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Determination of Optimum Tilt
Angle for Different Photovoltaic
Technologies Considering
Ambient Conditions: A Case
Study for Burdur, Turkey

This study presents a numerical approach to calculate the optimum photovoltaic (PV) tilt
angle by considering the three different PV technologies (monocrystalline, polycrystal-
line, and thin film). This analysis focuses on determination of optimum tilt angle consider-
ing seasonal and yearly solar radiation on a plane ( Whin?) and seasonal and yearly
energy production (Wh) of PVs. The angle at maximum global radiation and maximum
energy output is considered as the optimum tilt angle. It is found that optimum tilt angles
obtained by total radiation and total energy output are different from each other consid-
ering seasonal and yearly base. Total radiation-based tilt angle results show that the
optimum tilt angle is 13 deg in spring, 9 deg in summer, 17 deg in autumn, 12 deg in win-
ter, and 12 deg as yearly. Energy production-based optimum tilt angles vary from 5 deg
to 13 deg for monocrystalline, from 11 deg to 15 deg for polycrystalline, and from 12 deg
to 25 deg for thin film technology according to seasonal and yearly tilt angle results.

[DOI: 10.1115/1.4036412]

1 Introduction

Renewable energy resources’ utilization has been rapidly
increasing for the last 20 years because of depleting fossil-based
fuels and environmental awareness [1]. Especially, the photovol-
taic (PV) solar energy system-based energy generation has begun
to be used often in order to meet the energy demand [2].

For the design and development of solar energy systems, the
amount of radiation falling over PV panel and radiation changes
are required to be known. As measured solar radiation data are not
available for many places, the radiation is required to be estimated
[3]. For the radiation estimation concerning horizontal plane, dif-
ferent techniques are used [4—6]. The radiation falling over the PV
system is mainly affected from PV system orientation and tilt
angle [7,8]. The PV panels are generally placed toward equator.
This means that they will be placed toward south at northern
hemisphere and toward north at southern hemisphere. The radia-
tion changes depending on meteorological conditions affect opti-
mum tilt angles of the PVs for the different regions.

The maximum daily energy production can be obtained by
using the solar tracking systems that are constituted from
mechanic equipment and continuously follow the direction of the
sun [9]. But some aspects regarding to these tracking systems
such as being expensive, consuming energy for their operation,
and having hard operation-maintenance procedures decrease its
practicability. Therefore, placing PV systems at fixed optimum tilt
angle is the easy and most practical way. For determination of
optimum tilt angle, there are different studies. Some of these stud-
ies presented an approach in terms of quality and quantity
[10-13], and some of them presented analytical solutions [14—17].
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The optimum tilt angle may change locally, and the studies car-
ried out in this way are generally local scaled [18-27].

For optimum design of PV systems, it is prior to determine sys-
tem performance at the site of application. The amount of power
produced by PV system depends upon the solar radiation, tilt
angle, azimuth angle, and environmental effects [28]. In order to
predict the energy generation of photovoltaic (PV) modules, it
is required to predict the module temperature as a function of
ambient temperature, wind speed, and solar radiation [29]. Per-
formance of PV technologies depends on site-specific weather
parameters. For the accurate evaluation of performance of PVs,
site-specific parameters are needed to be used [30]. Especially,
PV surface and cell temperature affect the PV performance. A
study conducted in Ref. [31] shows that when the ambient temper-
ature is 1.5-3 °C decreased, mean output power increases about
1%. Additionally, different PV technologies have different per-
formances due to the variations in spectral response, the different
temperature coefficients, and thermal annealing [32].

In this study, an improved numerical methodology is proposed
to determine the optimum tilt angle of three PV technologies.
Optimum tilt angles of photovoltaic (PV) panels produced by dif-
ferent technologies are calculated by seasonal total radiation on
tilted surface, yearly total solar radiation on tilted surface, and
seasonal and yearly energy production of PVs. Output power of
PVs is obtained by PV model which accuracy was tested in previ-
ous study. The meteorological data of Burdur—the location of the
study—such as solar radiation, ambient temperature, and wind
speed are taken into account in the model for each PV technology.
The numerical background and methodology of this study is
described in Sec. 2. Simulation results are discussed in Sec. 3, and
this paper concluded with Sec. 4.

2  Numerical Background and Methodology

The global radiation on tilted surface is calculated by using
extraterrestrial radiation, global radiation on horizontal surface,
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Fig.1 The block diagram of the methodology

sun angles, and latitude [33]. The calculation method is also veri-
fied with comparison of measured and calculated data. The opti-
mum tilt angle of Burdur, Turkey is determined considering
seasonal and yearly total radiation on a tilted surface. Then, the
MATLAB/SIMULINK models of PV technologies are developed to
obtain energy output of PVs. In the PV model, the radiation on
tilted surface, ambient temperature, wind speed, and PV specifica-
tions are the input parameters, and PV voltage and PV current are
the output parameters. Total energy output of PVs is calculated
for different tilt angles. Therefore, yearly and seasonal optimum
tilt angles of different PV technologies are determined for Burdur,
Turkey considering the seasonal and yearly energy production of
PVs. The block diagram of methodology is given in Fig. 1.

2.1 Optimum Tilt Angle Determination Model. Two different
cases are considered for determination of optimum tilt angle. First
case is to maximize radiation on a square meter area for optimum
tilt angle. Equation (6) is used for this case depending on maximi-
zation function in the following equation:

maXVTUe,m’Gv(/)7ﬁ>57h7p)] (1)

Second case is to maximize energy production of PVs for opti-
mum tilt angle determination. Energy production of PV in Eq. (3)
is used for this case considering maximization function in Eq. (2)

max|[Epy (I, T, w, Vpy, Ipy)] 2)

Epv = (va . Ipv) -t 3)

Equations (2) and (3) are obtained by PV model created in MAT-
LaB/sIMULINK. The tilt angle constraint in Eq. (4) was taken into
account for both first and second cases

0<pB<90 4)

2.2 Solar Radiation on a Tilted Surface. The incident radia-
tion to horizontal surface depends on the distance between earth
and sun, latitude and longitude of the location, sun angles, water
vapor, dust particles, etc. Therefore, all these factors should be
taken into account in mathematical equation which is used to
obtain radiation on tilted surface.

The radiation on horizontal and tilted surfaces (41 deg) is meas-
ured with two different pyranometers. Measurement setup is given
in Fig. 2. First, the radiation on horizontal surface must be
separated to direct radiation and diffused radiation components
for calculating radiation on tilted surface by using global radiation
[33]. The total radiation at 41deg is calculated with direct and
diffused components of the radiation on horizontal surface and
other parameters (sun angles, latitude, etc.). The mathematical
equations for calculation of radiation on tilted surface are given
below [34]
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Fig. 2 Measurement setup for global radiation on horizontal
and tilted surfaces

cos(@ — f) - cos(d) - cos(h) + sin(g — f) - sin(5)
cos(@) - cos(d) - cos(h) + sin( ) - sin(8)

It =1pg-Rg+1Ip- (w) +lgp- (ﬂ) (6)

Rp= (&)

2 2

where Rp is the ratio between beam radiation on horizontal and
tilted surfaces. The total radiation on tilted surface consists of
beam, diffused, and reflected radiations [35]. Diffused radiation
on tilted surface is proportional to amount of sky seen by the tilted
surface. However, reflected radiation on tilted surface is propor-
tional to amount of ground seen by the tilted surface and ground
albedo [28].

Calculated radiation on tilted surface is compared with
measured radiation which is provided from second pyranometer
positioned at the same angle (41 deg) in real environmental condi-
tions. Measured and calculated radiations on tilted surface
(41 deg) are given in Fig. 3. The radiation result from the calcula-
tion covers the measured radiation under variable radiation
condition.

2.3 PV Model. Reference [34] is taken into account to create
PV model. Simplified equivalent circuit in PV model is shown in
Fig. 4. PV current is calculated as a function of voltage in this
model. The parameters in PV panel’s datasheet are used for PV
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Fig. 3 Comparison of calculated and measured radiations on
tilted surface
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Fig. 4 Simplified equivalent circuit model

specifications. The radiation, the ambient temperature, and the
wind speed are used as input parameters. PV current and PV
voltage are output parameters in this model.

In this study, three different PV technologies (monocrystalline,
polycrystalline, and thin film) are used to determine optimum tilt
angle. The junction temperature is calculated as a function of
ambient temperature, radiation, wind speed, and PV technology
[29,33,34,36]. The cell temperature is given in the following
equation:

Te =1,14- (T — Ts) +0,0175 - (It — 300) — &, - w+30  (7)

Here, k, is a coefficient which varies for each PV technology.
ky is 1509 for monocrystalline and 1468 for polycrystalline, while
it is 1450 for thin film technology [29]. The specifications of PV
panels used in this study are given in Table 1.

The measured power value of PV panels under ambient condi-
tions is compared with power value obtained from PV model for

each PV technology. It was seen that PV models with monocrys-
talline, polycrystalline, and thin film technologies are carried out
with 3.25%, 13.93%, and 3.70% error compared to measured val-
ues, respectively [34].

The maximum power obtained from PV panels varies depend-
ing on radiation, ambient temperature, and wind speed. PV panels
in a solar power plant should be operated at maximum power
point consistently. P&O algorithm is used for maximum power
point tracking in the models [37,38]. The MATLAB/SIMULINK block
diagram of PV model is given in Fig. 5.

The optimum tilt angle in Burdur, Turkey is calculated by radi-
ation, ambient temperature, and wind speed values which are
given in Fig. 6.

3 Simulation Results and Discussion

Radiation-based PV optimum tilt angles are obtained, which
run in a verified radiation model given in Sec. 2.2, as seasonal and
annual by using Burdur’s radiation data of 2006. Seasonal total
radiation on a square meter area is given in Fig. 7 for different tilt
angles.

As can be clearly seen in Fig. 6, the total radiation reached the
highest value for all tilt angles in summer. In contrast, the total
radiation value reached the minimum value in winter which is
almost equal to one third of total radiation in summer. Also, the
total radiation in spring is higher than the total radiation in autumn
for all tilt angles. Considering the total radiation, optimum tilt
angles for spring, summer, autumn, and winter are calculated
as 13deg, 9deg, 17 deg, and 12 deg, respectively. The annual opti-
mum tilt angle is found to be 12 deg when the total annual radia-
tion is calculated in a square meter area for all tilt angles. The
annual total radiation according to different tilt angles is given in
Fig. 8.

Although the total radiation in a square meter area reaches to
the highest value in summer (9deg) considering the seasonal

Table 1 Characteristic values of PV panels
Quantity Monocrystalline Polycrystalline Thin film
Peak power (W) 50 60 55
Number of cell 36 36 —
Short circuit current (A) 3.14 3.97 1.57
Open circuit voltage (V) 21.4 31.7 61.4
Maximum power current (A) 2.88 3.41 1.21
Maximum power voltage (V) 17.4 17.6 45.45
Dimension (mm) 629 x 535 x 28 755 x 666 x 48 1397 x 635 x 6
Current temperature coefficient (%/°C) 0.05 0.055 0.09
Voltage temperature coefficient (%/°C) —-0.34 —-0.33 —-0.33
Weight (kg) 43 5.1 16
Continuous > I:l
- Scope
powergui
L |V
Energy | Energy
radiation
L— |G Ipv +——Ppp|lpv
ambient_temp T
Vpv
L Bl Tel—pfT
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Fig.5 martLAB/siMuLINK block diagram of PV panel
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Fig. 6 The radiation, ambient temperature, and wind speed val-
ues for Burdur

results, the annual optimum tilt angle equals to the optimum tilt
angle in winter (12 deg). Thus, other seasons should be considered
as well as summer, where total solar radiation reaches the highest
value, for radiation-based optimum tilt angle determination. Sea-
sonal and yearly optimum tilt angles based on total radiation are
given in Table 2.

Three different PV technologies (Table 1) are modeled in
MATLAB/SIMULINK With using equivalent circuit given in Fig. 4. The
block diagram of PV model is given in Fig. 5. Seasonal energy
outputs of three different technologies are presented in Fig. 9 for
different tilt angles. It is clear from the seasonal energy output
that optimum tilt angles of PV panels are different from each
other. Especially in summer and autumn, because of the ambient
temperature is reached the highest values, the obtained optimum
tilt angle of each PV technology is different. PV energy output
reached the maximum value in spring for polycrystalline and
monocrystalline technologies and in summer for thin film technol-
ogy. Thus, output power of thin film technology increases if sub-
ject to high temperature. It is seen that the ambient temperature
has a significant impact on PV technologies. However, the opti-
mum tilt angles’ values that obtained for winter and spring are
close to each other. Seasonal optimum tilt angles of different PV
technologies are given in Table 3.

When the radiation, temperature, and wind speed variations in
Fig. 6 are examined, it is seen that the radiation and the tempera-
ture get at their maximum value in summer. However, the highest
wind speed occurs in the spring. Although high radiation in
summer increases PV energy production, high temperature and
low wind speed decrease energy production lower than PV power
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Fig. 7 Total radiation on a square meter area for different tilted
surfaces
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Fig. 8 The annual total radiation on a tilted surface

Table2 Optimum tilt angle based on total radiation

Season Spring Summer Autumn Winter Yearly

Optimum tilt angle (deg) 13 9 17 12 12

production in spring. The results show that not only radiation but
also wind speed and temperature have an important role on PV
power generation.

The annual energy productions according to the tilt angles for
different PV technologies are shown in Fig. 10. Annual optimum
tilt angles are calculated as 13 deg, 11deg, and 12 deg for mono-
crystalline, polycrystalline, and thin film technologies, respec-
tively. Annual optimum tilt angles are close to each other.
Moreover, the oscillations of seasonal (Fig. 9) and annual
(Fig. 10) energy production of thin film PV technology is higher
than the both of monocrystalline and polycrystalline PV technolo-
gies. It is clear from the aforementioned result that thin film PV
technology is seen to be most affected by tilt angle change. Opti-
mum tilt angles are given in Table 3 according to seasonal and
annual energy production.

Radiation and energy production-based annual optimum tilt
angles are close to each other for monocrystalline and polycrystal-
line technologies and even the same for thin film technology.
However, when calculated seasonal tilt angles are examined, it is
seen that the results are almost the similar values for only in win-
ter but optimum tilt angles are different to each other for the other
seasons. Especially in the summer and autumn, radiation-based
optimum tilt angles are quite different compared to energy
production-based optimum tilt angles.

4 Conclusion

In this study, seasonal and yearly optimum tilt angles for three
PV technologies are determined based on total radiation on a
plane and energy production considering temperature and solar
radiation wind speed for Burdur, Turkey. Maximizing the total
solar radiation on a plane is not sufficient criteria for determina-
tion of optimum tilt angle. Because different PV technologies
have different performances due to the variations in spectral
response, the different temperature coefficients, and thermal
annealing. Therefore, the cell temperature and the wind speed
which affect the output power of PVs are also taken into account
for energy output-based optimum tilt angle determination. Fur-
thermore, seasonal and yearly optimum tilt angles are different for
three used PV technologies. It is clear from the radiation or energy
output-based results that utilizing same tilt angle for different PV
technologies result in different performances. PV plant designer
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Table 3 Optimum tilt angle based on energy production

PV technology Spring (deg) Summer (deg) Autumn (deg) Winter (deg) Yearly (deg)
Monocrystalline 10 5 6 13 13
Polycrystalline 11 15 11 11 11
Thin film 16 20 25 12 12

—— Mono

0 10 20 30 40 50 6O 70 80 90
Tilt angle (°)

Fig. 10 Annual energy production of PV technologies

should be considered the site-specific performance of PV

technologies.

The methodology of this study is a mathematical model so it
can be applied for different regions in the world where radiation,
temperature, and wind speed datum are available. Thus, seasonal

Journal of Solar Energy Engineering

and yearly optimum tilt angles can be calculated for different PV
technologies. Also, the optimum tilt angle can be determined daily
and monthly. As a future study, optimum tilt angle results should
be compared with actual PV plant performance considering the
economical parameters.
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Nomenclature

Ep, = PV energy, Wh
h = hour angle, deg
Ip = beam radiation on horizontal surface, W/m?
Ip= diffused radiation on horizontal surface, W/m?
I, = extraterrestrial radiation, W/m>
I = global radiation, W/m?
Iy = PV current, A
Iy = radiation on tilted surface, W/m?
k, = wind speed coefficient
Rp = ratio of beam radiation
t = time, h
T = ambient temperature, °C
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Tc = PV cell temperature, °C
Ts = temperature under standard conditions, °C
Vv = PV voltage, V
w = wind speed, m/s
p = tilt angle, deg
0 = declination angle, deg
p = reflection coefficient
¢ = latitude, deg
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