
Research Article
Technoeconomic Performance Analysis of Solar Tracking
Methods for Roof-Type Solar Power Plants and Electric Vehicle
Charging Stations

Tahsin Boyekin 1 and İsmail Kıyak 2

1Department of Electrical and Electronics Engineering, Institute of Pure and Applied Sciences, Marmara University, Istanbul, Turkey
2Department of Electrical and Electronics Engineering, Faculty of the Technology, Marmara University, Istanbul, Turkey

Correspondence should be addressed to Tahsin Boyekin; tahsinboyekin@marun.edu.tr

Received 13 November 2020; Revised 8 March 2021; Accepted 11 March 2021; Published 7 April 2021

Academic Editor: Hafiz Muhammad Ali

Copyright © 2021 Tahsin Boyekin and İsmail Kıyak. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

In building integrated photovoltaic (BIPV) solar energy projects, cost effectiveness, durability, and long-term reliability are among
the criteria that should be taken into consideration as well as the gain in electricity generation efficiency. Also, in a study, it is stated
that a dual-axis solar tracking system occupies approximately 100% more space than a single-axis system and 160% more than a
fixed-angle system. It has been observed that most of the studies that are mounted on the building and include a tracking
system are small-scale experimental studies. The aim of this article is to present a systematic analysis with a low investment cost,
a low operating cost, and high reliability, in a real application especially for roof applications in buildings. Three buildings in the
same location and with the same roof area were selected. Photovoltaic power plants with 23.68 kW power were installed; these
panels had three types: fixed-angle, manually controlled, and single-axis solar tracking systems. The energy generation system is
connected to the network with a double-sided meter, and there is a double-sided energy flow. The energy produced is used to
meet the energy needs of the vehicle charging station and common areas of the buildings. Although the single-axis tracking
system is 27.85% more efficient than other energy generation methods, the manually adjusted method has proven to have the
shortest amortization time. The study also presents shading, which is a serious problem in large-scale roof projects, and the area
covered by the module per unit watt produced.

1. Introduction

Solar power plants (SPPs) convert sunlight into electrical
energy. The intensity of solar power outside the atmosphere
is approximately 1370W/m2. However, much of this is lost
due to the atmosphere, and the intensity of the solar power
that reaches the Earth’s surface varies between 0 and
1100W/m2 [1]. However, even a small portion of the remain-
ing energy is considerably higher than the existing energy
requirements [2]. Studies on solar energy have accelerated
since the 1970s; photovoltaic (PV) technology is now wide-
spread, offering increased efficiency and decreased produc-
tion costs relative to fossil fuels [3]. Solar energy is also
unlimited, making it better able to meet the increasing
demands for energy [4–6]. Solar cells form modules with a

certain number of serial or parallel connections. These mod-
ules make up arrays (also with a certain number of serial or
parallel connections), and these arrays in turn comprise
SPPs. There are many types of cells in PV modules [7–12]:

(i) Crystalline and multicrystalline silicon solar cells

(ii) Thin-film solar cells (a-Si, cadmium telluride, and
CIS)

(iii) Nanotechnology-based solar cells (tandem, super
tandem, and intermediate-band solar cells, etc.)

The most frequently used types are crystalline silicon, cad-
mium telluride, and CIS/CIGS cells [3]. The types of SPPs vary
according to their structure. Each has various applications,
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including single-axis and dual-axis solar tracking systems;
roof, field, and facade applications; and grid-tied and off-grid
connections [13–20]. Grid-tied SPPs can be high-power (>1-
MW) systems, but their use as low-power systems in buildings
is also common. These grid-tied systems can receive energy
from the grid when required and can also provide excess
energy to feed the grid [21]. Grid-tied systems do not need
energy storage; it is sufficient to convert direct current (DC)
electricity into alternating current (AC) electricity with the
help of an inverter so as to conform to the [22–25]. However,
nonlinear voltage waves and harmonics occur in such systems.
The mathematical form of these nonlinear waves is deter-
mined using Fourier series.

Solar energy is used to generate electricity in all areas where
electricity is available. PV modules are sometimes utilized for
visual comfort and for the shade that they provide, in addition
to their energy production [26–29]. Building-based applica-
tions were used in this project. SPPs that are usually installed
on the roofs of buildings can also be installed on facades. In
one developing technology, semitransparent solar modules
can be installed instead of glass in some applications, although
these modules have low efficiency [30–34]. Furthermore, some
solar panels can be used in place of shutters; energy production
can be increased by adding a solar-tracking system to these
shutters [5].

Shading is the most important consideration in projec-
tions for rooftop SPPs. The amount of shade that can appear
on the part of the building where the SPP will be installed
should be analysed. Other building that are close to the SPP
(especially taller ones) and other rooftop structures should
also accounted for [35]. The shading analysis involves model-
ling these structures using a simulation program such as
PVSyst or PV∗SOL [36]. The results describe the percentage
shade for each module. The modules with high shading
should be replaced with modules that would be exposed to
more light. In this project, these analyses were performed
using the PV∗SOL program [37–41].

The basic criteria to be considered in building-integrated
solar energy systems can be listed as follows: solar tracking sys-
tem cost, installation cost, logistics cost, space usage, operation
and maintenance cost, tracking system power consumption,
performance and energy gain, tracking method’s solar track-
ing accuracy, service life, and resistance to wind and other
natural abrasives. In a study where the system was installed
at a latitude angle of 36.25°N, it was determined that a dual-
axis solar tracking system was able to generate approximately
30% more energy than a fixed-angle system, but the area
covered was approximately 100% more than a single-axis
tracker and approximately 160% more than a fixed-angle
system [42]. The results of another experimental study show
that the total energy consumption of the single-axis tracking
system is approximately 2-8% of the energy produced by the
grid-connected PV system and approximately 5-12% in the
dual-axis solar tracking system [43]. In this respect, when
compared to building-mounted solar energy generation
systems ground projects, it can be stated that project logistics,
installation cost, operating cost, overall efficiency, and service
life are the factors that should be paid more attention to. The
aim of this study is to perform analysis on a real-time project

with optimal efficiency that adopts low investment and operat-
ing costs that can be applied on building roofs, as opposed to
tracking systems using various solar tracking methods includ-
ing double-axis (two axis of rotation for better efficiency),
hybrid model (includes both sensors and data/time to analyse
the best position), polar-aligned single-axis (the tilted axis is
aligned to the polar star), and azimuth/tilt roll mechanism
(the ground is called azimuth axis) [22].

The main contributions of this study to the literature are
as follows:

(1) In an area of approximately 1000m2, three different
methods have been tested. This is the first academic
study to be carried with a roof this size

(2) This is the most innovative approach that presents
detailed cost analysis and depreciation periods
among the large-scale rooftop projects

(3) This is an original study in terms of the application of
minimum shading and maximum use of space
among roof-mounted applications

(4) The study also provides the instantaneous monitor-
ing of the theoretical and application performances
of the system and the control of its economic
feasibility

Other chapters of this paper are organized as follows:
Section 2 presents a theoretical model analysis. Section 3
presents the details of the project that was implemented.
Design components, energy production/consumption esti-
mates, and application information are explained in detail.
Section 4 presents the electrical system performance and
cost analysis. And lastly, Section 5 provides study results
and recommendations.

2. Literature Overview

In Ref. [44], researchers have compared the thermal energy
produced at a specific solar position with the energy
demanded and implemented a solar tracking system that
determines the solar position for the new state. In Ref. [22]
review study, various solar tracking system methods includ-
ing single-axis, dual-axis, polar-axis, open-loop, closed-loop,
hybrid model, and azimuth/tilt roll mechanism were dis-
cussed and compared with existing solar tracking methods.
In Ref. [45], a dual-axis solar tracking system was designed
by using the sensor information and control technologies of
the solar cell to increase the overall efficiency of the PV system.
In Ref. [46], three angles to the sun were estimated by predict-
ing the position of the sun during the day. In practice, when
well-calibrated, results showing an improvement between 5
and 7% were obtained.

In Ref. [47], a review of the properties and functions of sys-
tems such as building-integrated concentrating photovoltaics
(BICPV), building-integrated concentrating solar thermal
(BICST), and building-integrated concentrating solar daylight-
ing (BICSD), and BICPV/T, BICPV/D, BICST/D, and
BICPV/T/D are presented. In Ref. [48], a PV system was
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integrated into the facade of a high-rise building and Honeybee
and Ladybug were used for the first time in this study as control
logic, and 354734.7kWh/year energy was produced. In Ref.
[43], using the single-axis PV tracking system, it was deter-
mined that the total energy production increased up to 30.3%
for a sunny day and 15.2% in average weather conditions. In
Ref. [42], the study reports a design and industrial prototype
of a large-scale dual-axis solar tracker consisting of a vertical
axis moving platform and multirow elevation structures. In
Ref. [49], the design options for PV structural cell types are
investigated and the analysis of design options for BIPV systems
using an electrical-module layout with additional interlayers are
presented. In Ref. [50], although the choice of trackers
depended mainly on the physical characteristics of the terrain,
overall, this system has proven to be more efficient and advan-
tageous than its single-axis and fixed counterparts.

In Ref. [51], the results show that the BIPV model can
estimate the average daily energy efficiency of 6.2% and the
temperature behind the module with an average difference of
1.74°C. In Ref. [52], a four-position controlled vertical axis
method was used and it was observed that the overall effi-
ciency increased by 2% in the experimental solar tracking pro-
totype study. In Ref. [53], it was observed that the solar panel
production efficiency increased up to 40% in the experimental
application with 4 LDR sensors and Arduino controlled
application. In Ref. [54], analyses with and without thermal
absorbers were performed by using a three-dimensional
combined heat transfer model to increase the efficiency of
the PV module.

3. Background Theory

This section gives detailed analysis of PV modules’ electrical
performance, irradiation modeling, and array sizing.

3.1. PV Module Analysis and Irradiance Modelling. In this
section, evaluations about the electrical components of a PV
module are made. Some of these parameters can be
represented as short-circuit current, open-circuit current under
distinct radiation conditions, and array temperature. PV cell
operating temperature is different from ambient temperature
and also defines open-circuit voltage. Since the cell operating
temperature changes depending on the ambient temperature
and solar radiation, it can be calculated using Equation (1).
Equations (3), (4), and (5) are used to predict PV open-
circuit voltage, current, and power, respectively [55].

Tc = Ta + 0:03:HT , ð1Þ

HT =HbRb +HdRd + Hb +Hdð ÞRr , ð2Þ

Voc = Voc,0 + −
2:3mV

C

� �
Tc − Tað Þ, ð3Þ

I = IPV − I0 e
V+Rs :I
αVtð Þ − 1

h i
−
V + Rs:I

Rp
, ð4Þ

PPV = k1HTA 1 + k2 Ta − Ta′
� �h i

, ð5Þ

where Tc is the cell operating temperature, Ta is the ambient
temperature, IPV is the PV current, I0 is the reverse current, α
is a diode constant, V t is the thermal voltage, Rp and Rs are
the parallel and series equivalent resistances of the module, ɛ
is the PV conversion rate, A is the PV surface area, Ht is the
hourly PV power output (kWh/m2), Hb is the beam radiation,
Hd is the scattered radiation, and Rb, Rd, and Rr are the tilt
elements for the beam, scattered, and reflected irradiation; k1
refers to the typical distribution of modules and relevant data
for a panel is included 0.095 to 0.105; and k2 = −0:47%/°C.

Irradiance collected on a photovoltaic panel surface, It
(W/m2), can be expressed as

It = If + Ir, ð6Þ

where If (W/m2) and Ir (W/m2) is the expression that gives
the radiation reaching the front and rear parts of the photo-
voltaic panel, respectively. Ir is included in the formulation
only when bifacial modules are used. If can be explained as

If = Idir,f + Idif ,f + Ignd,f , ð7Þ

where Idir,f (W/m2),Idif ,f (W/m2), andIgnd,f (W/m2) is the
expression that gives the sum of the direct, scattered, and
reflected radiation reaching the front of the photovoltaic
panel. Expressions can be defined as

Idir,f = DNI:cos A0Ifð Þ, ð8Þ

where DNI (W/m2) is the linear irradiance and ðA0If Þ (°) is
the angel of ratio between DNI and the normal of the photo-
voltaic panel front surface.

Idif ,f = DHI: 1 − F1ð Þ: 1 + cos θmð Þ
2

+ F1:
a′
c′

+ F2:sin θmð Þj j
" #

,

ð9Þ

where DHI (W/m2) is the scattered horizontal irradiance,
ðθmÞ (°) is the module tilt angle F1, F2, a′ and c′ are
parameter characterize in following the Perez model [54].
This approach explains the celestial hemisphere in three
different parts, the sky (as the first part), circumsolar (as the
second part), and horizon (as the third part) can be obtain
from Equation (9).

Ignd,f = GHI:ρ:
1 − cos θmð Þ

2
: ð10Þ

Equation (10) expresses the addition of irradiation
reflected from the ground according to the isotropic model.
At the same time, the stated ratio will increase with GHI
(W/m2) and ground albedo, ρ during periods of high spherical
horizontal radiation, as this will add to the total radiation
reflected from the ground [54].

3.2. PV Array Sizing. A PV array consists of photovoltaic
panels with series and parallel connected photovoltaic cells,
DC to DC converters, controllers, and batteries.
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The main purpose of the solar energy project is to feed
the system without the need for an electricity grid. PV array
calculation that will produce energy equal to feeding power
is important in system designs. When calculating system
leaks, it should be accepted as the ratio of daily load demand
to the product of the efficiency of all units in the system. As in
Equation (11), the total solar energy array (Er) must meet the
daily energy requirement.

Er =
Edemand
ηsys

, ð11Þ

where Edemand is the required demand energy (Wh) and ηsys is
the entire structure performance. It is necessary to make
calculations in order to meet the daily energy need in the
most efficient way. This value can be determined by dividing
the power generation system location by the average daily
sunshine duration for the region.

Ppeak =
Er

Tmin
, ð12Þ

where Ppeak is the peak energy produced from the planned
photovoltaic arrays (W) and Tmin is the least sunshine time
(hours). The terms given indicate the technical characteristics
of the photovoltaic array designed: module power (Punit),
open-circuit voltage (Voc), short-circuit current (Isc), maxi-
mum power point voltage (Vmpp), and current (Impp). The
sum of photovoltaic modules (nPV) can be calculated from
Equation (13).

nPV =
Ppeak

Punit
, ð13Þ

where nPV is the sum of photovoltaic arrays andPunit is the
part power. The sum of photovoltaic modules includes series
and sections made up of strings [54, 55]. The sum of series
and strings parts can be determined from these equations:

nPV sð Þ =
VDC
Vmpp

,

nPV pð Þ =
nPV
nPV sð Þ

,
ð14Þ

where nPVðsÞ is the sum of series parts, nPVðpÞ is the sum string
of series parts, and VDC is the DC link value. Most of solar pro-
jects relate to the “tilt angle” or “tilt” of a PV array or all collec-
tors from a horizontal plane [54]. The tilt angle of a tracker plate
and the tracker altitude angle are involved by the equation:

TiltAngle = 90 deg − θTEj j: ð15Þ

The azimuth/elevation trackers work with two free cycle
axes: the first is in azimuth around a vertical axis and the second
is in height around a horizontal axis. The tracer azimuth can be
regarded as a moving shaft at certain angles that can be geo-
graphically defined in the range of (0 degrees, 360 degrees) [56].

The SPPs shown in Figure 1 are connected to the grid and
are designed to feed the charging station.

This system was designed such that the people who work
in the building could charge their vehicles to full capacity
during their work hours. The station’s energy requirements
would be continuously met with solar energy during these
hours, and if needed, additional energy would be drawn from
the grid.

4. System Description

The project was carried out in three buildings with the same
roof sizes in Istanbul/Başakşehir, and analyses were performed
using a different solar tracking system for each building. The
use of the produced energy was realized with the systematic
below:

(i) The designed roof-type PV energy system is con-
nected to the grid and the energy that is produced
but cannot be consumed instantaneously will be sold
to the national electricity network with a bidirec-
tional meter or it draws energy from the grid in
energy requirements

(ii) The designed roof-type PV energy system primarily
feeds the electric vehicle charging station

(iii) The surplus energy from the charging station is used
for the lighting, ventilation, and common area
energy requirements of the buildings

In this project, PV plants with 23.68 kW of DC power
were installed on the roofs of three buildings with similar fea-
tures in the same location. The PV plants that were mounted
on these buildings comprised a fixed-angle, an adjustable-
angle, and an automatic solar tracking system, each of which
was realized with 320W polycrystalline PV panels (16.5%
efficiency). These systems were then monitored via energy-
production data for 1 year. The projects were then compared
in technical and economic terms, particularly with respect to
investment and operating costs.

4.1. Annual Energy Production. Each SPP in this project was
installed on the roof of a workplace in the Başakşehir District
of Istanbul. The plants were installed on three separate but
similar buildings in a single complex; the systems operated
independently but under the same conditions and at equal
power (20-kWAC output). Therefore, for the electrical pro-
ject, only one of these plants will be discussed. Polycrystalline
PV modules with 320W of power and 16.5% efficiency were
used in the project. A rooftop SPP with 23.68 kW of DC
power and an inverter with 20 kW of AC output power were
used; the system had a total of 74 modules. This power plant
fueled two EV charging stations—one for big cars and one for
small cars—in the building’s parking lot. The system was also
connected to the grid.

As can be seen in Figure 2, the actual production data are
very close to the estimated production data made using
PVsyst and PV∗SOL software. The values in this table belong
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to SPP with fixed construction. Actual production data
consists of data recorded using an inverter datalogger.

4.2. Project Layout. The project’s general connection form is
summarized in Figure 3. The modules convert sunlight into
DC electricity, which the inverter then converts into AC at
the appropriate voltage and frequency, before delivering the
AC energy to the distribution panel. The panel is also con-
nected to the grid, the building’s electrical system, and EV
charging station. After the panel has met the energy needs
of the building and the charging station with the energy from
the solar module, it transmits any surplus energy to the grid.
When the solar module is insufficient (such as when there is
no sunlight), the building and charging station draw power
from the grid [57–67].

4.3. Power System Project. The modules were serially inter-
connected to form arrays. One positive output and one nega-
tive output from these arrays were then connected to the
inverter. The inverter used in this project has two MPPTs
(maximum power point tracker), each of which works inde-
pendently. Thus, arrays of various voltage levels were
connected to distinct MPPT inputs. For one MPPT input,
two arrays, each with 18 modules connected in series, were
connected to the inverter. For the other, two arrays, each with
19 modules connected in series, were connected to the inverter.
Thus, the 74 modules (320W) produced 23.68kW of DC
power. The output of the inverter was set to 20kWAC. The
total harmonic distortion at the output of the inverter was less
than 3%.

4.4. Power Line Calculations. A TEDAŞ regulation was taken
into account when calculating the inverter’s compatibility
with the module array; according to this regulation, the max-
imum cell temperature and the minimum cell temperature
were 70°C and −10°C, respectively. Equations (6) and (7)
were used in these calculations.

Table 1 shows the calculations for the DC voltage drop,
power dissipation, and current; a 4mm2 cable meets all of
the requirements. The k1 and k2 coefficients used in these cal-
culations are the correction factors for the cables used in the
project (according to the cable-laying method and the tem-
perature). These factors were used to calculate the current
that the cable can carry.

According to the regulations, 2% DC and 3% AC voltage
drops are allowed. Table 2 shows the calculations for the AC

voltage drop, power dissipation, and current; the chosen
cables met all the requirements.

4.5. Installation Stages. Using the data from the project’s
implementation stages, Figure 4 shows the aluminum con-
struction (in an unfinished state) and the SPP (once it was
ready for electricity production).

An applied ergonomics analysis of the final project’s solar
tracking systems was also performed for use in subsequent
applications. In this context, three roof-type SPPs of the same
power level but with distinct tracking systems were installed.
These three projects (Figure 5) had the same conditions and
were part of the same building complex, and the same num-
ber and power of modules and inverters were used.

This system has higher operating and maintenance costs
than the other systems because it involves rotating parts and
an engine. In addition, although faults are quite rare in the
other systems, engine breakdowns are common with this sys-
tem. Based on tests performed by the relevant distribution
company and TEDAŞ, the stations work smoothly. A
grounding measurement was also performed, with a result
of 1.52 Ω.

5. Results and Discussion

The results of the application project are presented and
discussed below, under two headings: Electrical System
Performance and Cost Analysis.

5.1. Electrical System Performance. Two different strings were
formed from PV modules as 18 panels connected in series
and 19 also connected in series. A total of 74 320W PVmod-
ules were used by connecting 2 strings of 18 and 2 of 19
strings in parallel for each power plant. Strings with different
voltage were connected to different MPPT inputs. This
means that losses due to voltage difference were prevented
and the system worked more efficiently. Simply connecting
strings with the same number of serial panels to MPPT
inputs is not enough to achieve this. Arrays should be created
according to the similarity of the technical data in the Flash
Testing Report, by looking at the serial number of the PV
modules. It was observed that many applications did not
pay attention to the voltage differences while creating the
arrays. The researchers paid attention to this issue in this
project. Furthermore, the length of the cable used in the

Figure 1: The roof type SPP and its PV panels.
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connection of the strings to the inverter is also important.
The voltage drop will be different in different sizes and
sections.

The total PV module power of each power plant is
23.68 kW, and the inverter output power is 20 kW. Thanks
to two separate EV charging stations, each with a power of
22 kW, and a system connected to the building main panel,
energy transmission losses are minimized by consuming
energy on the location where it is produced. Additionally,
since the power plants are connected to the grid through
the building’s main panel, the surplus can be transmitted to
the city electricity grid. This transmission can be done
smoothly with the inverters operating at the frequency and
voltage compatible with the grid.

For the region where the project was conducted, data
from October are roughly average with respect to sunshine
and production. Accordingly, October was examined sepa-
rately; Figure 6 shows the production data for the three types
of power plants. The SPP with the solar tracking system pro-
duced the most energy: The fixed-angle system produced

2830.5 kWh per month, the adjustable-angle system pro-
duced 3050.4 kWh per month, and the solar-tracking system
produced 3351.95 kWh per month. Based on these data, the
plants with the adjustable-angle and solar tracking systems
produced approximately 8% and 18% more energy, respec-
tively, than the fixed-angle system.

There are many issues to be considered in the project
implementation stages for SPPs. For example, equal numbers
of voltage arrays should be connected to each MPPT when
connecting the arrays to the inverter. These modules should
also have test values that are as close to equal as possible so
as to avoid mismatches. Attention should be paid to many
factors, including the number of adjacent cables, the ambient
temperature, and the method of laying the cables. The cur-
rent should be determined according to these factors, and
an appropriate section should be selected. Furthermore, this
section should be checked for voltage drops and power dissi-
pation. When estimating the power plants’ production,
attention should also be paid to time-dependent efficiency
loss in the modules, as this is a general problem for semicon-
ductors. Module manufacturers usually guarantee 80% to
85% efficiency at the end of 25 years.

A graph of the annual production data for the analysed
systems (solar tracking, adjustable-angle, and fixed-angle) is
presented in Figure 7.

5.2. Cost Analysis. Table 3 presents the cost of the power
plants, the amount of energy production, and the return on
investment, comparatively. As can be seen, the fixed system
has the lowest investment and operation and maintenance
cost. However, at the same time, energy generation is the
lowest with this power plant. The manually adjusted system
ranks second in terms of low investment cost. However, the
return on investment in this power plant is observed to be
the shortest. Trackers are the plants with the highest invest-
ment and operation and maintenance cost. They also achieve
the highest production. However, they are still the worst
plants in terms of return time. One of the reasons why the
manually adjusted system works well is that technical per-
sonnel are always present at the location of the plant. This
allows more frequent angle changes for the unit. Therefore,
the efficiency increases by frequently adjusting the angle to
the optimum. According to the results we have obtained here,
the manually adjusted system is economically better. Of
course, the tracker system is technically superior. The costs
are gradually decreasing in the tracker system, so it will be
a better choice both economically and technically in the
future. If the lowest investment and operation and mainte-
nance cost is to be preferred, a fixed system must be installed.
Today, this system is more preferable due to its low cost.

Figure 8 presents the comparison of power plant produc-
tion data and consumption of EV charging stations con-
nected to this power plant. As can be seen, the power plant
meets approximately 85% of the annual total consumption
of the two EV charging stations. According to the EV charg-
ing station load curve used in the project, each station
achieves an average of 3 hours/day EV charge annually. This
demand varies depending on the number of EVs. Since the
number of EVs will increase with the developing technology,
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Figure 3: Project block diagram of the general arrangement.

Table 1: Calculations for the DC voltage drop (E), power
dissipation, and current.

String
no

Lsum
(m)

k1 k2
Io
(A)

Id
(A)

P
(Wp)

S
(mm2)

Δv, ΔP
(%)

S 01 32 0.45 0.76 55 18.81 5760 4 0.188

S 02 25 0.45 0.76 55 18.81 6080 4 0.139

S 03 36 0.45 0.76 55 18.81 6080 4 0.200

S 04 60 0.45 0.76 55 18.81 5760 4 0.352
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SPP power should be made as high as possible in such pro-
jects. This way, the EV charge will be achieved with clean
energy as much as possible and energy transmission line
losses will be minimized. Also, there may be network electri-
cal infrastructure problems encountered, when EV charging

stations draw power from the same network at the same time.
To avoid this, it is recommended to install the EV charging
station and SPP together just as the project in this article.

Table 2: Calculations for the AC voltage drop, power dissipation, and current.

L (m) S (mm2) k1 k2 k3 Io (A) Id (A) P (We) Δv, ΔP (%)

INV-R. E. panel 5 5 × 25 0.79 0.90 0.84 106 63.307 20000 0.045

R. E. panel-E. panel 100 5 × 25 0.79 0.90 0.84 106 63.307 20000 0.893

E. panel-EV 1 30 5 × 25 0.79 0.90 0.84 106 63.307 22170 0.297

E. panel-EV 2 25 5 × 16 0.79 0.90 0.84 79 47.182 11085 0.193

Figure 4: Project installation stages.
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Figure 5: (a) PV panels for the fixed-angle, (b) manually adjustable-angle, and (c) solar tracking SPPs.
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Figure 6: Comparison of October production data.
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Figure 7: Graph of comparison of solar-tracking system
applications according to monthly production data.
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According to Table 3, when accounting for the 10% loss in
module efficiency over 10 years, the SPP with the fixed-angle
system results in a profit of $16,720 if the electricity is sold
only to the grid. This SPP does no harm to the environment
because it yields profit and is a renewable energy source; it also
decreases loss due to leakage because it reduces the need to
transport energy to EV charging stations, as these stations
can be fed without the need for an extra transmission line.

System life is 30 years, and the PV module, one of the
main components used in the system, has an 80% perfor-
mance guarantee at the end of 25 years. The whole system
has a 10-year product and energy sale guarantee for connec-
tion to the grid. Taking into account the system life and

performance loss, this power plant will save approximately
280 tons of CO2 emission in 30 years with the energy it pro-
duces. While calculating these savings, CO2 emissions that
occur directly or indirectly during the production of all mate-
rials used and the emissions during the system’s network
integration are taken into account. Emission savings calcula-
tions are based on the IEA list/Turkey.

6. Conclusion

According to the annual production data for SPPs, systems
with adjustable angles produced 8.4% more energy than those
with fixed angles. This advantage can be further increased by
changing the angle more frequently. In this project, the angles
were changed four times per year. The solar tracking system
also produced 19.8%more energy than the fixed-angle system.
The SPPs with the solar tracking systems have higher invest-
ment, operating, and maintenance costs than the other sys-
tems, which makes the solar tracking systems less popular.
The adjustable-angle and fixed-angle systems have similar
costs; however, the former has much better energy production.
Of the three SPPs, the one with the adjustable-angle system
ranks first in terms of amortization time and 10-year earnings.
With the produced power, the charge station provided energy
for electric cars: either 16-A or 32-A Mode 3 alternating
current. According to the EV charging station load curve used
in the project, each station achieves an average of 3 hours/day
EV charge annually. This demand varies depending on the
number of EVs. Since the number of EVs will increase with
the developing technology, SPP power should be made as high
as possible in such projects.

The main purpose of this article was to demonstrate,
using a real application, an optimal efficiency system analysis
with low investment cost, low operating cost, and high

Table 3: Production costs and profits.

Fixed Adjustable Tracker

Solar module $ 7,500.00 $ 7,500.00 $ 7,500.00

Inverter $ 2,500.00 $ 2,500.00 $ 2,500.00

DC cable $ 200.00 $ 200.00 $ 200.00

AC cable $ 250.00 $ 250.00 $ 250.00

Electric panel $ 900.00 $ 900.00 $ 900.00

Workmanship $ 2,100.00 $ 2,100.00 $ 2,100.00

Official transaction $ 1,100.00 $ 1,100.00 $ 1,100.00

Project design $ 2,250.00 $ 2,250.00 $ 2,250.00

Construction $ 3,000.00 $ 4,000.00 $ 7,500.00

Other materials $ 1,200.00 $ 1,200.00 $ 1,200.00

Unpredictable expense $ 1,000.00 $ 1,000.00 $ 1,000.00

Total investment $ 22,000.00 $ 23,000.00 $ 26.500.00

Produced energy 33.9MWh/year 36.9MWh/year 40.7MWh/year

Annual energy sales amount $ 4,507.89 $ 4,907.54 $ 5,409.70

Annual operation and maintenance expenses $ 400.00 $ 500.00 $ 1,000.00

Annual yield loss 1.2% 1.2% 1.3%

Amortization time 5.75 years 5.60 years 6.31 years

10-year forecast profit $ 16,720.91 $ 18,508.40 $ 14,539.61
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Figure 8: Graph of power plant production data and consumption
of EV charging stations connected to this power plant.
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reliability, especially for roof applications in buildings. It was
also aimed at exploring a new approach to energy-saving
based on net energy gain. The main findings can be summa-
rized as follows:

(i) In terms of energy generation, manual adjustment
and single-axis solar tracking methods are the best
options in the spring equinox. The E-W tracking
single-axis tracking system becomes more efficient
as the slope and height of the sun increase

(ii) In addition to approaches based on net energy gen-
eration, the system is also more applicable in terms
of logistics, installation/operating costs, resistance
to meteorological conditions, and system life

(iii) The energy consumed by the single-axis tracking
system corresponds to 9.2% of the energy produced.
Systems consisting of multiple components with
complex designs are not always the right options

(iv) Although the single-axis tracking system is 27%
more efficient than other methods of energy genera-
tion, the manually adjusted method has the shortest
depreciation period

The data obtained in similar studies and the data in this
project show similarities. What distinguishes this project
from others is the manually adjusted system. Furthermore,
projects with 3 different constructions of the same power,
built using the same technical equipment at the same loca-
tion, were compared. This is a guiding study for researchers
who will carry out similar applications, conducted by com-
paring real production data and 2 different production-
forecasting software estimates. Therefore, the results from
this study are not only scientific work but also valuable for
the green building concept, engineering, and construction
(EPC) companies to make better decisions about what type
of solar tracking method to use based on project details.

Nomenclature

V : Cell voltage (Volt)
Voc: Cell open-circuit voltage
Id: Reverse saturation current at the Tc temperature
Iph: Photogenerated current
Ish: Parallel resistor current
Rs: Series resistance
Rsh: Shunt resistance
Tc: Cell temperature (Kelvin)
q: Electron charge = 1:6∗10-19 Coulomb
K : Boltzmann constant (1:38 × 10−23 j/K)
N : Diode ideality factor
Np: Cells in parallel
Ns: Cells in series
kVoc: Temperature-dependent voltage coefficient
kIsc: Temperature-dependent current coefficient
kPmax: Temperature-dependent power coefficient
t: Instantaneous cell temperature
tst: Cell temperature under standard test conditions.

Data Availability

Datasets used to support the findings of this study are
included within the article.
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Supplementary Materials

Graphical abstract: the system was connected to the grid and
electric vehicle charging station with a bidirectional energy
meter to transfer the generated energy or provide the required
energy. With regard to the energy production values, the auto-
matic solar tracking system generated 10% more energy than
the manually controlled system and 20% more energy than
the fixed-angle system. (Supplementary Materials)
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