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1. Introduction

The rapid escalating in the photovoltaic (PV) systems installation in the last few years is attributed to three
factors: (i) the atmospheric pollution due to the use of fossil fuel, (ii) the efficiency improvement of the PV
modules, (iii) the huge markdown in the PV modules price, and (iv) the possibility of offering a solution in
remote area [1]. In fact, PV systems are now the most feasible and viable systems of energy from the economical
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point of view, even when comparing them with the traditional sources of energy [2]. In addition, the
environmental feasibility of using PV systems is now under the greatest interest. The energy payback time of PV
modules is less than 4 years [3], whereas PV modules can operate for up to 30 years [4]. Therefore, the transition
from fossil fuel energy to PV energy is going so fast in the last decade. PV systems are usually categorized into
three segments of scale [5]: (1) residential scale with up to 10kWp, (2) commercial scale with up to 1IMWp, and
(3) utility scale with a capacity that reaches to the gigawatt scale.

In addition to the environmental factors (such as shade, dust, and temperature) [6], tilt angle and orientation of
PV modules are the key factors to obtain the best performance. The values of these factors are relevant to the
location of the installation site [7]. Usually, PV modules have to be oriented towards the geographic south (also
called true south) for all locations above the equator, while modules have to be oriented towards the geographic
north for all locations bellow the equator [8]. Modules at the equator are oriented upward towards the zenith. On
the other hand, the tilt angle of the modules is determined based on the latitude of the installation area in a way
that assures that modules are facing the sun as much time as possible. Table 1 tabulates the optimal tilt angle for
each month at Baghdad location with PV facing south (azimuth = 0) [9]. The table displays a non-tracking
system. When tracking system is used, azimuth and latitude should be considered, since they are changing daily
and hourly all over the year as shown in Figure 1 [9].

Table 1: Optimum tilt angle of PV Panel for each month at Baghdad location [9].

Jan | Feb| Mar | Apr| May | Jun| Jul | Aug | Sep | Oct | Nov | Dec | Ave.

Optimal

49° | 41°| 33° | 25° | 17° | 10° | 17°| 25° | 33°| 41° | 49° | 56° | 33°
Angle

Tracking system (modules track the sun disk) is achieving the best PV performance. However, tracking systems
add cost and complexity to the PV system and most designers avoid them. Hence, 4-seasons system, 2-seasons
system, or fixed angle system are more common. Moreover, the installation of PV systems is restrained by the
installation site circumstances and sometimes by the shapeliness. Some sites such as tall buildings with relatively
small roofs (e.g. skyscrapers), facade configuration has to be the best option. Another example is parking garage,
where PV modules are installed at a semi-flat angle to be more decorated. With all these and more complexities,
the design will be complicated and sophisticated. Such designs with all of the mentioned variants have never
been introduced over Baghdad city in a one study. This motivated us to introduce such comprehensive
investigation. Considering the complexities in those variants, the use of PV designing tools is required. A variety
of PV design tools are available these days [10]. One of the common and efficient tools is the PV Syst software
[11-16]. The software is available online for a one-month trial version and a prepaid version as well [17]. PVSyst
is an intuitive tool dedicated for PV design and simulation. The aim of this work is to utilize PVSyst software to
design an on-grid 2.7kWp residential scale PV system with a wide variety of tilt angles and orientations over the
city of Baghdad, in order to get better understanding of the effect of tilt and azimuth angles on the size and
performance of PV system at the allocated site.
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Figure 1: Sun path over Baghdad city throughout the year.

2. Geographical and Meteorological Data

The simulation of this work was pulled off in Baghdad — Iraq at Jadriyah location with coordinates of 33.28°N
latitude and 44.39°E longitude. The altitude of this location is 33m above sea level. Albedo was roughly
estimated to be 0.2. Average temperatures (the average between highest and lowest temperature) for each month
at this location are listed in Table 2.

Table 2: Average temperatures for each month at Baghdad location [17].

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Ave.

Ave. Temp.

°C) 719 (103|151 195|256 | 30.6 | 33.7 | 33.2| 28 | 229|139 9.15| 20.8

3. PV Array Characteristics

3.1. PV Modules Specifications

The PV modules were picked out in this simulation from PVSyst software database. The chosen manufacturer
and model are AEG, AS-M602G-300, respectively. The STC characteristics of the panel are shown in Table 3.
Total number of PV modules is 9 with a total effective area of 14.9m’.

Table 3: PV panel’s parameters used in the simulation.

Pm 300Wp

Im 9.21A

Vm 32.6V

Isc 9.69A
Voc 39.8Vv

FF 0.779
Panel Eff. 18.1%
Dimensions 1.66m?

No. of Cells 60
Pm Tem. Coeff. | -0.39%/°C

Rs 0.26Q

Rsh 300Q2
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The IV characteristics of the PV panel at various irradiance densities are presented in Figure 2. The figure shows
a nearly linear increase in PV maximum power point with increasing irradiance. It is also shown that Isc
significantly changes with irradiance whereas Voc exhibits a slight change. At 200W/m? irradiance (corresponds
to the early morning irradiance), PV panel produces around 20% of its nominal power, then power increases
linearly with irradiance till 300.5W at the 1000W/m* AM1.5 illuminations. Temperature effect is neglected in
these data and the values of this figure are determined at 25°C. The output power may show a noticeable drop at
higher temperatures as temperature coefficient for these modules is around -0.39%/°C as presented in Table 3.
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Figure 2: 1V characteristics at various irradiance densities for PV panel used in the simulation.

3.2. Inverter Specifications
One inverter was used in the design of the system. The inverter manufacturer and model are SMA, Sunny Boy
3000 U-240, respectively. Table 4 lists the specifications of the inverter. The chosen inverter has a nominal

output power of 3.2kW which is slightly oversized and this is usually preferable by most of the PV array
designers.

Table 4: Specifications of the inverter used in the simulation.

Minimum MPPT Voltage 200V
Maximum MPPT Voltage 400V
Nominal DC Power 3.2kw
Grid Voltage 240V (AC)
Grid Frequency 50Hz
Nominal AC Power 3.0kw
Nominal AC Current 12.5A
Maximum AC Current 15A
Dimensions 450%x352%236mm
Weight 40kg
Protection IP 65
Temp. Tolerance -25 10 +45°C
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3.3. PV Array Loss Factors

Array loss includes Joule’s loss in the wires, efficiency drop due to temperature, maximum power point tracking
loss, and light reflection on the surface. Those losses should be considered when designing a PV system to
estimate the real energy delivered from the system. Table 5 lists those losses.

Table 5: Array loss factors from wires and panels.

Wiring Ohmic Loss Fraction 1.5% at STC
Module Quality Loss Fraction -0.5%
Module Mismatch Loss Fraction 1% at MPP
Strings Mismatch Loss Fraction 0.1%
Refractive Index of Antireflection Coating | 1.29
Refractive Index of Cover Glass 1.526

4. Orientation, Tilting, and Nomenclature

Various tilt angles and orientations were tested in this simulation as illustrated in Figure 3 to investigate the
impact of these parameters on the productivity of the PV system if used over Baghdad city. The nomenclature of
this study is denoted as follows:

1.

[T(x), A(0)]: Azimuth angle (A) fixed at zero (south) and tilt angle (T) varied from T=0° for [T(0), A(0)] to
T=90° for [T(90), A(0)].

[T(30), A(X)]: Tilt angle fixed at 30° (the optimum tilt angle over Baghdad) and azimuth varied from A=10°
for [T(30), A(10)] to A=90° for [T(30), A(90)].

[T(30), A(-x)]: Tilt angle fixed at 30° and azimuth varied from A=-10° for [T(30), A(-10)] to A=-90° for
[T(30), A(-90)].

[Seasonal-T(13, 51), A(0)]: Panel is tilted at 13° in summer and 51° in winter.

[Facade-T(30), A(0)]: Tilt angle fixed at 30° and azimuth fixed at zero. Three sheds (rows) were applied in
the design.

[Carport-T(30), A(X, -X)]: Two panels oriented at two different directions with tilt angle fixed at 30° and
azimuth varied from A=10 for [T(30), A(10)] to A=90° for [T(30), A(90)] for one panel and from A=-10°
for [T(30), A(-10)] to A=-90° for [T(30), A(-90)] for the second panel.

[Tracker-T(x), A(x to —x)]: Tracking is performed for tilt angle and azimuth.
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Figure 3: (a) tilt angle at 30° and azimuth at zero, (b) constant azimuth with varied tilt angle, (c) seasonal
configuration with tilt angle is changing twice a year, (d) facade configuration, () tracking system with constant
tilt angle and varied azimuth from east to west, and (f) tracking system with varied azimuth and varied tilt angle.

5. PVSyst Simulation Results and Discussion

5.1. [T(30), A(xx)] Configuration

Figure 4 presents the influence of various azimuth angles on the system performance for PV modules fixed at
30° tilt angle. Azimuth is varied from zero (facing south) to 90° (facing west). Incident radiation (the energy of
solar radiation per unit area that hits the surface in kWh/m? unit) depends on the angle of incident, which in turns
depends on tilt angle, azimuth angle, time of the day, and month of the year. Highest received energy is obtained
when the light beam hits the surface perpendicularly. Since sun path (the ecliptic on the celestial sphere) has
different heights from the horizon during the hours of the day as shown earlier in Figure 1, the optimum azimuth
angle that achieves the perpendicularity will be different for each hour during the daytime. Figure 4-a shows the
amount of incident energy delivered to the panel’s surface of PV system fixed at 30° tilt angle and azimuth angle
varied from zero (facing south) to 90° (facing west). As seen from the figure, best energy accumulation over the
year is obtained for [T(30), A(0)] configuration. Array energy production and energy injected to the grid show
highest performance at [T(30), A(0)], as well. At azimuths of 10° and 30°, performance is slightly changing
which means small change in azimuth has unnoticeable effect on the system performance. Same findings were
recorded when azimuth is changed towards the east (i.e. -10° and -30°) as shown in Figure 5. This gives the
designer a plenty of room to fix the PV azimuth over a range of 30° to -30°. On the other hand, a noticeable
change in PV performance is recorded at higher azimuths (60°, -60, 90°, and -90°) as shown in Figures 4 & 5.
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Higher azimuths reduce the amount of light reaching the PV surface because PV will be facing the sun disk with
less hours. The two extremes (90° and -90°) are facing sun in sunset and sunshine, respectively and will be in
offset at the rest of the day. For instance: At zero azimuth (facing south) and 30° tilt angle, the total accumulated
incident radiation per one squared meter over a year is 2021.9kWh. Considering a total module area of 14.9m?,
the accumulated radiation through the year is 30126kWh. This corresponds to a generated energy of 4682.8kWh
and a grid injected energy of 4476.7kWh. This gives an array efficiency of 15.5% (less than the module
efficiency), and DC-to-AC inverting efficiency of 95.5%. On the other hand, the total accumulated incident
radiation per one squared meter over a year for PV at 90° of azimuth (facing west) is 1709kWh and a total
incident of 25464kWh over the array. This corresponds to a generated energy of 3935.9kWh and an injected
energy of 3748.5kWh, which gives the same array efficiency but a 16% less total generated energy, and DC-to-
AC inverting efficiency of 95.2%. Negative azimuths (towards east) are very much close to the positive azimuths
and this is because the solar path is symmetric before and after noon. The small differences are attributed to the
effect of differences in the ambient temperatures for a before-noon hours and its corresponding afternoon hours.
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Figure 4: [T(30), A(x)] configuration: (a) incident radiation received by the module surface, (b) generated

energy by the array, (c) energy injected to the grid, and (d) accumulated incident, generated, and injected
energies over one year.
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Figure 5: [T(30), A(-x)] configuration: (a) incident radiation received by the module surface, (b) generated
energy by the array, (c) energy injected to the grid, and (d) accumulated incident, generated, and injected
energies over one year.

5.2. [T(x), A(0)] Configuration

Figure 6 presents the influence of tilt angle on various PV parameters for PV modules oriented to the south
(azimuth = 0). Tilt angle varied from zero (horizontal angle) to 90° (vertical angle). Figure 6-a, b, & ¢ shows
incident energy on the PV surface, generated energy by the PV array, and injected energy to the grid,
respectively of PV system oriented to the south with tilt angles varied from zero and 90°. As seen from the
figure, best generated energy accumulation by the array and accumulated injected energy to the grid over one
year are obtained for [T(30), A(0)] simulation, which are similar to the results of Figures (4 & 5). At tilt angle of
zero, best performance is obtained in summer months but it drops down in winter months and this is because
ecliptic is on its highest in summer (summer solstice), so it faces the PV surface at this horizontal angle. The 60°
tilt angle is best in winter months but it drops down in summer months because ecliptic is on its lowest in winter,
therefore, the perpendicularity is occurred at around 60° tilt angle (the winter angle in Baghdad location). The
90° tilt angle shows poor performance for most months, except for winter because sun path gets low in winter
(winter solstice), so it faces the PV surface at this vertical angle. The two extremes (0° & 90°) are not
recommended in Baghdad. Even though, horizontal tilt angle is recommended on the equator and vertical tilt
angle is recommended on the pole.
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Figure 6: [T(x), A(0)] configuration: (a) incident radiation received by the module surface, (b) generated energy

by the array, (c) energy injected to the grid, and (d) accumulated incident, generated, and injected energies over
one year.

5.3. [Facade-T(30), A(0)] Configuration

Facade orientation is fixing the PV modules on the exterior frontage of a building. South face is preferable in this
orientation. This design is used in some cases when there is no enough room for installing PV system on the roof
or around the facility terrace. It can also add a decoration to the building from the architecting standpoint. Panels
usually are fixed above the windows to act as window sunshade as well as a source of energy. In this
configuration, the 9 panels are grouped into 3 sheds with 3 modules each and connected in series all together.
Sheds spacing is fixed to be 6.6m. Figure 7 exhibits the PV parameters of such orientation where tilt angle fixed
at 30° and azimuth at zero. Since the simulation is done for [T(30), A(0)] configuration, results were as same as
in Figures (4, 5, & 6) for the similar configuration. The two shoulders appear in the equinoxes (March and
September) are ascribed to the fact that 30° tilt angle of this orientation is as same as the optimal angle of these
two months described elsewhere in Table 1. Therefore, the equinox gives boost of energy in this orientation.
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Figure 7: [Facade-T(30), A(0)] Configuration: (a) incident radiation received by the module surface, (b)
generated energy by the array, and (c) energy injected to the grid.

h
N
o
(=}
N
o
(=}

= = =
B D @
o S S
L L L

N
o<}
o

Incident Radiation (KWh/m
I
o

Grid Injected Energy (kWh)

=
o
[=}

[N
N
o

81



Journal of Applied Sciences and Nanotechnology, Vol. 1, No. 3 (2021)

5.4. [Seasonal-T(13, 51), A(0)] Configuration

Since the optimum tilt angle is varied month to month, adjustable panel’s frame is suitable to enhance the
productivity of the PV system. Commonly, two-season configuration is preferable in PV system design, because
it only requires a two adjustable hinges in the panel’s frame. In this configuration, the simulation was performed
on two tilting angles (a 13° summer tilt and a 51° winter tilt). This configuration assures a better performance
than the fixed configuration because PV will be facing the sun as much as possible. The output of the PV system
is shown in Figure 8. The figure shows an enhancement in the output energy during winter months and summer
months (e.g. array energy is 336.5kWh in January and 467.9kWh in July compared to 309.1kWh in January and
441.6kWh in July for the [T(30), A(0)] configuration). In contrast, energy in spring and fall months is less (e.g.
array energy is 411.4kWh in March compared to 419.2kWh in March for the [T(30), A(0)] configuration).
However, the overall performance is better as will be discussed later on.
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Figure 8: [Seasonal-T(13, 51), A(0)] Configuration: (a) incident radiation received by the module surface, (b)
generated energy by the array, and (c) energy injected to the grid.

5.5. [Carport-T(30), A(X, -x)] Configuration

Carport configuration is usually used in parks as a shelter for vehicles and as a source of energy as well. The
preferable configuration is a 30° tilt angle with two sets of azimuth angle; one towards east and other towards
west. Figure 9 demonstrates the PV parameters of such configuration. As azimuth increased the productivity of
the system decreased. The lowest energy produced is for [T(30), A(90, -90)], particularly in winter months.
However, this configuration is more convenient in term of architecture design. The [T(30), A(10, -10)] is
unsuitable as a carport, especially with 30° tilt angle.
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Figure 9: [Carport-T(30), A(x, -x)] Configuration: (a) incident radiation received by the module surface, (b)
generated energy by the array, and (c) energy injected to the grid.

5.6. [Tracker-T(x), A(X, -xX)] Configuration

Tracking system gives the best productivity compared to any other configuration. However, designers avoid this
design in most cases because of the additional cost added to the system from using this design. Some cases when
installation area is limited and high power is required, designers perform tracking system. Figure 10 depicts the
performance of this system with two types of tracking: altitude tracking starting from the winter angle (13°) all
the way to summer angle (51°) with constant azimuth (A = 0°), and azimuth tracking from 60° to -60° with
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constant altitude (T = 30°). The figure shows that altitude tracking introduces better performance in summer
months, whereas azimuth tracking introduces better performance in winter months. The accumulated energy
produced by the array is 5844kWh for altitude tracking and 5507kWh for azimuth tracking. Therefore, the
superiority is for altitude tracking.
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Figure 10: [Tracker-T(x), A(X, -X)] Configuration: (a) incident radiation received by the module surface, (b)
generated energy by the array, and (c) energy injected to the grid.

6. Comparison Discussion

The total generated energy from the PV system in one year for a set of configurations is illustrated in Figure 11.
It is obvious from the figure that [T(30), A(0)], [T(30), A(x10)], [Facade], and [Carport] generate nearly equal
amount of annual energy with a highest value for [T(30), A(0)]. Practically, designer can choose any of those
configurations with no significant loss of energy if design circumstances require. In addition, seasonal
configuration gives higher energy with ~5% more energy than [T(30), A(0)] configuration. But anyhow, the 2-
seasons method requires adjusting the tilt angle manually twice a year (namely in April, 30 and September, 12),
which is a tedious job, especially with large scale PV systems. The tracking configuration exhibits the highest
energy generation with a 25% extra energy compared to [T(30), A(0)] configuration for an example. However,
the tracking system adds up a significant cost to the system and requires more maintenance services.
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Figure 11: Total energy generated by the array throughout a year for some chosen configurations used in this
study.
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7. Environment Feasibility

Carbon balance is one of the main benefits of using photovoltaics. Carbon dioxide (CO,) emission equivalent is
calculated by PVSyst software with a grid lifecycle emission of 0.869kgCO,/kWh. The lifetime of PV system is
assumed to be 30 years with an annual degradation of 1%. Accordingly, CO, replaced emission is calculated as
portrayed in Figure 12. The figure shows the [T(30), A(0)] configuration as an example. Total emission balance
in 30 years is 96.1 tons of CO,. Energy payback time is defined as: “the length of time required for photovoltaic
solar modules to generate an amount of energy equal to the energy used for manufacturing them” [18]. Generally
speaking, monocrystalline silicon has longer payback time than polycrystalline, while thin film solar cells have
the least payback time [19]. However, for a certain type of solar cell, the used manufacturing technology
pinpoints the payback time of it. Roughly, silicon PV modules have a payback time somewhere between 1 and 4
years [3]. PVSyst software estimated the payback time of the PV panel (model AS-M602G-300) used in this
simulation to be 1.3 years with manufacturing emission for 9 modules of around 4 tons of CO, (0.44 ton of CO,
per one module) as shown in Figure 12.
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Figure 12: Carbon dioxide saving for [T(30, A(0)] configuration over a span of 30 years.

8. Conclusions

From the above simulation results, it can be deduced that the best tilt and azimuth angles in Baghdad city are 30°
and 0°, respectively. The optimum configuration [T(30), A(0)] ensures a low Energy Payback Time of only 1.3
years. The 30° tilt angle is close to the latitude of Baghdad location, which shows that latitude value can be used
as a reference to choose the optimum tilting in any location. Azimuth of 0° (geographic south) is the optimum
value for any location above the equator. A small change in azimuth has no obvious effect on the PV
performance. Therefore, designing systems with azimuth variation from 30° to -30° is accepted within reason.
Although tracking configuration is the best choice for the highest performance, the complexity associated with
this design makes it a secondary choice. Seasonal configuration can be a choice when seeking for high energy
output. Carport configuration is used as park shelter. Although the carport configuration produces less power, it
can be more convenient in terms of architecture design, available area, and cost considerations.
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