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Abstract

For efficient performance of photovoltaic (PV) panels and flat-plate solar collectors, one of the most important
factors that should be considered is tilt angle. The common approach used by researchers has been to calculate the
tilt angle (S,) which maximizes the amount of solar radiation received by the collector. Economically, solar systems
must provide a maximum energy to the customer not to collect maximum solar radiation. In some situations, there is a
mismatch between them. However, solar harvesters need to be tilted at the correct angle to maximize the performance
of the system. In this paper, the average monthly solar fraction of the system (the fraction of energy that is supplied by
solar energy) is used as an indicator to find out the optimum tilt angle (S,) for a solar system. This manner is profitable
for most developing countries where there is no law governing the exchange of energy between the main provider
of electrical energy in the country (in our case the general electrical company) and investors in the solar energy (for
example, house owner). Regardless, that the solar radiation in the case optimum tilt angle based upon the maximum
solar radiation collection (S) is 4% greater than that of the offered tilt angle (S), but we get an improvement in the solar
fraction coefficient reached to 0.31%, which is equivalent to a yearly sum of 540 MWh. The solar radiation is calculated
using the clear sky ASHRAE model and then multiplied by a magnification factor to meet most of the energy demand.
This factor is physically presenting the solar conversion efficiency multiplied by the area of the solar collectors. Having
the total monthly energy demand, the monthly solar fraction coefficient can be calculated by dividing the total monthly
energy delivered by the solar system by the total monthly energy demand.

Keywords: Solar radiation; Optimum tilt angle; Electrical load; Solar
fraction coefficient

Introduction

Solar systems, like any other systems, need to be operated with
the maximum possible performance. This can be achieved by proper
design, construction, installation and orientation. The orientation of the
collector is described by its azimuth and tilt angles. Generally, systems
installed in the northern hemisphere are oriented due south and tilted
at a certain angle [1]. Accordingly, it is important to determine the
optimal tilt angle at which maximum solar radiation is collected. The
tracking systems, that follow the direction of the sun on its daily sweep
across the sky, allow the maximization of solar radiation incident on
the collector’s surface. A gain of 40% in solar radiation incident on the
collector is achieved if a two axis tracking system is adopted instead of
a fixed collector. However, tracking systems are expensive, need energy
for their operation and are not always applicable especially for small
scale systems [2].

Functionally, solar systems must provide a maximum energy to the
customer not to collect maximum solar radiation. We mean by solar
system the all system that including solar harvester (thermal solar
collector or/and PV panel) and the storage (thermal or electrical). In
some situation there is a mismatch between them, when we comparing
the daily load curve with the available solar radiation we recognize
the lack of harmony between them. This mismatch is depending on
the location and the nature of the load. This paper introduces applied
solar energy aspects that is optimization of tilt angle for maximum
solar energy contribution in the energy-grid and presents a method
for calculating it. This method takes into account the monthly energy
consumption and the available solar radiation on the site of interest. It
was selected two different locations with different loads behaviour for
the purpose of comparison where Brack El-Shati is locating in a desert
area (Sahara) which characterized by a dry and warm during the day
and cold during the night in the winter season and very hot during the

summer season. While Tulkarm is a city locating in a mountainous area
belongs to the Mediterranean basin, characterized by moderate climate
where the winter season is rainy and warm and in summer it relatively
hot with high humidity. Table 1 presents the coordinates of two different
sites with different electrical load distribution and different climate [3].

Theoretical Approach
The followed approach can be summarized in the following steps:
Calculation of solar radiation

There are many models for estimating solar radiation. Most of
them are presented in text books of solar energy [4,5] and most recent
researches [6-10], hourly total radiation (IM) on an inclined surface
using both tilt angles (S, - The optimum tilted surface of the collector
in order to collect maximum solar radiation and S - The optimum
tilted surface of the collector in order to achieve maximum fraction
coefficient or to provide a maximum solar energy) has been calculated.
The model considers the anisotropy diffuse sky model formulated by
Hay and Davis [4] and includes components of beam directly from
the sun and diffuse irradiation from the circumsolar and the sky dome
and beam and diffuse irradiation reflected from the ground. The total
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Site Country Latitude Longitude Elevation (m) Months A: W.m2 B: Dimensionless ] C.:

Brack El-Shati Libya 27.53°N 14.28°E 334 Dimensionless
Tulkarm Palestine  32.31°N 35.03°E 125 January 21 1,230 0.142 0.058
Table 1: Geographic location of the sites. February 21 1,215 0.144 0.060
March 21 1,185 0.156 0.071
solar radiation (I ) - the subscript s/f refers to the slopes S, and Sf April 21 1,135 0.180 0.097
respectively- for an hour as the sum of three components is given as: May 21 1,103 0.196 0.121
1+cosS, 1-cosS,, [ W June 21 1,088 0.205 0.134
iy = (o AL Ry + (AN === (L ey f[?} ) July 21 1,085 0.207 0.136
Where 1, is the hourly beam radiation from the sun on a horizontal August 21 1,107 0.201 0.122
surface, I,is the hourly diffuse radiation parts of the circumsolar and September 21 1,151 0.177 0.092
the isotropic on a horizontal surface, so the total diffuse radiation on October 21 1,192 0.160 0.073
a horizontal surface will be equal to the sum of these two components, November 21 1,220 0.149 0.063
December 21 1,233 0.142 0.057

having neglected the horizon brightening diffuse radiation component,
according to Hay and Davis anisotropic sky model. A, is the anisotropic
index which is a function of the transmittance of the atmosphere for
beam radiation and then 4 :7, where I_is the hourly extraterrestrial
radiation on a horizontal surface 91, Wthh equal to:

360")00592,[%} (2)
365 m

Where G_ is the solar constant 1367 W/m? n is denotes to day of
the year and 0, is the solar zenith angle at the time and day of interest.

The R, is a geometric factor which presents the ratio of beam
radiation on the tilted surface to that on a horizontal surface at any
time, R, ==~ in where 6, is the solar incident angle and calculated
from the following equatlon [9], with the corresponding azimuth
surface angle y and tilt angle S :

1,=G, (1 +0.033

6, =cos” [sinSA_,,f cos, cos(¢p—y)+cosS,,, Sin@z] (3)

and g, , is the solar zenith angle; and ¢, is the solar azimuth angle.

6, =cos™'[sinS sinL +cosS cosL cosh] “)

¢=cos” sind cosL —.cosé' sinL cosh (5)
sinf,

Where L denotes the local latitude, angle § is the declination angle
and h is the hour angle: h=15 (t -12) in where ¢ _presents the solar time
and g, is the ground-reflectivity.

In this paper, the ASHRAE clear-sky model is adopted to estimate
the hourly beam normal (I,)) and diffuse (I)) solar radiation. The
ASHRAE clear-sky model appears to be general enough for the
objective of the paper, furthermore, we don’t need to any information
about the location of interest, except the latitude angle.

The direct beam radiation and sky diffuse are calculated from the
following formula [6]:

-B
_ cos0_

I, =4e ©)

1,=1,,cos0,

1,=CI,,

Where A, B and C are constants for every day and are given in Table
2 for the 21 day of each month [6].

Optimum tilt angle based upon the maximum solar radiation
collection

The common approach used by researchers has been to calculate
the tilt angle which maximizes the amount of radiation received by the

Table 2: Constants for ASHRAE equations for the 215t day of each month.

collector. Many investigations have been carried out to determine, or at
least estimate, the best tilt angle was found as [3]:

S, =1.5+1.35L-1.069x107 L’ )
Where L is the latitude angle.

Monthly electrical load of the site

A two-year data of daily electrical load (Q,) in Tulkarm and Brack
El-Shati is obtained from Tulkarm Municipal-Electrical department
and General Electrical Company of Libya, respectively. The data has
been rearranged into the form of monthly load.

Calculation of the solar fraction coefficient

The performance of a solar system is characterized by the annual
solar fraction (the fraction of load supplied by the solar energy). We
mean by solar system the all system that including solar harvester
(thermal solar collector or/and PV panel) and the storage (thermal
or electrical). Economic constrains preclude the establishment of a
solar system with 100% fraction coefficient. This coefficient could be
determined monthly for more accurate in analysis and it is defined as:

9
f—lH

t

®)

Where H, is the total monthly solar radiation and x is a magnification
factor to meet most of the energy demand. This factor is physically
presenting the solar conversion efficiency multiplied by the area of the
solar collectors. Of course, the value of  is depending on all of available
solar radiation, load and the fraction coefficient. For realization of the
problem we choose a value of 92% for the annual fraction coeflicient,
therefore magnification factor was found:

¥=61,000 m?, for Tulkarm-Palestine and
¥=150,000 m?, for El-Shati-Libya C)
Results and Discussion

An MS Excel-sheet has been prepared to estimate the solar radiation
incident on a tilted surface using the above mentioned equations.
Figure 1 presents contour plots for total monthly solar radiation in
kWh/m? incident on a tilted surface as a function of the tilt angle (S), for
both sites Tulkarm and Brack El-Shati. For stationary solar collectors,
the optimum tilt angle (S,) based upon the maximum solar radiation
collection was found as:

S,=35"for Tulkarm-Palestine and S;=30° for Brack El-Shati-Libya
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Tilt angle §
Tiit angle S

Figure 1: Contour plots of total monthly solar radiation (kWh/m?) incident on a
tilted surface as a function of the tilt angle S; A. For Tulkarm-Palestine site; B.
For Brack El-Shati-Libya site.
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Figure 2: Monthly load distribution and the solar radiation on tilted surface, 35°
and 41" for Tulkarm-Palestine.
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Figure 3: The monthly and annual average solar fraction coefficient for tilt

angles, 35" and 41" for Tulkarm-Palestine.

Having the electrical load, the solar fraction coefficient has been
determined. The optimum tilt angle (S, will be located according to
maximum solar fraction coefficient and it was found as:

§,=41" for Tulkarm-Palestine and
§,=26" for Brack El-Shati-Libya

Figure 2 presents the monthly load distribution and the solar radiation
incident on tilted surfaces of 35" and 41’ for Tulkarm site. Figure 3 presents
the monthly solar fraction and the annual solar fraction coefficient
for Tulkarm site. In the same way Figure 4 presents the monthly load
distribution and the solar radiation incident on tilted surfaces of 30" and 26’
for Brack El-Shati site. Figure 5 presents the monthly solar fraction and the
annual solar fraction coefficient for Brack El-Shati site.
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Figure 4: Monthly load distribution and the solar radiation on tilted surface, 30°
and 26’ for Brack El-Shati-Libya.
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Figure 5: The monthly and annual average solar fraction coefficient for tilt
angles, 30" and 26’ for Brack El-Shati-Libya.

Looking at Figure 2 we find that the total energy from system with
optimum tilted surface S;=35" comes close to the load in 3 positions,
June, July and August. While with the angle S, =41’ the harvested energy
comes close to the load in January, February, October, November and
December. However the energy from the system matches to the load
in the rest of the months (March and September). When the radiation
is larger than the load as it is the case in April and May the fraction
coefficient is equal to 1, as it indicated in Figure 3.

As a result we find that the annual fraction coeflicient for S,=41°
is larger than that for §=35". From an economical point view putting
solar panels at S =41" more economic benefit of those at S=35". The
situation is exactly the same for Brack El-Shati site, as it demonstrated
in Figures 4 and 5.

The reason of this is that, in the developing countries where there
is no law governing the energy exchange between the provider and
the consumers, the losses in the collected solar energy is very high,
accordingly the term “maximum” losses its meaning, because the
maximum and other value may be coming equal in the case of both
energy collected by the two angles will have the same solar fraction
coeflicient of unity.

Conclusion

Increased solar energy gain justifies changing the tilt angle of solar
collectors from S_to S. In our case this gain reaches up to 540 MWh
yearly which is equivaI{ent to 318 oil barrel and reduced carbon dioxide
emission of (410 ton of CO,), in addition of other pollutants reduction.

The present work has studied the optimum tilt angles for solar
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system by using the monthly solar fraction as an indicator and has
reached the following conclusions:

1. There is no explicit function for optimizing the tilt angle of solar
collectors, for a specific situation there is an optimum angle, the
approach is outlined in this research.

2. The optimum tilt angle of the collector depends on the energy
demand behaviour and the magnification factor.

3. In our case study, the optimum tilt angle for the maximum solar
fraction for Libya is less than any of that for the maximum solar
radiation at the collector by 4". On the other hand this was found
to be 6 greater for Palestine.

4. The authors recommend that further work should be conducted
in countries where there is law governing the exchange of energy
between the main provider and the investors in order to estimate
the economic benefit of the exchange process.
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