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Abstract — Solar radiation is a source of energy that is free, clean, and without damaging impacts on the
environment. In addition, it can be directly and/or indirectly converted into other forms of energy and thus it is the
most unique type of renewable energy sources in the world. Photovoltaic panels are one of the most promising
technologies for renewable energies to supply required energy of the structures in the future. When solar panels are
installed on the roofs of buildings, knowing the optimal tilt angle is important in order to have the most energy
annually or quarterly. In fact, changes in the tilt angle influences the solar radiation received by the surface of
panels. In this study, the optimal tilt angle of photovoltaic panels in Rasht City, Iran with latitude of 37.12° North
was obtained based on mathematical model of Liu & Jordan and regarding data from the Rasht City’s Bureau of
Meteorology. Results showed that regions with latitude and climate similar to Rasht City, solar equipment at an
angle of 31.16 degrees respect to the horizon and to the south has the maximum annual amount of radiation received
from the sun. In addition, the optimal average seasonal angle in the summer and winter months are zero and 65.31
degrees, respectively.
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1. Introduction impacts on the amount of radiant energy from the sun.
Energy is the most important pillar of human Of course, the most received energy radiation occurs
development in all fields from industry to agriculture when the sun's rays shine vertically on the surface.
and transport. Among the different types of energy, Dry deserts with low clouds (high transparency
solar energy is free, clean, and has no emissions. Solar rate) receive the highest amount of solar radiation.
energy is widely used to generate electricity using Radiation in these areas is often 6 kWh/m® per a day.
photovoltaic systems. Due to having numerous This figure in the northern regions is close to 6.3
advantages, photovoltaic systems are rapidly kWh/m® per a day. In Iran, the maximum radiation
expanding and play a significant role in the value is 5.5 kWh/m® per a day. Iran is among the
technology of electric power generation. Solar countries where the high amount of solar radiation is
radiation is one of the most important factors received. In most parts of Iran, due to dry climate, a
determining the efficiency of photovoltaic systems. relatively high amount of radiation is available. To
Photovoltaic cells can have a significant impact on the harvest this type of energy, photovoltaic panels and
amount of energy received from the sun, so it is solar collectors are utilized. What is important in the
essential to take into account their utilization in the construction of this equipment is to get the high
early stages of design. It should be noted that amount of solar radiation. So to get the maximum
photovoltaics are cost-effective under certain amount of energy, a flat surface approximately
conditions [1, 2]. In design process, buildings perpendicular to the direction of radiation should be
elements and coordination with solar passive systems employed. This is possible using the sun tracking
are considered. Likewise, in design and placement of detector. However, photovoltaic’s optimal tilt angle
optimal tilt of photovoltaics and feasibility of power can be used because of the high cost of this
generation facades should be considered by an equipment. Several authors have presented various
architect. empirical patterns of panel’s angle with respect to
Earth receives solar energy in the form of solar horizon. For example, Hottle [3] proposed the angle of
radiation. In general, the amount of solar energy is B=M+20, where @ is the latitude. Heywood [4]
dependent on two main factors: (a) time: hours, days, presented the angle of P=d-10. And, Yellot [5]
and seasons (b) position: latitude. In addition, the indicated the range of B+®+20 with minus and
ground coverage type and sky cloudiness have also addition symbols in summer and winter, respectively.
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In addition, Lunde [6] denoted optimal tilt angle as
B£d+15; while, Duffe-Beckman [7] estimated this
angle P=15+(®+15). Furthermore, EL-Kassaby and
Hassab [8] expressed a theoretical pattern in order to
obtain daily optimal tilt angle in any latitudes.

So far, various works have been reported in order
to get optimal tilt angles of solar collectors in different
parts of the world. In all the reported research, optimal
tilt angle has been a function of the latitude of the
position under study (Talebi Zadeh et al [9], Runsheng

and Tong [10], Hossein et al [11], Olgen [12],
Moghadam et al [13]).

Nijegorodor et al., proposed a method based on
mathematical optimization for different parts of the
world in various months of a year in terms of latitude
in order to get the maximum amount of energy [14].
In 2012, Talebi Zadeh et al. implemented the obtained
relations by Nijegorodor et al on latitude in the range
between 20° to 40° toward the north, and then, they
improved these relationships. Table I compares these
values.

@: latitude of the position in degrees

Table I. Comparison of the relationships proposed for monthly optimal tilt (Talebizadeh et al., 2012;

Nijegorovo, 1997)

Month Nijegorodov Talebizadeh et al.,
Jan 0.89 ¢ + 29 0.99¢ + 24.63
Feb 097 ¢+ 17 0.66¢ +26.28
Mar ¢o+4 1.27¢ — 8.64
Apr ¢—10 0.89¢ — 11.88
May 0.93 p—24 0.38¢0 —9.37
Jun 0.87¢9—34 0.02¢ —2.92
Jul 0.89 ¢ — 30 0.149p — 4.22
Aug 097 ¢—17 0.399—0.41
Sep o—2 0.18¢ + 23.08
Oct ¢o+12 0.66¢ +23.08
Nov 0.93 ¢ + 25 0.99¢ + 23.19
Dec 0.87 ¢+ 34 0.92¢0 +29.18

Annual tilt degree for Syria with latitude of 32 to
37°N is 39°. The results of the investigations on solar
collector’s performance in this country indicated that
by using collector’s optimal tilt compared to the
collectors installed on flat surface, received energy
from the sun monthly, seasonally, and annually are
improved by 28%, 26%, and 16%, respectively [15].

Experiments implemented in Medina City
showed that when solar panels’ tilts are adjusted on a
monthly basis, an 8% of improvement is achieved in
comparison to the constant tilt over a year [16].

Given that the amount of solar radiation is highly
dependent on geographical location and climatic
conditions, such studies need to be done in each area
separately. The aim of this study was to obtain the
optimum tilt angle of solar panels for Rasht City with
latitude 37.12° N on the basis of a mathematical
model. Panels are placed toward south direction in
northern hemisphere and their position angles fall in
the range from zero to 90 degrees. Thus, the radiation
is estimated with increments of 5 degrees per month.
And, the angle at which maximum radiation occurs
considered as the optimal angle.

The aim of the paper is to maximize the use of
solar power and to get the maximum output of
photovoltaic systems. In this study, based on the

78

mathematical model proposed by Liu & Jordan and
according to data obtained from the Rasht City’s
Bureau of Meteorology, the amount of solar radiation
on inclined surfaces for seasonal, monthly, and annual
review was obtained for latitude 37.12° N. Then, in
order to receive the highest amount of radiation,
photovoltaic panels’ direction and angle with regard to
the horizon will be obtained.

2. Materials and Methods

Solar radiation data in different locations as total
radiation on a horizontal surface is usually available.
And the mathematical models along with data on the
horizontal surface are used to calculate solar radiation
energy on inclined surfaces. The average monthly
radiation on inclined surfaces is the sum of the
components of direct radiation, scattered radiation,
and reflected radiation.

Hr= Hg+ Hp+ Hp (1

where H is total radiation on horizon surface
(W.m?%), R is radiation rate, Hy is total radiation on
inclined surface (W.m?), HB, HD, and HR are
respectively direct radiation, scattered radiation, and
reflected radiation on inclined surface.
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The amount of total radiation in the horizontal
surface is recorded by measurement instruments at
weather stations in each region. In order to calculate
the total solar radiation on inclined surfaces, many
mathematical models have been developed. These
models differ only in how to calculate the scattered
radiation. (Liu and Jordan, 1960; Koronakis, 1986;
Rindle et al., 1990; Tian et al., 2001; Badescu, 2002)
[17-21].

The most common model used in various studies
is the model proposed by Liu & Jordan in which the
radiation coefficient is obtained by Eq. (2):

R=(1-3)Re + 35 (55%) +0(55%)

where Rb is direct radiation rate that is obtained
for northern hemisphere by Eq. (3):

cos(p—p)cosdsingg +(1%0)m’5 sin(p—p)sind

b=

o s , s ;o .
cospcosdsingg +(ﬁ)m5 singsind

3)
where 6 is deviation angle of Earth axis in a day
of interest put in -23.50 < 6 <23.50.

8= 23.5sin [360x$] @

where 7 is total days of a year from April to the
day of interest.

Sunrise angle on horizon surface (ws) and
sunrise angle on inclined surface (®s) are obtained by

Eq. (5):

s = cos~1(—tang. tand) )
{ = min [ cos ™! (—tang.tand)
U.) —
s cos~(—tan(¢p — B).tand) ©)
Air filter coefficient (Kth) indicates the

proportion of the total radiation on the horizontal
surface to the radiation on the same level if placed
outside the Earth's atmosphere.

H
K = H.
g (7

Radiation beyond the atmosphere (HO) is

obtained by Eq. (8):

H, == (1 + 0.033cos %) x [coscpcosi‘)sinws + %simpsinﬁ]

' (8)
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ISC is sun constant that is 1367 W as mentioned
in literature.

The prediction of scattered radiation to total
radiation (Kdh), there exist various mathematical
models. Ibrahim Pour et al [22], compared some of
these models and finally they selected the model
proposed in "Orgill and Hollands [24]" as an
appropriate model for different climates in Iran. In this
model, the ratio of scattered radiation to total radiation
is obtained by Eq. (9) based on the air (filter
coefficients’ range:

Kgn = 1.557 — 1.84Ky,
th =]1- 0249Kth

0.35(K€0.75
Kn(0.35

Kan = 0.177 Ken) 0.75

)

where p is reflection ratio of Earth that changes,
based on region coverage, in the range between 0.2
and 0.8. Due to stony coverage in this study, this ratio
is considered 0.3.

Based on the above equations, the air filter ratio
and the scattered radiation ratio were calculated for
different months in Rasht City. Total radiation on the
horizon surface for 10 consecutive years, 2002 to
2012, was obtained from Rasht City’s Bureau of
Meteorology. Then, the average of radiation was
determined. Finally, substituting all the values in Eq.
(1) for tilts from O to 90 degrees, the angle in which
the radiation was the highest was considered as
optimal tilt in each month. Using the optimal tilt
obtained for each month, quarter and annual tilt were
calculated.

3. Results and discussion

The angle of panels with respect to the horizon is
important due to the angle of the sun relative to the
horizon. Obviously, the more the radiation on energy-
receiving surfaces is perpendicular, the higher the
energy efficiency of the samples. Since the angle of
the sun relative to the horizon is different on different
days of the year, the average received radiation on the
surface during the months of a year can be taken as a
comparison benchmark for surfaces receiving
radiation. Since in the Northern Hemisphere,
photovoltaic panels are mainly placed toward south to
get more energy (y=0), this angle changes from zero
(the horizon) to 90 degrees south. Accordingly, a
surface with a dimension of one meter by one meter in
size is considered as a sample by Ecotect Analysis and
the incoming radiation on the surface of this sample
was calculated. The work procedure is as follows:
sample surface is placed toward the south and creates
different angles with an increment of 5 degrees by the
ground. This is repeated until the surface completely
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changes to vertical position. The result is examples relationships mentioned in Section 2, the necessary
that each of them experience different radiations calculations were performed. The results for the Rasht
during the year (Figure 1). Therefore, in order to City in different months are shown in Table 2 and
determine the best tilt based on the proposed Figures 2 and 3.

mathematical model and with the help of the
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Figure 1. Schematic diagram of the impact of angle relative to horizon on received energy by plates (Ecotect
Analysis)
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Figure (2). Average solar radiation achievable on inclined surfaces between January and June in Rasht City
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Table (2). Air filter coefficients and the ratio of calculated scattered radiation in different months in Rasht

Kdh

0.56

0.69

0.69

0.67

0.64

0.40

0.34

0.27

0.25

0.23

0.49

City
Month Kth
Jan 0.54
Feb 0.47
Mar 0.47
Apr 0.48
May 0.50
Jun 0.63
Jul 0.66
Aug 0.70
Sep 0.71
Oct 0.72
Nov 0.58
Dec 0.56

0.53

25
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Figure (3). Average solar radiation achievable on inclined surfaces between July and December in Rasht City

Seasonal average angle is obtained by averaging
optimal monthly angles in each season. Constant
seasonal angle is also obtained from the average of
optimal angles in all months which is close to that
location’s latitude.

Table 3 shows the optimal tilt angles for solar
panels using the present work; while Table 4 presents
the amount of solar radiation received by the inclined
surface seasonally and annually Rasht City. Using the
optimum monthly angle, the maximum amount of
energy is received from the sun in June (25.62 Mj/m?)

while the minimum amount is recorded in January
(16.29 Mj/m?). It is noteworthy that by both the
seasonal and annual optimization, these two months are
respectively again the months when the maximum and
minimum radiation energy is received. If it is supposed
for the system to annually absorb the highest amount of
radiation energy, September and January are
considered as months when the maximum and
minimum energy received respectively are 20.17
Mj/m?.day and 16.29 Mj/m*day.

Table (3). Optimal monthly tilt angle in degrees and absorbed radiation energy by panels in these angles in

Rasht City

Months Bapt ) H,, Mj/m’. day Months B apt ©) H,, Mj/m’. day
Jan 69 16.29 Jul 0 22.13

Feb 65 20.23 Aug 0 17.96

Mar 43 19.5 Sep 22 20.17

Apr 23 21.14 Oct 40 18.09

May 0 17.18 Nov 50 14.01

June 0 25.62 Dec 62 16.7
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Table (4). Seasonal average tilt angle in degrees and absorbed radiation energy by panels in these angles in
Rasht City

Seasonal average Yearly average
Months Seasons Bapt (°) Hape Bapt (°) Hape
Mj/m®. day Mj/m®. day
Dec 17.2 17.41
Jan Winter 65.31 16.6 13.91
Feb 20.01 17.31
Mar 19.05 19.51
Apr Spring 22 21.14 31.16 21.06
May 16.1 ' 15.38
Jun Summer 0 26.19 22.71
July 22.15 18.6
Aug 17.98 1591
Sep 19.64 20
Oct Autumn 37.33 18.51 18.11
Nov 13.69 13.34
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Figure (4). Optimal monthly, seasonal, and annual angles for each month in degrees

Using the values presented in Tables 3 and 4, by sun in one year at the optimum seasonal angle
employing different optimization methods, one can compared to the optimum monthly angle is reduced by
obtain total energy received in a year. The results are less than 1%. While, the amount of received energy
provided in Table 5. Analyzing the data in Table 5 reduction in annual optimum angle in comparison to
indicates that the amount of energy received from the the optimum monthly angle is 6.9%.

Table (5). Annual received energy from sun on solar panels using optimum monthly, seasonally, and annual
angles in Rasht City

Optimum tilt angle B apt (m) B apt (5) B apt (¥)
Hioa (Mj/m®) 6982 6934 6499
4. Conclusion months it is 65.31 degrees that are relatively consistent
According to the results, the optimal seasonal with the proposed model by Heywood. In addition, the
average angle in summer is zero, while in the winter optimum monthly angle is zero. The lowest monthly
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radiation at this angle is related to May standing at
17.18 Mj/m*.day. This angle increased in the winter
months up to 69 degrees in January with received
radiation of 16.29 Mj/m’.day. The results of comparing
the annual total received energy in different monthly,
quarterly, and annual angles show that if monthly
changes are impossible in the angle of the panels, one
can use optimal seasonal angle. The reduction in
radiation received in this state is negligible compared
to monthly state. Annual optimal tilt angle considered
as a constant angle in all seasons is 31.16 degrees.
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