ISSN 0003-701X, Applied Solar Energy, 2022, Vol. 58, No. 6, pp. 800—812. © Allerton Press, Inc., 2022.

SOLAR INSTALLATIONS
AND THEIR APPLICATION

A Generic Model for Optimum Tilt Angle of Flat-Plate Solar
Harvesters for Middle East and North Africa Region

Yasser F. Nassar *, Ahmad A. Hafez’, Said Belhaj¢, Samer Y. Alsadi’, Mohammad J. Abdunnabic,
Basim Belgasim‘, and Mohamed N. Sbeta¢
¢ Mechanical and Renewable Energy, Engineering Department, Faculty of Engineering, Wadi Alshatti University, Brack, Libya
b Electrical Enginering Department, Faculty of Engineering, Assiut University, Assiut, Egypt
¢ Center for Solar Energy Research and Studies, Tripoli, Libya
4 Electrical Engineering Department, Palestine Technical University-Kadoorie, Tulkarm, Palestine

*e-mail: y.nassar@wau.edu.lu
Received August 23, 2021; revised November 7, 2021; accepted December 13, 2022

Abstract—The present research proposes a comprehensive model to estimate the optimum annual fixed mode
tilt angle (B, ) as a function of all parameters that affect the intensity of solar irradiance incident on a tilted

plane such as: latitude (&), diffuse fraction (Hy4 / H,) and albedo (p,) by using the weighting functions. It is
a useful tool in obtaining a weighted fit when estimating the unknown parameters in a model. The horizontal
components of solar irradiation are obtained via SODA database platform based on a reliable-validated
hourly time series satellite-derived data for 19 sites on the Middle East and North Africa region. The Klucher
anisotropic sky-diffuse transposition model is adopted in order to estimate the global tilted solar irradiance,
as it recommended for many sites in MENA region. A polynomial regression model, is proposed to estimate

Bopt as the product of all the above weighting functions and the latitude as B, = & W (@)W % , pgj. The

g

proposed model was validated using several statistical indicators and compared with other results obtained by
other researchers for different sky and albedo conditions. The results proved the applicability and reliability
of the proposed model, as the R-square index showed that 89% of the considered sites were greater than 0.98,
and the MBE index showed that 84% of the locations were less than one. The difference between the results
obtained by the propose model and the calculated ones was less than 2% error for all sites except for Sana’a
(6%). Moreover, they showed the high potential of the proposed model for use in engineering design, eco-
energetic analysis and optimum design processes.
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1. INTRODUCTION

In addition to the fact that solar energy has become
more competitive in the global energy market, it
believes that solar energy can play a crucial role in
global environmental issues [1].

The technical, environmental and economic feasi-
bility of thermal and electrical solar energy conversion
systems has been proved in many MENA'’s countries.
Ramadan and Elistratov analysed the techno-eco-
nomic feasibility of installing a 300 kW grid-connected
solar photovoltaic (PV) plant in Syria [2]. Hafez et al.
examined the Technical and Economic Feasibility of
Utility-Scale Solar Energy Conversion Systems in
Saudi Arabia [3]. Awad et al. proved the enviroeco-
nomic feasibility of rooftop photovoltaic energy sys-
tem for Assuit University, Egypt [4]. In Palestine [5],
Libya [6] and more.

The solar radiation (SR) at the solar collectors is a
small fractional of that emitted from the Sun. Thus,
solar energy harvesters usually employ different track-
ing techniques to maximize the captured SR and
hence harvested solar power. The intensity of SR
reaches its maximum value when it coincides with the
verticality of radiation on the surface of the solar col-
lector (i.e. the solar incident angle 6; = 0). For this
reason, designers of solar energy systems tried to tilt
the solar collectors to the optimum tilt angle (3,,) to
collect the largest amount of SR. Carolina et al. rev-
elled that disinclination by 10° from f,, leads to
reduction in energy collection by 1%, and the reduc-
tion reaches to 18% for 40° tilt angle [7]. Solar collec-
tors are usually facing the equator and the tilt is fixed
to B, or periodically and manually adjusted. How-

ever, to keep the system always at 3, solar tracking
systems should be involved. Nassar indicated that the
tracking system would boost SR by around 38% com-
paring with the fixed ones [8].

For fixed mode flat-plate solar harvesters (PV pan-
els or flat-plate solar heating collectors); the B, is
determined by software tools according to site specific
weather data, such as: TMY or satellite-derived data
[7]. However, the shortage of meteorological data and
the calculation tools in many countries, especially in
most of developing countries, force the designers of solar
systems to adopt simple generic mathematical models for
estimating the optimum tilt angle as a function of mini-
mum quantity of local meteorological data [9].

To calculate the annual optimum tilt angle 3, two
main optimization criteria could be considered. The
first is the maximum load covered by the solar system,
which is usually appropriate for small solar applica-
tions [10]. The second is maximum the total annual
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solar irradiance incident on the tilted solar collector,
which is usually adopted for large solar systems [11].

Evolutionary approaches are advised for calculat-
ing the optimum tilt angle [12—16]. Artificial neural
network [12], as the literature claims, has the advan-
tage of good global searching capability and learning
the approximate optimal solution without the gradient
information of the error functions. Neural Network
however, has its own limitations. It is easy to fall into
local minimum and sometimes hard to adjust the
architecture [15]. Particle swarm optimization algo-
rithm [13] has high accuracy solutions and stable con-
vergence criteria than other stochastic methods. The
major drawback of PSO, like in other heuristic optimi-
zation techniques, is lacking a solid mathematical
foundation. Particle swarm requires also a relatively
longer computation time than the mathematical
approaches [16]. Genetic algorithm [14] has the capa-
bility to handle multiple solution search spaces and
solve the given problem in such an environment.
Moreover, genetic algorithms are less complex and
more straightforward compared to other algorithms.
In addition, genetic algorithms are easier to be trans-
ferred and applied in different platforms, thereby
increasing its flexibility. The main disadvantage of
genetic algorithm involves computation efficiency and
convergence [17].

The knowledge of the exact transposition model is
very important for calculate the optimum tilt angle of
solar collectors [18]. Yadav and Chandel experimen-
tally tested the validation of six transposition models
under outdoor conditions. They found that the Liu
and Jordan model has the best estimation for the opti-
mum tilt angle [19]. Hua et al. estimated the optimum
tilt angle of solar panels for a city in northwest China
with three types of transposition models, Liu and Jor-
dan, Hay and Klein and Theilacker model. The study
found that the calculated yearly optimum tilt angles by
three models are close among each other [20]. While,
Kumar et al., experimentally studied the effect of tilt
angles on the behaviour of air heating solar collector
for Telangana city in India. They found that the max-
imum heat gain by the fluid at 25° tilt angle is approx-
imately 3 times higher at 60° tilt angle [21].

Numerous studies have attempted to obtain the
optimum annual tilt angle (j,,) for different locations
as a function of latitude (&) [22—24], weather condi-
tions [25], the characteristics of energy demand [26—
28], increasing solar radiation incident on the surface
of flat-plate solar collector [29], and to Maximize
electricity generation [30]. However, there is lack in
the literature regarding the studies that could express
Bop: @ @ multi-variable function of latitude and other
local parameters. The literature as [31] determines the
parameters that affect the determination of B, in
addition to latitude. They as claimed in [31] are the site
altitude, temperature, humidity, clearness index,
albedo and/or land-use area [31]. Hafez et al.
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Fig. 1. Optimum tilt angles of solar collectors for MERNA cities according to all transposition models.

reviewed and tabulated the optimum tilt angle correla-
tions in solar energy applications for many countries
[22]. Danandeh and Mousavi provided the main
approaches for determining the optimum tilt angle
[23]. Many researchers have attempted to determine
the optimum tilt angle for many locations, for exam-
ple: Cairo and Quina -Egypt [24, 25] Kumasi-Ghana
[26], Veracruz-Mexico [27], Sabang -Indonesia [28],
Kano-Nigeria [31], Toronto-Canada [32], Ontario-
Canada [33], Settat-Morocco [34], Daegu-South
Korea [35], Tabass-Iran [36], Gaza-Palestine [14],
Kuwait- Kuwait [37], Muscat-Oman [38], Doha —
Qatar [39], Riyadh — Saudi [40], Abu Dhobi — UAE
[41], Algiers—Algeria [42]. Other researchers
attempted to derive general expressions for large zones
or even for any location around the world, such as:
Syria [43], Palestine [44], Algeria [45], Turkey [46],
Saudi Arabia [47, 48], the Mediterranean region [11],
mid and high latitudes [12], desert environment [49],
northern hemisphere [50], and for all the world [51, 52].

Despite the large research efforts in this area, erro-
neous tilt angles are still to be found in many solar col-
lector installations [53]. Most of these studies derived
linear expressions in the form of (B, = & * value) as
a function of latitude for fixed annual optimum tilt
angle [51], and (Bopl = (J + 0) as a function of latitude
and solar declination angle for monthly tilt angle
adjustment [52]. However, these studies ignored
weather characteristics (namely diffuse to global solar
radiation ratio) as well as location characteristics
(namely ground-albedo). The weather and location
characteristics are considered for the proposed model
in this research as well as the conventional parameters.

In conclusion, the tilt angle of solar harvesters can
be considered the critical variable in the design of

thermal and electrical solar systems. Identification of
Bop: for a certain location needs to obtain the following
solar irradiance components: global horizontal H,,
global tilted H,, horizontal sky-diffuse H,, and albedo
o,- These essential data can be obtained from weather
stations, Satellite-derived data, or using validated
empirical equations for a site. Subsequently, an ade-
quate transposition model must be selected in order to
account for all three components at the tilt angle. Nas-
sar et al. evaluated and compared the performance of
24 distinct transposition models [54].

Figure 1 illustrates the Optimum tilt angles of solar
collectors for MENA cities according to different
transposition models. Figure 2 shows the sensitivity of
the locations to the specific transposition model.

Figure 1 shows that optimum tilt angle is less
dependent on the transposition model, as the maxi-
mum deviation of optimum tilt angle is not exceeding
than 5 deg. This is shown clearly in Fig. 2, where the
rate of deviation of different transposition models
from the average optimum tilt angle is illustrated in
bubbles chart. Figure 2 shows that Hay and Klucher
models are the most accurate, but the Klucher model
was adopted here in this research due to its simplicity
and lower requirements than Hay’s model.

In this research, all the parameters that affected the
identification of the optimum tilt angle of a solar col-

lector (D, % and p, ) are considered. Then, weighting

g
function concept is used for developing a regression
model that allows computation of the optimum tilt
angle in any location at the MENA region. The pro-
posed optimum tilt angle could be used for instanta-
neous adjusting of the solar collectors in MENA such
APPLIED SOLAR ENERGY  Vol. 58
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Fig. 2. Deviation percentage of each model from the average tilt angle.
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Fig. 3. Hourly horizontal beam and diffuse solar irradiance for Tripoli (32.815° N, 13.439° E).

that they captured the maximum SR. This would opti-
mize the solar energy projects. The validity of the pro-
posed model; is assessed via several statistical model
performance indicators. The main contributions of
this article could be:

* Proposing simple and generic approach for esti-
mating the optimum tilt angle of MENA region under
different climatological and operating conditions.

* Validating the proposed model via different sta-
tistical indicators.

2. DATA AND METHODOLOGY
2.1. Data

The data used in this research was hourly time
series solar radiation data from Soda service derived
from satellite MERRA-2/NASA, for the period of
2004-02-01 to 2006-12-31  (http://www.soda-
pro.com/web-services/radiation/helioclim-3-archives-

for-free). The data included global inclined (H,),
global horizontal radiation (H,), diffuse horizontal
radiation (H,), direct normal radiation (DNI), extra-

APPLIED SOLAR ENERGY Vol.58 No.6 2022

terrestrial radiation, air temperature, relative humid-
ity, pressure, wind speed, wind direction and snowfall.

Solar irradiance data of Tripoli (32.815° N,
13.439° E)-Libya for a year in the period of 2019—2020
are used for deriving the proposed model (Fig. 3).
These data are obtained from bulletin of the centre of
Solar Energy Research and Studies, Tripoli-Libya.

Figure 3 confirms the feasibility of solar energy
harvesting and hence optimum tilt angle for maximiz-
ing the harvested energy. Moreover, Tripoli-Libya
enjoys nearly moderate temperature throughout the
year (Fig. 4), which increases its potential for different
types of solar energy project.

Figure 4 again confirms the visibility and potential
of solar energy project particularly PV for the site
under concern. The average temperature is 23°C,
which is lower than the normal operating conditions
for most of commercial PV modules [55—58].

This boost the output power and hence the eco-
nomic value of the project.
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Fig. 4. Hourly air temperature for Tripoli City-Libya.
2.2. Methodolo,
&y H _ H, H,
. . . . . —=[1-—|R, +—R, + R.. 3)
The proposed optimum tilt angle is determined via H, H, H,

the following steps.

(2.2.1) Global (H,) and sky-diffuse (H,) solar
radiation are identified.

(2.2.2) Global tilted solar irradiance (H,) on the
inclined surface of a solar collector was then calcu-
lated.

(2.2.3) Optimum tilt angle for a solar collector 3
is determined for specific locations.

opt

(2.2.4) Generic optimum tilt angle (B,,,) for all sky

(0 < % < 1), ground (0 < p, <1) conditions and for
g
anonymous site on Earth (0 < & < 90).

2.2.1. Global solar radiation, H,. Global solar radi-
ation, H, incident on an inclined surface requires data
for global horizontal, H,, and sky-diffuse (H,). H,
has two components: direct beam (H,) and sky-dif-
fuse, H,, radiation, as given by [7, 8]:

H,=H,+ H,, Q8

H,, H, could be obtained in the form of recorded
time series solar data from meteorological stations, or
from modelled databases based on satellite imagery
analysis.

2.2.2. Global tilted solar irradiance, H,.Transposi-
tion models are used to calculate H, from H, and its
components. Thus, global solar irradiance for a tilted

surface, H,, at a tilt angle () from the horizontal is
given by [7, 8]:

H, = H,R, + HyR, + H,R.. )

Equation (2) could be rewritten in the form of dif-
fuse to global solar radiation ratio:

The transposition factor (R,) is represented as a
function of Sun’s location in the sky and the geomet-
rical parameters of the tilted surface by [7, 8],

R, = max (O,Mj, 4)
cos 0,

where©,, 0, are solar angle of incidence and zenith

angle respectively. Similarly, R. is the transposition
factor for ground-reflected solar irradiance and it is
given by:

R =pg#{ 5)

where p, is the ground reflectivity—albedo. The value
of p, is a positive value less than one according to the

reflectivity of the ground surrounding the collector. p,
is usually assumed a constant 0.2 [59]. However, some
transposition models as Sandia use variable value for

p, [60].

The sky-diffuse radiation is due to the scattering of
solar radiation by the different elements of the atmo-
sphere (air molecules, tiny water droplets, ice crystals,
or aerosols), giving a non-uniform distribution
throughout the sky dome. However, models such as
Liu and Jordan, Korokanis, Jimenez and Castro, Tian
and Badescu consider diffuse radiation as being uni-
form or isotropic [7]. Other models are concerning
with the forward scattering of solar radiation concen-
trated around the sun known as circumsolar diffuse.
Another irradiance component, which is horizon
brightening concentrated irradiance, usually is pro-
nounced in clear skies. The anisotropic models such as
Bugler, Temps-Coulson, Steven and Unsworth, Hay,
Klucher, Willmot, Ma-Igbal, Skartveit-Olseth, and
Perez include circumsolar diffuse and horizon bright-
ening [7]. A recent study indicates that the Klucher
APPLIED SOLAR ENERGY  Vol. 58
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anisotropic transposition model is the most accurate
for many sites in MENA region, and for this reason it
was used for estimating the global inclined solar irradi-
ance components [61], as,

R, = (cos2 %) (1 + fi cos’ 6, sin’ GZ)

B (6)
X (1+f,( sin3—),
2
H 2
where, fy =1—| =2 .
Hg
2.2.3. Optimum tilt angle a solar collector {3,,,. The

optimum tilt angle B, is a multivariable function.
Therefore, an iterative search algorithm used to deter-
mine the optimum tilt angle for given input condi-
tions. This is to identify the characteristics and rela-
tiveness of different variables for 3. The search algo-
rithm requires, however, a sky-diffuse transposition
model. The search algorithm and transposition model
were coded in higher level machine language. Then,
they are wrapped in a Dynamic Link Library (DLL),
using MS-Excel as the front-end to interact with the
user. MS-Excel is used due to its simplicity and pop-
ularity. The software tool was then used to establish
the optimum tilt angle (B,,) for given locations, under
all weather and ground conditions

(0<p,<land 0< % <1). The obtained results

g
were plotted in Fig. 5.

Figure 5 shows that optimum tilt angle for the sce-

nario of p, =0, % = (0 follows geometrical shape.
g

APPLIED SOLAR ENERGY Vol.58 No.6 2022

Ay _ (blue circle).

g

Thus a suitable regression function could be obtained
for this case. However, for real sky andurealbedo con-
ditions, optimum tilt angle follows a random distribu-
tion, which could not easily modelled by a mathemat-
ical formula.

2.2.4. Proposed model of optimum tilt angle. The
general expression for the optimum tilt angle for any
latitude, all sky conditions, and all albedo values, is
the product of all the above weighting functions and
the latitude:

H H
Bopt (Q:pgaﬁz] = W(Q)W[F:apg]5 7
where W (§) is weighting function. The weighting
function is a mathematical tool used to mathemati-
cally express the significance of the different variables.
It is a useful tool in obtaining a weighted fit when esti-
mating the unknown parameters in a model [62]. The

weighting function W (&) is defined by,

W (&) =1+ f1(E);

fE)= AY for one group; ®)
&.:ref con
f (g) — lZA_Eﬂ for n groups,
nea &i,ref i,con

where & represents the element under consideration.
The weighting function W could be single or multiple
variable. f represents the regression function for each
element. The subscripts ref and con refer to the refer-
ence point and the conditions at which the optimum
tilt angle is calculated. # is the number of groups.
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Fig. 6. Relationship between

2.2.4.1. Latitude regression weighting function
W (). The reference optimum angle for W (&) was
chosen equal to the latitude angle (i.e. B, = &). The
procedure commences with establishing the optimum
tilt angle for the considered locations at the conditions

o, = 0and % = 0, applying (1) to (6) for all tilt angles
g
0 <B <90 at 0.1° resolution to determine B, where
the total annual tilted surface global solar radiation is
at its peak. After obtaining f3,, ((j))p _o Ha_,» the term
g ’Hg_

M was calculated from:
Bref Pe=0, ﬂ=0
Hg
AB (@) _ Bopt (Q) B Bref

Bref pg:o,%:o Bref Pe= ,ﬂ:(]

Bow (0) - @ 0

%)

b

H,
=0,—4=0
Pe H,

where B, () is the observed optimum tilt angle for
the conditions p, = 0 and % =0, and O is the lati-

g
tude of the location. Figure 6 depicts the relationship
AB(2)

ref

between the term and latitude (), as

H
=0,—4=0
=0,

well as the mathematical regfession model and the
residuals.

The polynomial regression f (&) that appears in
AB(2)

ref

Fig. 6 represents the curve fitting of

H
=0,—4=0
Pe I,

verses latitude &, giving the expression for the latitude
weighting function W (Q):

Coefficients (with 5% confidence bounds): —0.10
p1= -6.457¢-05 (-0.0001668, 3.767¢-05) 2l s
p2= 0.006678 (-0.003135, 0.01649) <la —0.12
p3=  -0.2255 (-0.535,0.08403)
pd= 2368 (-0.8348, 5571) 0141 . | | | . . | . |
Goodness of fit 24 26 28 30 30 34 36 38 40 ¢
SSE: 0.004404
Resquate: 03906 T T T T T T T T T
Adjusted R-square: 0.2602
RMSE: 0.01774 0.02 - b
E 001 -
goor ]| 1] I
8 ! {
2 001} l l l _
—0.02 - B
1 1 1 1 1 Il 1 1 1
24 26 28 30 32 34 36 38 40 ¢

AB(D)

ref

and &.
Hay,

H,

Pe=0,

W (D)= (1+/(9))

10

= (-6.3¢™" D" + 6.678¢ D’ - 0.224@ +3.26) (19
and the predicted optimum tilt angle:

Bopt (D) = DWW (D). (11)

The obtained results are tabulated in Table 1.

2.2.4.2. Diffuse to global solar radiation ratio and
albedo  square  regression  weighting  function

o[z
and i
Bref

AB(p,)

w| Ha AP(Pe)
H,

g

pgj. The terms

ref ﬂ:g
H

=0
g

AB ()

ref

were calculated as . With two indepen-

=0

=021t
dent variables, multiple linear gregression 3D analysis
was used to model the relationship representing the
weighting functions for albedo and diffuse to global

i

g

solar radiation ratio. The value of was cal-

£
culated for each site and then the aver;age value was
obtained using (7). The reference tilt angle was chosen

AB(%,pgj

ref

and the term for each site

as B3 "
pe=0, Zd—p
H

g
(i) was calculated using the equations:

AB (%! pgj BOpt (%:’ pg] - B[pg=0, %=0]

g
Bref B H ‘ ’
=0, =4=0
o i)

(12)

|i
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Table 1. B, and AB(©@) calculated at B.c = &, for conditions p, = 0 and Hy _ 0
ref g
Observed Value of AB(D)
City Latitude (&) Bon (®)|(pg=0, %:o] alue o T [p . %_0] Predicted B, (D)
Sanaa 15.3 15.9 0.035831 19.10
Muscat 23.6 21.9 —0.07203 21.64
Abu-Dhabi 24.5 21.9 —0.10612 22.11
Riyadh 24.65 22.6 —0.08316 22.19
Doha 25.3 21.9 —0.13439 22.57
Manama 26.2 22.9 —0.12595 23.13
Kuwait 29.3 25.8 —0.11945 25.49
Cairo 30.3 26.8 —0.11551 26.37
Jerusalem 31.7 27.6 —0.12934 27.69
Amman 32 27.8 —0.13125 27.98
Tripoli 32.8 29.5 —0.10061 28.78
Baghdad 33.3 29.1 —0.12613 29.29
Casablanca 33.5 30.4 —0.09254 29.50
Damascus 33.5 28.7 —0.14328 29.50
Beirut 33.9 29.1 —0.14159 29.91
Tehran 35.7 31.3 —0.12325 31.80
Algiers 36.7 33.4 —0.08992 32.84
Tunis 36.8 329 —0.10598 32.95
Ankara 40.1 36.1 —0.09975 36.11
u H, 3. STATISTICAL ASSESSMENTS
Aﬁ(i’pgj ) Bopt (F,pg] - B[pg_o, ﬂ:o} OF PROPOSED MODEL
£ =1 - % U (13) The statistical indicators Root Mean Square Error
Brer = 13(p y ﬂ;oj (RMSE), Mean Bias Error (MBE) and R-Square
* U H, i were used to assess the goodness of fit of the proposed

Surface fitting was performed using the curve fit-
ting toolbox in MatLab software. The obtained results
were plotted in Fig. 7.

The best fitting was found to be of a cubic order
polynomial, having R? indicator a high 0.997.

The corresponding weighting function is expressed

as a function of both p, and Hy
g

w| A P [=0.993-0.7784 Ay
H, H,
H,
+ 0.7989p, + 1. 011 —0.2082 A Py
2 (14
- 0.8113p; —1.271 ﬂ ~0.7213| s Pq
Hg Hg
+ 1. 204(ngpg +0.7537ps.
APPLIED SOLAR ENERGY ~ Vol.58  No.6 2022

model [63, 64]. This serves to determine the reliability
and accuracy of the proposed model, particularly for

the applicable conditions 0<p,<0.7 and
0.1< Hy <0.8.
H

g

3.1. RMSE

RMSE is alternatively defined as fit standard error
and the standard error of regression. It is an estimate
of the standard deviation of the random component in
the data, and is defined as:

n 1/2
RMSE = PZ(BLP - p,i,c)z} : (15)

n=

A value closer to 0 indicates that the model has a
smaller random error component and that it produces
more accurate predictions.
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Fig. 7. Surface curve fitting of

3.2. MBE

The MBE provide information on the long-term
performance of a model. A positive value gives the
average amount of over-estimation in the estimated
values and vice versa [54]:

n

MBE ="3"(,, ~B..).

i=l1

(16)

Smaller absolute values indicate that the model
produces more accurate prediction.

3.3. R-Square

R-square measures the effectiveness of the data
interpretation. It is also the square of the correlation
between the response values and the predicted
response values. R-square is also called the square of
the multiple correlation coefficient and the coefficient
of multiple determination. It is defined as:

n

> (B, —Bie)’

R-square =1-— fr,:l—,

Z (Bi,c - Bav,c )2

i=1

A7)

where B,, . is the mean of the calculated optimum tilt
angle. R-square values close to 1.0 indicate better
model performance.

4. RESULTS AND DISCUSSIONS

The results obtained by applying the general
expression for the optimum tilt angle Eq. (14) for dif-
ferent latitudes, sky conditions, and albedo values, is
plotted versus the reported results, Fig. 8.

Figure 8 shows that the reported and (17) results are
correlated. They are nearly identical. This clearly
demonstrates the ability of the proposed model to pre-
dict the optimum tilt angle for the MENA region,

NASSAR et al.

. H . .
as a function of Pgs H—d and polynomial regression.
g

showing strong correlation between the observed and
predicted optimum angles for latitudes above the
Tropic of Cancer.

Figure 8 also shows that for Sanaa at latitude 15.3°
there is around 6% difference, which may return to
geological characteristics of Sanaa.

The values of the statistical indicators RMSE,
MBE and R-Square for different sites in MENA
region under different sky and albedo conditions are
shown in Table 2.

Table 2 confirms the reliability and validity of the
proposed optimum tilt angle model. R-square for the
different sites in MENA region is close to unity except
for Sanaa, which correlates with Fig. 7. The difference
in the statistical indicators could be attributed to sky
and albedo conditions. The proposed optimum tilt
angle model produces the most accurate results for
Tripoli, Riyadh and Cairo. This could return to that
they have very close longitude locations.

5. CONCLUSIONS

The optimum tilt angle for fixed solar harvesters
has significant contribution in maximizing the harvest
energy and hence economics of the solar projects.
However, the reported optimum tilt angles in literature
either are not accurate or require complicated calcula-
tions. Therefore, the article proposes a simple proce-
dure for deriving a formula for optimum tilt angle for
MENA region. The proposed equation is generic, thus
it is applicable for different locations, sky conditions
and albedo. The proposed optimum tilt formula is
derived from the different components of the solar
radiation. These components are obtained from
SODA database platform based on a reliable-validated
hourly time series satellite-derived data.

RMSE, MBE and R-Square are statistical tools are
used to assess the viability and quality of the proposed
model. Around 19 different cities in the MENA region
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Fig. 8. Comparison between reported and predicted fixed annual optimum tilt angle.

are tested and the results of the proposed model are  duced formula allows its application for not only fixed
compared with the calculated. but for moving solar harvesters as well.

The results showed that the proposed model effi-
ciently could calculate the optimum tilt angle with FUNDING

high accuracy. Moreover, the simplicity of the pro- This research received no external funding.
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