. Energy  Procedia, 2, 166-175.
https://doi.org/10.1016/j.eqypro0.2013.05.022.

Idowu, O. S., Olarenwaju O. M., & Ifedayo, O. I. (2013). Determination
of optimum tilt angles for solar collectors in low-Ilatitude tropical region.
International Journal of Energy and Environmental Engineering, 4 (29).
http://www.journal-ijeee.com/content/4/1/29.

lhaddadene, N., Ihaddadene R., & Charika, A. (2017). Best Tilt Angle of
Fixed Solar Conversion Systems at M’Sila Region (Algeria). Energy
Procedia, 118, 63-71. https://doi.org/10.1016/j.eqypro.2017.07.014.

lhaddadene, N., Ihaddadene, R. & Betka, A. (2018). Experimental
Investigation of Using a Novel Insulation Material on the Functioning of
a Solar Thermal Collector. Journal of Solar Energy Engineering, 140

(6), 06100, https://doi.org/10.1115/1.4039747.

Jafarkazemi, F., Ali Saadabadi, S. (2013). Optimum tilt angle and
orientation of solar surfaces in Abu Dhabi, UAE. Renewable Energy,
56, 44-49. https://doi.org/10.1016/j.renene.2012.10.036.

Jakhrani, A. Q., Othman, A., Rigit, A. R.H., Saleem R. S., Shakeel A. K.
(2012). Estimation of Incident Solar Radiation on Tilted Surface by
Different Empirical Models. International Journal of Scientific and
Research Publications, 2(12), http://www.ijsrp.org/research-paper-

1212.php?rp=P12487.

Kalogirou, S. A. (2004). Solar thermal collectors and applications.
Progress in Energy and Combustion Science, 30, 231-295.
https://doi.org/10.1016/j.pecs.2004.02.001.

Ka-LunLau, K., Lindberg, F., Johansson, E., Rasmussen, M. 1., Thorsson,

S. (2017). Investigating solar energy potential in tropical urban
environment: A case study of Dar es Salaam. Tanzania", Sustainable
cities and Society, 30, 118-127.
https://doi.org/10.1016/j.scs.2017.01.010.



https://doi.org/10.1016/j.egyr.2020.02.004
https://doi.org/10.1016/j.sciaf.2022.e01433
https://doi.org/10.1016/j.jestch.2016.10.004
http://dx.doi.org/10.1155/2013/307547
https://doi.org/10.1016/S0196-8904(00)00105-9
https://doi.org/10.1016/B978-0-12-817976-5.00008-5
https://www.google.com/books/edition/Solar_Engineering_of_Thermal_Processes/tPayQgAACAAJ?hl=en
https://www.google.com/books/edition/Solar_Engineering_of_Thermal_Processes/tPayQgAACAAJ?hl=en
https://books.google.com/books/about/Solar_Engineering_of_Thermal_Processes.html?id=5uDdUfMgXYQC
https://books.google.com/books/about/Solar_Engineering_of_Thermal_Processes.html?id=5uDdUfMgXYQC
https://doi.org/10.1016/0741-983X(88)90054-9
https://doi.org/10.1016/j.enconman.2005.05.015
https://doi.org/10.1016/j.buildenv.2005.09.012
https://doi.org/10.1016/j.rser.2017.03.131
https://doi.org/10.1016/j.egypro.2013.05.022
http://www.journal-ijeee.com/content/4/1/29
https://doi.org/10.1016/j.egypro.2017.07.014
https://doi.org/10.1115/1.4039747
http://dx.doi.org/10.1016/j.renene.2012.10.036
http://www.ijsrp.org/research-paper-1212.php?rp=P12487
http://www.ijsrp.org/research-paper-1212.php?rp=P12487
https://doi.org/10.1016/j.pecs.2004.02.001
https://doi.org/10.1016/j.scs.2017.01.010

22.

23.

24,

25.

26.

27.

28.

M. Chouidira et al. / JREE: Vol. 11, No. 1, (Winter 2024) 157-167

Kousksou, T., Allouhi, A., Belattar, M., Jamil, A., El Rhafiki, T., Arid,
A., Zeraouli, Y. (2015). Renewable energy potential and national policy
directions for sustainable development in Morocco. Renewable and
Sustainable Energy Reviews, 47, 46-57.
https://doi.org/10.1016/j.rser.2015.02.056.

Kherbiche, Y., Inaddadene, N., Ihaddadene, R., Hadji, F., Mohamed, J. &
Beghidja, A.H. (2021). Solar energy potential evaluation. Case of study:
M'Sila, an Algerian Province. International Journal of Sustainable
Development and Planning, 16 (8), 1501-1508.
https://doi.org/10.18280/ijsdp.160811.

Li, D. H. W., Lam, T. N. T. (2007). Determining the Optimum Tilt Angle
and Orientation for Solar Energy Collection Based on Measured Solar
Radiance Data. International Journal of Photoenergy, 1-9.
https://doi.org/10.1155/2007/85402.

Qiu, Dr G., & Riffat, S. B. (2003). Optimum tilt angle of solar collectors
and its impact on performance. International Journal of Ambient Energy,
24(1), , 13-20. https://doi.org/10.1080/01430750.2003.9674898.

Skeiker, K. (2009). Optimum Tilt Angle And Orientation For Solar
Collectors In Syria. Energy Conversion And Management, 50 (9), 2439-
2448. https://doi.org/10.1016/j.enconman.2009.05.031.

Shukla, K.N., Rangnekar S., Sudhakar, K. (2015). Comparative study of
isotropic and anisotropic sky models to estimate solar radiation incident
on tilted surface: A case study for Bhopal, India. Energy Reports, 1, 96-
103._https://doi.org/10.1016/j.egyr.2015.03.003.

Torres, D., & Crichigno, J. (2015). Influence of Reflectivity and Cloud
Cover on the Optimal Tilt Angle of Solar Panels. Resources, 4(4), 736—
750. https://doi.org/10.3390/resources4040736.

167


https://doi.org/10.1016/j.rser.2015.02.056
https://doi.org/10.1155/2007/85402
https://doi.org/10.1080/01430750.2003.9674898
https://www.sciencedirect.com/science/journal/01968904/50/9
https://doi.org/10.1016/j.enconman.2009.05.031
https://doi.org/10.1016/j.egyr.2015.03.003
https://doi.org/10.3390/resources4040736

