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Abstract

The main objective of this paper is to determine the optimal tilt angles for south-facing solar collectors at Fez
city in Morocco. This is this would allow collectors to receive the maximum of the incident solar energy.
Thirteen models were used to calculate the global solar radiation reaching an inclined surface facing south. To
determine the optimal tilt angle we varied the inclination angle from -20° to 90° by a step of 5°. The
performances of each model are evaluated by comparing the calculated and measured global solar radiation on a
surface facing south and tilted by 34°. Results of the best found model show that the optimum tilted angle is
varying between 62° (December) and -6° (June). Also, the yearly-average optimal tilt angle is found to be 32° for
Fez.

Keywords: Optimum tilt angle; global solar radiation; diffuse solar radiation; Fez (Morocco).

Nomenclature
H, daily global solar radiation on horizontal surface (kWh/m? day).
Hy daily diffuse solar radiation (kWh/m? day).
H, daily global solar radiation on tilted surface (kWh/m? day).
H, daily beam solar radiation on tilted surface (kWh/m? day).
Hy daily extraterrestrial solar irradiation (kWh/m? day).
Iy solar constant 1 367 W/m2.
Bopt optimum tilt of surface from horizontal (°).
(0] latitude of the place (°).
) solar declination (°).
R* correlation coefficient (%).
MSE mean square error (kWh/m?day).
rRMSE relative root mean square error (%).
rMBE relative mean bias error (%).

1. Introduction

The performances of solar systems depend on several parameters. Among these parameters are the inclination
and orientation of these systems. It is well known that the best orientation for a solar collector in the north
hemisphere is the south direction but the inclination is changing every time.

A number of studies have already been done on optimal tilt and orientation angles determination for solar
surfaces (Bakirci (2012), Jafarkazemi et al. (2012), Ghosh et al. (2010), Jafarkazemi & Saadabadi (2012),
Demain et al. (2013), Gunerhan & Hepbasli (2007), El-Kassaby (1988),Tang & Wu (2004), Noorian et al.
(2008), Kamali et al. (2006), and Jamil Ahmad & Tiwari (2009)). Liu & Jordan (1962) developed a simple
method to estimate the monthly average daily radiation for each calendar month on surfaces facing directly
towards the equator. Jafarkazemi et al. (2012) proposed the optimum tilt angle’s maps for all regions in Iran.
They applied an anisotropic method to estimate solar radiation on tilted surface by using 20-years of average
cloud factor. El-Kassaby (1988) suggested the relation Bopt=¢+3.5 for yearly optimum tilt angle for Egypt (¢ is
the latitude for the considered site). Tang & Wu (2004) obtained the yearly optimum tilt angles for different
regions in China as Bopt=¢+ (4 to -10).

The main objective of this study is to determine the optimal tilt angles for solar collectors facing south in the city
of Fez (Morocco). The daily horizontal diffuse and global solar radiations, collected over thel2 months of 2012,
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were used to estimate the total solar radiation on a south-facing surface of different inclination angles (-
20°<B<90°). The measurements of the global solar radiation on a 34° tilted surface were used for evaluating all
the thirteen models tested in this study.

2. Data and measurements

The data used in this work have been collected in the city of Fez in Morocco (latitude 33°56°N, longitude 4°99’
W, altitude: 579 m) during the period between 1st January 2012 to December 2012. Fez is characterized by
seasonal climate, shifting from cool and rain in winter to dry and hot in summer, but the weather is mild,
especially during spring and autumn. The devices used for collected the data used in this work are: a Kip &
Zonen (CM-11 model) pyranometer for measuring global solar irradiance on horizontal surface and on a surface
tilted with 34° and facing south. Another identical pyranometer equipped with a shadow-band is used for
measuring diffuse solar irradiance. Figure 1 shows the daily global solar radiation on horizontal surface and on a
surface tilted with an angle of 34° and facing south and the daily diffuse solar radiation at Fez during the
considered year.
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Figure 1. Daily variations of global solar radiation on horizontal surface, global solar radiation
on 34° tilted south-facing surface and diffuse solar radiation at Fez.

3. Models for estimation of solar radiation on a tilted surface

The daily global solar irradiation received on a tilted surface consists of three components including: beam,
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diffuse and reflected from the ground (Liu & Jordan (1962)):
H=H,+H,,+H, (D

Where Hrp, Hrg and Hyp are respectively the daily beam, reflected and diffuse radiation on a tilted surface in
(kWh/m2day).

3.1 Daily reflected component on a tilted surface

The daily ground reflected radiation incident on an inclined surface in (kWh/m?2day) is given by the relation (Liu
& Jordan (1962)):

H,,=RH, )
R = ,,(HLZ%’J’)) 3

Where R, is the ratio of the average reflected radiation on the tilted surface and p (0.2) is the foreground’s albedo.

3.2 Daily beam component on a tilted surface
The daily beam radiation incident on an inclined surface in (kWh/m?2day) is given by the relation:
Hy,=R,(H,—H,) )

Where, R,, is the ratio of the average beam radiation on the tilted surface to that on a horizontal surface for each
day. R, is given by (Liu & Jordan (1962)):

cos(¢ — B)cos(0)sin(@,) + w, (&) sin(¢ — f)sin(J)

R, P (%)
cos(@)cos(d)sin(w,) + @, (@) sin(@)sin(0)

Where ¢ is the latitude, d is the solar declination, ;" is the sunset hour angle for the tilted surface and w;is the

hour angle.
The solar declination for any day (n) of the year can be obtained as follows:
. ,360(n+ 284
5 =23455in(221+ 289, ©
365

The sunset hour angle w, and the sunset hour angle w;’ for the tilted surface are given by:

@, = ar cos[—tan(J) tan( )] (7)

@, = min{w, ,arcos[-tan(d — B) tan(e)]} (8)

3.3 Daily diffuse solar component on a tilted surface

The daily diffuse radiation incident on an inclined surface in (kWh/m?2day) is given by the relation:
H,,=R,H, C))

The methods used to calculate the ratio of the average diffuse radiation on the tilted surface to that on a

horizontal surface R, are classified as isotropic and anisotropic models. In this work we tested four isotropic
models (table 1) and nine anisotropic models (table 2).

For the model M11 (Klucher (1979) the parameters 6 and 0, are calculated by the following equations:
cos (@)= sin(J)sin (¢ — B)+ cos(5)cos (¢ — B)cos (@) (10)

cos(6,)= \/l—sin (0)sin(@—B)+cos(d)cos(p—fB)cos () (11
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Table 1. Isotropic models for calculating Ry

Model n° Model formulas Source
Ml g, = LLreosA] Liu & Jordan (1962)
2
M2 R, = M Koronakis (1986)
M3 R, = W Badescu (2002)
M4 R, =1-L Tian et al. (2001)
180

Table 2. Anisotropic models for calculating Ry

Model n° | Model formulas Source
H H, [l +cos( p)]
R,=—tpR +|1-22 |ET00 P
M5 d H, b +[ Hoj > Hay (1979)
1
M6 R, =t Rh+QCOS(,5')+[1_H”_QJ[ ML) R Qz{max[O,[OS—ZH”H} Skartveit & Olseth (1986)
H, H, 2 H,
M7 R, =051R, + 1+ CZS B _ 11..27647r [sin (B)- [ﬁ%) cos(B)— zsin z(gﬂ Steven & Unsworth (1980)
H H, [l + cos (8)] H, . ;(ﬂ) .
R,=>2tpR +|1-20 |ETCOSWN 4 |20 in 3| £
M8 T + [ H, J > + H, sin 7| 5 Reindel et al. (1990)
1+cos(f) H,Y|..(6 H,Y p 3
M9 R, =|———|[1+|1-] =% | [sin [7) 1+|1=| =% | |cos®(8)cos’ (6,) Klucher (1979)
2 H, 2 H, :
M10 R, = cos 2[%)[1 + sin 3(%)}[(1 + cos ? (9 ))sin 3(9Z )] Temps & coulson (1977)
M1 R, =11 B) g o5 HuRuf o (g)- ! [”C"S (ﬂ)j Bugler (1977)
¢ ’ H, cos ((9:) 2 uglet
H H 1+ cos (ﬂ)j
R, =—%R, +|1-—=& || 2]
Mi2 T + [ H, ]( 2 Igbal (1983)
Hb 2 Hb .
M13 R, =R, +(1.0115-0.202935 - 0.080823 3% ) -t Willmot (1982)
0 0
4. Performances evaluation

The accuracy of different models is assessed by means of four widely used statistic parameters: mean square
error (MSE), relative root mean square error (RRMSE), mean absolute percentage error (MAPE) and the
correlation coefficient (R?) which is used to test the linear regression between predicted and observed data.

The following expressions were used:

n

_1 _ 2 (12)
MSE n;(H”. H,)
nY(H,-H,)
RRMSE =100—"— (13)
ZHmi
MAPE:li H’""XIO# (14)
nig mi
N (H. - \H . —H
 Sme.-) -
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Where n is the number of data, H,; is the /" predicted value, H,, is the i measured value and H,, and H, are
respectively the measured and calculated mean values.

5. Results and discussions
Based on the analysis presented above, the daily solar radiation at different tilt angles was calculated by using
four isotropic and nine anisotropic models presented in tables 1 and 2.

Table 3. The performances obtained for estimated daily global solar radiation on a surface tilted by 34° by using
the isotropic and anisotropic models.

Models R’ MSE RRMSE MAPE
Ml 99.55 0.0304 2.9626 2.6103
M2 99.59 0.0256 2.7173 2.5472
M3 99.41 0.0563 4.0309 3.5514
M4 99.33 0.0748 4.6469 4.2488
M5 98.73 0.0790 47754 4.3728
M6 98.72 0.0788 47712 43013
M7 98.41 0.8064 15.2592 19.7073
M8 98.75 0.0788 47712 43861
M9 99.06 0.1876 7.3604 6.7388
MI10 98.22 0.3036 9.3623 9.4577
Ml11 99.51 0.1145 5.7489 4.7940
MI2 99.36 0.0442 3.5707 3.8735
MI13 99.45 0.0474 3.6984 3.1988

All models were evaluated by using the statistical performances obtained by comparing the measured and the
calculated global solar irradiances on a 34° tilted surface. The statistical performances are summarized in Table 3.
It can be observed from this table that the M2 model gives the highest correlation coefficient (99.59%) and the
smaller values of MSE (0.0256 kWh/m2day), RRMSE(2.7173%) and MAPE(2.5472%).

All other models give the best results, however, acceptable results except the model of M7 (Steven &Unsworth
(1980)) for which the RRMSE (15.2592%) and the MAPE (19.7073%) are relatively large.

Figure 2 shows the comparison between measured daily global solar radiation on a surface facing south and
tilted by 34° and the calculated values by using M2 model for a surface with same orientation.

©

. .
Measured

© ‘ ‘ ‘ ; : : : ‘ =

2 ©
S  8rR°=99.59% & he?
5 RRMSE = 2.7173% E 8f ==<== Calculated-|
@ | MAPE = 2.5472% S ] <
k3 MSE = 0.0256 kWh/m2day ° 2.l
o= . =
S &5t : . 1 2
g9 » 3%
BE, o 1=
&t e ° =4l
= °® c
53 g S

.
k= 3 v"' B g 3t
=) o'.- ks
g “ E
% 1 -‘.\'. =
2 o T8
o
o 0 L L L L L L L L o 0 L L L L L L L
0 1 2 3 4 5 6 7 8 0 50 100 150 200 250 300 350
Measured global irradiance on tilted surface (kWh/m2da Day of the year
Y, y Y

Figure 2. Comparison between measured and calculated daily global solar radiations on tilted south-facing
surface (34°) by using M2 model.

To determine the optimum angle of inclination by using M2 model (Koronakis (1986)), we calculated the solar
radiation by changing the angle of reception from -20° to 90°with a step of 5° for each month of the year. Figure
3 and 4 show the calculated monthly average daily global solar radiations at Fez city. It is clear from these
graphs that it exists, for each month of the year, a unique f,, for which the solar radiation is at its peak for the
given month.
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Figure 3. Monthly average daily solar radiations versus tilt angle for a south-facing surface for winter and spring

months.
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Figure 4. Monthly average daily solar radiations versus tilt angle for a south-facing solar surface for summer and

autumn months.

We have then found that, for the city of Fez, the optimum tilted angle changed between -6° (June) and 64°
(December). Table 4 shows the measured global solar radiations on horizontal and on 34° tilted surfaces and the
global solar radiation calculated by M2 model by using the optimum tilt angle.

Table 4. Monthly average global solar radiations measured on horizontal surface H,, on 34° inclined surface H,

and calculated H(34°) by M2 model by using the optimum tilt an

le Bop (last column).

Month | Hy(kWh/m’day) H(kWh/m’day) H,(34°)(kWh/m*day) Bopt(®)
Jan. 3.3602 6.3119 5.5981 62
Feb. 4.1738 6.2763 5.9705 53
Mar. 5.3658 6.6073 6.5634 40
Apr. 5.7190 5.9194 5.8075 18
May. 7.1074 7.1105 6.5843 2
Jun. 7.3708 7.3992 6.4709 -6
Jul. 7.6997 7.7045 6.9096 2
Aug. 6.5842 6.7039 6.4980 13
Sep. 5.6660 6.3447 6.3183 30
Oct. 4.1151 5.5212 5.2719 47
Nov. 2.6339 4.0863 3.7142 58
Dec. 2.8602 5.5800 4.8900 64

Monthly, seasonal and yearly optimum tilt angles are shown in Figure 5. Optimum tilt angles in summer and
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autumn months have minimum values and the highest optimum tilt angles values belong to winter and spring.
The yearly average tilt angle is about 32°.
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Figure 5. Monthly, seasonal and yearly optimum tilt angles.

Table 5. The optimum tilt angles for each month obtained by applying the thirteen tested models.

Models |Jan. |Feb. |Mar. |Apr. |May. |Jun. |Jul. |Aug. |[Sep. |Oct. |Nov. |[Dec. | Yearly

M1 61 52 39 17 2 -6 -2 12 29 46 55 63 30
M2 62 53 40 18 2 -6 -2 13 30 47 58 64 32
M3 61 51 37 14 2 -5 -2 11 27 43 54 63 28
M4 62 53 39 12 -4 -13 | 7 8 28 46 57 64 29
M5 63 53 40 18 2 -6 -2 13 31 47 58 64 32
M6 62 53 40 18 2 -6 -2 13 30 47 57 64 32
M7 62 54 41 21 3 -7 -3 15 32 49 59 64 34
M8 63 54 40 18 2 -6 -2 13 31 48 59 65 32
M9 60 51 38 18 6 -2 1 15 29 44 53 62 32
MI10 60 50 37 19 7 -1 1 16 28 44 52 62 32
Ml1 61 52 39 17 2 -4 -1 12 29 46 55 63 31
M12 62 53 39 18 2 -7 -3 13 30 47 58 64 31
M13 62 52 39 14 -2 -10 | -5 10 29 46 56 64 30

In table 5, we report the optimum tilt angles obtained by applying the thirteen tested models. In this table, we can
see that the difference between results vary between 12° in June and 3° in January.

Conclusion

In this work, thirteen methods were tested to determine the optimum tilt angles for south-facing solar collectors
for obtaining the maximum solar radiation at Fez city in Morocco. The comparison between measured and
calculated global solar radiation on 34° inclined surface shows that M2 model (Koronakis (1986)) gives the
highest correlation coefficient (99.59%) and the smaller values of MSE (0.0256 kWh/m2day), RRMSE (2.7173%)
and MAPE(2.5472%) than the other models.

The obtained results by applying M2 show that: The optimum tilt angle in June go to a minimum of -6° then it
increases during the winter months and reaches a maximum of 64°in December. Also, the average optimum tilt

angles for the summer and winter month’s are12°and 55° respectively. Finally, the yearly average optimum tilt
angle is found to be 32°. This angle can be used for fixed installations or for building applications.

References:

Bakirci, K. (2012). General models for optimum tilt angles of solar panels: Turkey case study. Renewable and
Sustainable Energy Reviews, 16, 6149-6159.

126



Journal of Natural Sciences Research www.iiste.org
ISSN 2224-3186 (Paper) ISSN 2225-0921 (Online) JLINE |
Vol.4, No.10, 2014 “s E

Jafarkazemi, F., Saadabadi, S.A., Pasdarshahri, H. (2012). The optimum tilt angle for flat-plate solar
collectors in Iran. Journal of Renewable and Sustainable Energy, 4(1),013118.

Ghosh, H.R., Bhowmik, N.C., Hussain, M. (2010). Determining seasonal optimum tilt angles, solar radiations on
variously oriented, single and double axis tracking surfaces at Dhaka. Renewable Energy, 35, 1292-1297.

Jafarkazemi, F., Saadabadi, S.A. (2012). Optimum tilt angle and orientation of solar surfaces in Abu Dhabi, UAE.
Renewable Energy, 56, 44—49.

Demain, C., Journée, M., Bertrand, C. (2013). Evaluation of different models to estimate the global solar
radiation on inclined surfaces. Renewable Energy, 50, 710-721.

Gunerhan, H., Hepbasli, A. (2007). Determination of the optimum tilt angle of solar collectors for building
applications. Building and Environment, 42, 779-783.

El-Kassaby, M.M. (1988). Monthly and daily optimum tilt angle for south facing solar collectors, theoretical
model, experimental and empirical correlation. Solar and Wind Technology, 5, 589-596.

Tang, R., Wu, T. (2004). Optimum tilt angle for solar collectors used in China. Applied Energy, 79,

239-248.

Noorian, A. M., Moradi, 1., Kamali, G. A. (2008). Evaluation of 12 models to estimate hourly diffuse irradiation
on inclined surfaces. Renewable Energy, 33, 1406-1412.

Kamali, Gh. A., Moradi, I., Khalili, A. (2006). Estimating solar radiation on tilted surfaces with various
orientations: a study case in Karaj (Iran), Theor. Appl. Climatol., 84, 235-241.

Liu, B., Jordan, R. (1962). Daily insolation on surfaces tilted toward the equator. American Society of Heating,
Refrigerating and Air Conditioning Engineers, 67, 526-541.

Koronakis, P.S. (1986). On the choice of the angle of tilt for south facing solar collectors in the Athens basin area.
Solar Energy, 36, 217-225.

Badescu, V. (2002). 3D isotropic approximation for solar diffuse irradiance on tilted surfaces. Renew Energy, 26,
221-233.

Tian, Y.Q., Davies-Colley, R.J., Gong, P., Thorrold, B.W. (2001). Estimating solar radiation on slopes of arbitrary
aspect. Agric Forest Meteorol, 109, 67-74.

Hay, J.E. (1979). Calculation of monthly mean solar radiation for horizontal and inclined surfaces. Solar Energy,
23, 301-307.

Skartveit, A., Olseth J.A. (1986). Modelling slope irradiance at high latitudes. Solar Energy, 36, 333-344.

Steven, M.D., Unsworth, M.H. (1980). The angular distribution and interception of diffuse solar radiation below
overcast skies. Quart J] Roy Meteor Soc, 106, 57-61.

Reindl, D.T., Beckman W.A., Duffie J.A. (1990). Evaluation of hourly tilted surface radiation models. Solar
Energy, 45, 9-17.

Klucher, T.M. (1979). Evaluation of models to predict insolation on tilted surfaces. Solar Energy, 23, 111-114.

Temps, R.C., Coulson K.L. (1977). Solar radiation incident upon slopes of different orientations. Sol Energy, 19,
179-184.

Bugler, J. (1977). The determination of hourly insolation on an inclined plane using a diffuse irradiance model
based on hourly measured global horizontal insolation. Solar Energy, 19, 477-491.

Igbal, M. (1983). An introduction to solar radiation. New York: Academic Press.

Willmot, C.J. (1982). On the climatic optimization of the tilt and azimuth of flat-plate solar collectors. Solar
Energy, 28, 205-216.

Jamil Ahmad, M., Tiwari, GN. (2009). Optimization of Tilt Angle for Solar Collector to Receive Maximum
Radiation. The Open Renewable Energy Journal, 2, 19-24.

127



The I1ISTE is a pioneer in the Open-Access hosting service and academic event
management. The aim of the firm is Accelerating Global Knowledge Sharing.

More information about the firm can be found on the homepage:
http://www.iiste.org

CALL FOR JOURNAL PAPERS

There are more than 30 peer-reviewed academic journals hosted under the hosting
platform.

Prospective authors of journals can find the submission instruction on the
following page: http://www.iiste.org/journals/ All the journals articles are available
online to the readers all over the world without financial, legal, or technical barriers
other than those inseparable from gaining access to the internet itself. Paper version
of the journals is also available upon request of readers and authors.

MORE RESOURCES

Book publication information: http://www.iiste.org/book/

Recent conferences: http://www.iiste.org/conference/

IISTE Knowledge Sharing Partners

EBSCO, Index Copernicus, Ulrich's Periodicals Directory, JournalTOCS, PKP Open
Archives Harvester, Bielefeld Academic Search Engine, Elektronische
Zeitschriftenbibliothek EZB, Open J-Gate, OCLC WorldCat, Universe Digtial
Library , NewJour, Google Scholar

e INDEX ({@‘ COPERNICUS

ros , . - I NTERNATIONAL
INFORMATION SERVICES

@ vimsice soumaocs @

£z 8 Elektronische
@O0@ Zeitschriftenbibliothek

open

Ny _?ﬂ nh
s " \ Y i—-. '. .GE()R(;ET()“N UNIVERSITY
oclc &) WF {IBRARY

eeeeeeeeeeeeeeeeee UniverseDigitall
ccccccccc WorldCat R gy —



http://www.iiste.org/
http://www.iiste.org/journals/
http://www.iiste.org/book/
http://www.iiste.org/conference/

