JREE: Vol. ?, No. ?, (???2??2?? 2020) 1

Journal of Ren_ewable Research
Energy and Environment Article

Journal Homepage: www.jree.ir

An Experimental Study on the Effect of Surface Orientation and Inclination onincident
Solar Irradiation: Application to Buildings

Mohamed Chouidira2P, Nabila lhaddadenexc, Razika Ihaddaden& ¢, Jed Mohamed El HacenYounes Kherb@
o

a Department of Mechanical Engineering, Faculty &chnology University oMed Boudiaf- 8 Q Adefa.
b aboratory of Materials and Mechanics of Structure L.M,MBiversity oMed Boudiaf- 6 Q Adera
¢ Laboratory of Renewable Energy and Sustainable Development L.R,ElSiNersity oMentouri Brothers, Constantingilgeri

PAPER INFO ABSTRACT

Paper history:
Received22 December2022 The study explores the impact of surface orientation and ident solar irradiation. It was conducted in

Revised20 May 2023 M'Sila, an Algerian province, from February to Ju be xperiments were carried out using an

Accepted17 Junde 2023 expeaimental setup consisting of a heliometer and a _slant jeh allowed for the variatioof the tilt angle.
Nineteen tilt angles ranging from 0° to 90° were i igated¥or the four main directions: North, South, East, anc
West The obtained outcorsavere statistically ast and south orientations, incident solar irradiance

Keywords rose as a function of tilt angle, reaching a optimal angle, and then gradually decredSederally,

Incident Solar Irradiation the incident solar irradiance decreased a reased in the case of west and north orientations. The
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operation, and limited suitability in certain situations

é.ollgl;rzcr?eDrUCTéotl\r‘;e most environmentatiendic y[4],[7],[10]. Therefore setting the solar system at an optimal

—ource tha?yc;n he mos toVIre e Crgf] @ tilt angle (fixed valuelnd correcting the tilt on a regular basis
u u P Ve y Wis frequently practical [4[10],[11]. The optimum tilt angle of

[11,[2],[3]. Many devices have been deve ness this a solar system is the angle at which the radiation on its exposed

natural energy, whether ingtiorm of heat [ or electricity surface is at its maximum for a given day or period.

Lsg\’/[i?g.nr?](;lr?crir?gzrsgs)?vglst;%ilsd?;/gei en rotecting the Datgofiqcidentsolar irradation acqujred from meteorological
Due to the shaoe of the Earth a ) ow¥ment around its aXisstatlons is always recorded on horizontal surfaces rather than
a#; around thg sun, many fae .t the amount of solar tilted ones Therefore, in most cases, empirical models are used
irradiation that reaches th 20N solar systems, including to d_et_erm_lne_ the radlatlon_lnmdent on tilted surfaces from the
latitude of the site, day of vedr, TRy of the day, surface il radiation incident on a howntal surface [1R[13],[14]. _Th_ese
angle, and surfacé azimmth [;1] Apart fromthé design and models calculat_e beam and ground reflected ra_dlatl_on on a

; . T tilted surface using the same method. The only differéinse
location of solar systéms, the tilt and azimuth anglelse)‘solz_ir_ in the treatment of diffuse radiatih0].
ness fsg?n;ﬁ;erzotlgzrit si/i?egl,e['[r;&?]med tO_Optim_aI til_t angle determination has _been t_he sulgéseveral
jess of any sol e ,e . (i |nvejt|giat|on§ [11,[12] 15. The ﬁ)ptlmal tlit an Ie_cari Bee
system's solar surface plane and the horizon Thega&. Ia. ed U%IBQ aal tqrn_?ul%[% .’[?7]’[1%] or by estimatin

. j the incident solar irradiation on tilted surfaces][f&0],[21].

Itranglg), on the other hand, is the angle formed 1o 55hrgpriate tilt angle can also be determinedutyi
when pr@jecting the normal to the system's solar surface onto gxperimentation [1D[21]. Furthermore, in the literature,
numerous optimum tilt angle values for fixed solar systems
have beerpresenteddepending solely on the latitude of the
installation site [7].It is worth notingthat the majority of
ublicatons discussing the optimal tilt angle have been
onducted on surfaces oriented toward the equagji23].
Therefore, the ideal orientation of solar systems (optimal
azimuth angle) is toward the equator; solar systems in the

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 develope<£
for this specific purpose [9]. However, they come with certain
drawbacks, including hot costgnergy consumption for
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northern hemisphere shouldcéasouth, whereas those in the To meet the objectives of the current study, the four cardinal
southern hemisphere should face north. points were initially identified using an electronihese points
M'Sila is an Algerian province located at latitude 35° 42'07", were then marked on the study site, along with giveting
longitude 4° 32'43", and an elevation of 441 meters above seasupport to which the slant changer was attach€de
level. It receives an average of 1.79 MWHh/solar energy heliometer was then mounted on the pivot of the angle changer,
amually [24], with an average day length of 12 hours as illustrated in Figure 3. Thus, this design makes it feasible to

Moreover, the duration of a day in M'Sila can vary fr8m intercept solar irradiance at different angles throughout the da
hours, 30 minutes, and 36 seconds (the shortest day) to 14Moreover, the pivoting support makes it easy to switch from an
hours, 19 minutes, and 48 secof(ti® longest day)M'Sila is eastwest orientation to a souttorth orientation (Figure 3).

well positioned in terms of solar energy potential. The The inclination angle was adjusted from 0° to 90° in 5° steps
guantitative evaluation of solar irradiation incident on a tilted for each direction, and the incident irradiance captured by
plane is very important for designing solar energy collecting the heliometer, with the measured value showniin k¥m
devices, buildings, and a variety of other structures. This paper the control and command box. The meas ere taken
aims to study experimentally, for the first time, the everyten (10) minutes from 8:30 a.m. to % . on five days
simultaneousmpact of surface orientation and inclination on in 2019: February 27, March 17, Aprih15, Wiay/15, and June
incident solar irradiation i0m. the MO6Sila re Xr er a p
five months: February, March, April, May, and Jurihe It is important to note that incident solar irradiance was
findings of this stug are intended to bappliedto the building measured for each experime ith time frame of less than

sector. For the four main directions of North, South, East, and one minute for all tilt anglesf{(0° to ) and orientatiortss
West, 19 tilt angles ranging from 0° to 90° were investigated. efficient data collecti validates the research
Another objective of the current research is to determine the outcomes
best tilt angle and @ntation for this region during the four
months of study. In other words, this research represents the
initial phase of M' SiThespfesents o |
paper follows a structured format, starting with an introduction
that provides backgrad 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 ke
findings and their significance

2. MATERIALS AND METHODS

2.1. Experimental and set up

experimental equipment pieces used to meet t tives of

the current study.
A. Compass Q )
A compass is a device that determines ntation in any

locationby using the four cardinalgpein rth, south, west,

and east). The needle on the con is always pointing north.

The compass used in our a digital one, i.e., a

downloadable application e phone and it allowed

determining the four pmaryorientations concerning the site

under study.

B. Slant changer

The slant Chanm den instrument that was made out of Figure 2. ET 200 Solar collector and heliometer
r

A compass, a slanthanger and a heliometer up the

a protractor to [investigate the impact of surface inclination on

gy. As shown in Figure 1, the tilt angle . )
o° 2.3.Statistical analysis

nt can be adjusted in 5° increments from

manually;The variation of the inclination angle is subject 16 analyzing data to reach certain conclusion. A variety of

inaccuracy. statistical tests can kemployed depending on the number of

C. Heliometer groups being compade the assessment of normality, and the

The instantaneous rate of solar energy intercepted is measureiassumption of independenda this investigation, Friedman's

in kilowatts per square meter using a heat flux sensor known astest, a norparametrictest similarto oneway ANOVA with

a heliometer. The heliometer utilized is a component of the ET repeated measures, wasiployedto assessvhetherthere is a

200 thermal collector, an experimental devimade by the statistically significant differereamongthe means of three or

German company Gu(Eigure 2). more groupswith the same subjects appiearin each group.
The statistical software SPSS 26 was utilized to conduct this

22.E i tal d . o S "
xperimental procedure investigation based on the significance probabibty{.05).
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whichrose on the east side and set on the west. Furthermore, no
generalization can be made for surfaces facing the four
directions in the afternooiWwhen the sun is low in the sky
during the months of February and March, the séating
surface receives moraergy in the afternoon compared to other
directions. Conversely, the notthacing 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 nenormal distibution. In addition,
Additionally, the groups representing solar_irradiance by
direction were paired, as the measurements taken for the

same angleHence, the Friedman tésa nonpa ic tesk
was applied in this case to determine if th fer@nces
in measured data based on orientafion.

Table 1 displays the Friedman test resuilts ach experiment
day. As can be observed, ther a'significant difference
between the groups since thev at orientations are
lower than the signifignt prob y (p<0705), meaning that the

surface orientation significanthaffects the amount of solar
energy received.
S
ei

Table 1.Friedm t results for the effect of the surface
orientation on pted solar irradiance provided by
PSS 26

Figure 3. Experimental setup

ling | Ch Square | Degree P-
3.RESULTSAND DISCUSSION mber of | value
freedom

Two aspects were addressed during the course of this study: t df

effect of orientation and tilt angle on incident solar irradiation, br 27 19 32.647 3 0.000
regardless of the nature of the solar exposed surface. Except f “h 17 19 57935 3 0.000
February, the days chosen to camut the experi April 15 19 31:210 3 0.000
correspond to the typical days. In other words, ily May 15 19 50,736 3 0.000
extraterrestrial radiation on the selected days isgearly equ June 10 19 11,103 3 0011
the average monthly extraterrestrial radiation.

Instead of using the azimuth anglg {alues, ectly  The amount of solar energy intercepted by a surface is affected
employel the orientationthemselves in the followilig analysis by not just its orientation but also the sun position in the sky. As
In fact, the azimuth angles are given as ”’ or the shown in Figure 4, when the sun rises higher in the sky from

south,g=90° for the westg =180° for ) dg=270° February to June, the curves depicting the daily evolutidimeof
for the east. intercepted solar irradiance in the west and south directions tend
to converge. The east and north directions exhibit similar
patterns of change.
As known, the sun remains below the equator from September
21 (autumn equinox) to March 21 (spring equingoassing
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
y21, 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

3.1. Effect of orientation on inident'solar i
Theorientation of solaexposed s @
cardinal points affects the nt
4 illustrates five examples@en 0
inclined surface directed al ur Cardinal points dutireg t
five days of study. THe incitlent solar energy is clearly affected
by the orientationgef r exposed surface, as evidenced b
different paces{obtaiped at different orientations. In terms of

figures, on Fe 7, for instance, the surfacing south
receiveédpthe highest amount of solar irradiance, 23.95 RW/m

while 2 acing surface _recelved the I0\_/vest (8.42 highest altitude of the sun, whereas the winter solstice marks its
kW/m¢) rthermore, the eafdcing surface received more lowest

solar irggiance than the westing surface, with values of The im. act of the sun elevation in the sky on the amount of solar
20.55 kWi/nt and 13.43 kW/rf) respectively. P Y

irradiance intercepted at different tilt angles oriented toward the
four cardinal points is shown in Figure 5. This latter
drerpogs(t:raetes tha]t iH aed(r:iitié)q to tpeeorientation and edevaf

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 oteghta
west was 0.22 kW/f while it was 0.33 kW/rhon a surface
ir&clin%d L:];\t620° '&n 'E)he sf’;\rrllleéjirecsti%n ﬁ;méj on th& game ({/ay.

The oscillations seen on the curves in Figure 4 (dashed black
circles) result from cloud passage, which inhibits solar radiation
from reaching t he etRerexpérithents s u
were conducted on days with migstlear skies and brief
periods of cloud cover that intermittently obscured the sun.

In the case of a 40° sloped surface, the-fstg surface
received more energy in the morning during the five months of
testing, while the wedtcing surface received the least (Figure

4) . This outcome was obtaine cou



Results of the Friedman test to determine how the sun position|  Null hypothesis Test P- Decision
in the sky affected the solar energy intercepted, as shown in value

Table 2.As can be seen, there is a significant difference in the | The distributions of Two-way 0.000 | Rejecton of
solar irradiance gathered on different days since-tveles are Feb. 27, Mar. 17, analysis of null
lower than significance probability (p<0.05), indicating that the Apr. 15, May 15 variance by hypothesis
sun's position in the sky affects the amount of solar energy | and JundO are the Friedman

intercepted significantly. same ranking for

Table 2 differs from Table 1 by presenting a condensed related samples

summary of the key points obtained from Friedman's test,
achieving a more spa@dficient representation

Table 2. Friedman test results for the effect of thei n 6 s
positionon the intercepted solar irradiance provided by SPSS
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In the case of wedhtcing surfaces, the impact of the sun

in M'Sila, where the amount of solar radiation hitting west

than 9%) baveen February and June. Furthermore, the incident kW/m?were recorded during the tgriod. Northfacing walls,
solar irradiance increases with the sun elevation on slantedtherefore, receive the least solar energy thr

Figure 4. Incident solar irradiance on a 40° inclined surface directed at four cardinal points during the five days of study.

where soutHfacing walls receive much more solar energy in the
elevation in the sky on the intercepted energy is insignificant for winter than in the sumer since the sun rays fall on them
inclined surfaces with a tilt angle greater than 75° (Tilt angle of perpendicularly in the winter and almost parallel in the summer.
80° in Figure 5). Indeed, the highest variations in solar This experimental outcome is consistent with the calculations
irradiance received throughout the test period are less 18an 2
14%, and 9% on sloped surfaces at 80°, 85° and 90°, For northfacing surfaces, the incidentiapirradiance increases
respectively. This finding can be applied to the building sector with the sun elevation on slanted surfaces up to 75° (Tilt angles
of 20°, 40°, and 60° in Figure 5). On surfaces sloped at angles
facing walls (sloped surfaces at 90°) varies slightly (no more greater than 75°, low solar irradiation intensities less than 0.15

achieved for Abu Dhabi by Jafarkazemi et al. [26].

out the test

surfaces between 30° and 70° (Tilt angles of 40° and 60° in period compared to other orientations.

Figure 5). The energy collected peaks on May 15 for surfaces The tilt angle of the exposed surfacggand

inclined from 0° to 25{tilt angle of 20° in Figure 5). It is worth

the sky on March 17 and April 15 had a minor effect (p = 0.705) the trials.

on the amount of energy intercepted in the westerly direction The south is the ideal orientati

(Figure 5).

90° (Tilt angles of 60° and 80° in Figure 5).

For soutkfacing surfaes, the energy collected peaks on May 15 75° and less tha
for surfaces inclined from 0° to 30° (Tilt angle of 20° in Figure northf a ¢
5) and on March 17 for surfaces inclined from 35° to 75° (Tilt amount

sky affect the quantity of energy intergept
noting that regardless of the tilt angle, the position of the sun in Figure 6 depicts the best orientatio &o
4&‘

all angles (Figure 6). Indeedf{whent
For eastfacing surfaces, the energy collected peaks on May 15 it is in February and (@

for surfaces inclined from 0° to 45° (Tilt angles of 20°and 40° f avor e d
in Figure 5) and on March 17 for surfaces inclined from 50° to When the sun is hi

the east directio

ola

angles of 40° and 60° in Figure 5). Furthermore, the incident \he

solar irradiance decrsas with the sun elevation on slanted

surfaces greater than or equal to 80° (Tilt angle of 80° in Figur
5). This result may be extended to the building sector in M'Sila,

fo

levation in the
aclctime.
h month over

y particular angles, not
sun is low in the sky (as
southientation is most
i nclinat2i26m gr
in the sky (as itis in April, May, and June),
ed for inclination angles more than
al to 90°F A €90°%. Furthermore,
t eepl ¥ 55)lreceveddhe Isastr f
radiation throughout the testing period,

r lo oped s 0b5% ewiwesl thé bighest
exc% y).

Average incident daily solar irradiance (kW/m?)

=
0
=

0.00

= West

=East =South =North

N

Feb. 27

May 15

June 10

N

g

Average incident daily solar irradiance (kW/m?)

= West

=
o
=3

wEast = South = North

=3
D
=

s o
sz 8
E——

=
=
=3

=
S

= =
= o
=3 =
p—

=
2
=3

Feb. 27 Mar. 17

Apr 15
Days

May 15 June 10

Average incident daily solar irradiance (kW/m?)

=
o
=3

0.70

40,

= West

= East = South = North

:

Feb. 27

Mar. 17

Apr 15
Days

May 15

Tune 10

Average incident daily solar irradiance (KW/m?)

= West

=East =South = North

0.20

0.00

- W

Feb. 27 Mar. 17

Apr 15
Days

May 15 June 10

80.



Figure 5. Effect of the sun elevation in the sky on the intercepted solar energy for different orientations and tilt angles
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Figure 6. Monthly t ori

nd 'When the solar exposed surfaseriented towards the east, the
those reported in tHéerature abouthe best orientation, whi incident solar irradiance increases with the tilt angle, reaches a
is a southward orientation [RR6],[27]. On an annal basis, a maximum, and then decreases (Figure 8). The vertical surface
indicated in the literaturg6],[27],[28], the south is%the optimal (i.e., slante®0° to the horizontal) receives the least amount of
direction, but not on a monthly scale, according
Furthermore, our experimental study was c¢ from which affects the optimal tilt angle. Indeed, the optimal tilt
February to June. During this period, th gfbest angle for an eadhcing surface depends on the sun's annual
orientation for tilt angles ranging from 20° t ° (Figure 7). The trajectory (Figure 8).

north direction is the least sunny for tilién ater than 25°, This finding can be applied to the building sector in M'Sila,
as shown in Figure 7. where terrae roofs (horizontal surfaces) and roofs (inclined
The findings of the current in tioRare extremely surfaces) that face east get more solar irradiance than east
significant for the building s¢or g e monthly solar gainis  facing walls (vertical surfaces) from February to June.

more interesting than the y g xed solar devices, on the
other hand, are more co ne a-annual solar gain than e West = Enst —=Sowlh = = North

monthly gain.

In the building sectgr, eafdcing walls receive more solar
energy when the sus'igh.ifl the sky than in other orientations.
However, whenfthe sun'is low in the sky, sefaiting walls are
exposed to greaterd/ solar radiation than walls with other
orientdtiens. Fro ebruary through June, the miaithng

i dest parf the building envelope since they

In reality, there is no discrepancy between our findi

Average incident daily solar irradiance (kW/m?)

Figure 8 shows the effect of tilt angle on incident solar o | " " " - " - - " -
irradiance for each of the four orientations throughoa th ’ Til angle ()

testing period. As can be observed, the incident solar irradiance
depends on both the tilt angle and the direction of the exposed Figure 7. Eﬁe(_:t of _surface orientation and tilt on incident solar
solar surface since the pace of the curve representing the irradiance fromFebruary to June.

evolution of the incident solar irradiance as a function ofithe t
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 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 incidlsolar irradiance



vs. the tilt angle becomes more flattened when the sun is low in (due to the angle at which solar radiation strikes these surfaces).
the sky compared to when it is high. Specifically, on February The curve describing the evolution of incident solar irradiance
27, the difference between the maximum and minimum energy vs. the tilt angle becomes more flagenvhen the sun is low in
received was approximately 38%. However, on Maythk, the sky compared to when it is high. Specifically, on February
difference increased to over 90% 27, the difference between the maximum and minimum energy
Table 3 displays the outcomes of the Friedman test used toreceived was approximately 38%. However, on May 15, this
evaluate the effect of tilt angle on solar energy intercepted in the difference increased to over 90%

eastern direction. As can be seen, there is a significant differenceTable 3 displayshie outcomes of the Friedman test used to
in the solaiirradiance gathered at different tilt angles since the evaluate the effect of tilt angle on solar energy intercepted in the
P-values are lower than the significant probability (p<0.05), eastern direction. As can be seen, there is a significant difference

indicating that the inclination angle affects the amount of solar in the solar irradiance gathered at different tilt les since the
energy intercepted significantly. P-valuesare lower than the significant probability (p<0.05),
When the sun is high in the sky, neaHhgrizontal surfaces indicating that the inclination angle affects of solar
receive more solar energy than those slanted at various degreegnergy intercepted significantly. @
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8. Effect of tilt angle on incident solar irradiance for the four main orientations (East, West, North, and South)

It is important to note that there are no appreciable differences When the solar exposed surface is oriented towards the west,
in the solar radiation incident on edating surfaces tilted at the incident solar irradiance decreases as the tilt angle increases
0°, 5° 10°, 15°, 20°, and 25° in April, May, and June, as (Figure 8). Thus, the horizontal surfaéeQ°) always receives
revealed by the Friedman tesf(5, N=50)=2.506, p=0.776, maximum solar irradiation, while the vertical surfabeq0°)
c¥5, N=46)=2.751, p=0.738¢%5, N=45) =4.52, p=0.477, receives the least, regardless of the sun's position in the sky
respectively. In other words, the incident solar irradiation in from February to June. In other words, from February to June,
April, May, and June are not significantly affected by the the best tilt angle for the west direction is 0° (horizontal
inclination of the eadfacing surfaces from 0° to 25° (a nearly surface). It is a fixed angle that does not change with the sun's
horizontal surface path. The outcomes of the computations carried out by F.
Jafarkazemi in Abu Dhabi (United Arab Emirates) [26] are
compatible with this result. Furthermore, throughout the study



