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Abstract: This study covers the technical and economic analysis of a grid-connected rooftop 216 kWp
photovoltaic (PV) system to meet the average annual energy demand of 45,327 kWh of a dairy farm.
According to the results of the analysis, an average of 326,819 kWh/year is received at the output
of the panel arrays, while 294,838 kWh/year is supplied to the grid. The amount of energy to be
received from the grid was found to be 25,013 kWh/year, and the performance ratio of the system
was 0.808. The net present value (NPV) of the system was calculated as $36,463.39, and the levelized
cost of electricity (LCOE) was calculated as 0.065 $/kWh. Considering that the annual electricity
generation amount of the rooftop PV system evaluated within the scope of the study is 315,152 kWh,
it is estimated that 127.419 tCO, per year of emission release will be prevented annually with the
installation of the system.

Keywords: dairy farm; solar grid connected system; performance ratio; economic analysis; levelized
cost of energy (LCOE)

1. Introduction

The demand for renewable energy resources is increasing daily due to the 4-5%
increase in energy demand on a global scale every year, affecting the change in the supply
status of fossil fuels and the damage caused by these fuels to the environment [1]. Some
of them are applied to generate power at a large scale, such as in the case of photovoltaic
energy [2]. In the report prepared by Solar Power Europe, it is stated that while countries
struggling with climate change and global warming prioritize solar energy investments, this
resource will provide advantages in terms of energy security and employment. According
to the report, 239 GW of solar power plants will be installed worldwide in 2022, of which
118 GW will be rooftop solar power plants. In this context, the solar industry is expected to
witness remarkable growth in 2023. According to the medium scenario, newly installed
solar capacity is projected to reach 341 GW, reflecting a growth rate of 43% compared to
those newly installed in 2022. There are industry experts who believe the market will absorb
as much as 400 GW. On the other hand, the IEA expects only 286 GW of solar additions in
2023 in its main scenario, and slightly above 300 GW in its accelerated scenario [3]. The
total electricity generation from installed power increased to 1.289 TWh. According to
the report, solar power capacity is predicted to reach a total of 2031 GW in 2026. In this
context, it is estimated that China will reach 814.1 GW, the USA will reach 311.4 GW, India
will reach 176 GW, Germany will reach 132.8 GW, and Japan will reach 112.4 GW [3]. In
Tiirkiye, 9353 solar power plants were installed by the end of 2022, and the total installed
solar power capacity reached 9.425 GW. Accordingly, 9.3% of the total installed capacity in
Ttirkiye consists of solar power plants. It is estimated that the installed solar power capacity
will reach at least 12 GW in 2023 and 40 GW by 2030 [3]. When the installed capacity of
rooftop solar power is analyzed, it is estimated that installed solar energy capacity will
reach at least 12 GW in 2023 and 40 GW by 2030. The technical potential of rooftop solar
energy on buildings in Tiirkiye is stated to be at least 20 GW [4].
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The increase in energy costs forces agricultural farms, as in all sectors, to save money
and find solutions to obtain electricity at the lowest possible price. For this purpose, farms
are turning to renewable energy sources. Attractive government incentives for the use of
renewable energy sources in livestock farms, dairy farms, and agricultural irrigation play an
important role in increasing the number of unlicensed rooftop solar power plants. In order
for agricultural enterprises to meet their self-consumption goals from renewable energy
sources, the Agriculture and Rural Development Support Institution provides incentive
supports up to 65% [5] of the investment, the Small and Medium Enterprises Development
Organization of Tiirkiye provides up to 40-100% [6] of the investment, and the Tiirkiye
Sustainable Energy Financing Facility provides up to 40% [7] of the investment. Moreover,
in Tiirkiye, the Unlicensed Electricity Production Regulation allows the installation of
rooftop and facade-type PV systems, as well as the carrying out and sale of electricity
generation activities without the need for a license or establishing a company. Unlicensed
production is an important practice that provides incentives and support to investors after
the fixed feed-in tariff application in Tiirkiye. Within the scope of this application, no
distribution fee is charged for the electricity transferred to the grid in 50 kW and sub-roof
PV systems. In this way, there has been a significant increase in the number of rooftop PV
systems. The unlicensed installed power, which was 0.4 GW at the end of 2015, reached
8.6 GW as of December 2022 [8].

Among the expectations of agricultural farms in meeting their electrical energy needs
are to obtain their needs from renewable energy sources, and to sell excess energy to the
grid. For example, in Kirklareli Province, 750 kWh of energy is produced from 528 solar
panels installed on the roof of the farm, which produces an average of 19 tons of milk
per day. The energy produced supplies a 67% profit on the electricity bill [9]. In Aydin
province, a dairy farm with a capacity of 3500 tons of milk processing and 1000 tons of
feed production meets the energy it needs from a 538.8 kW solar energy system installed
on its roof. In the installation, 1,380,390 W panels and 5 inverters with 82.8 kW power
were used. As a result of feasibility studies, it is foreseen that the system will generate
approximately 760,000 kWh of energy per year and sell the surplus consumption to the
grid. The installed power plant is expected to prevent approximately 326.8 tons of carbon
emissions per year [10]. A 491 kW solar power plant installed on the roof of a dairy farm in
Bursa produces 589,680 kWh of energy per year. In return, it was calculated that 259,459 kg
of CO, emissions could be avoided annually, 23,646 trees would be saved, and 50.7 TOE
(ton of oil equivalent) would not be consumed [11]. In addition to similar projects, a rooftop
solar power plant with an installed capacity of 1984.48 kW was installed in Gaziantep [12],
and a rooftop solar power plant with an installed capacity of 324.72 kW was established in
the Serik district of Antalya Province [13] to meet the self-consumption of dairy farms.

Simulation software, PVsyst version 7.2 [14] used in the feasibility studies of renewable
energy power plants enables easy and fast technical and economic evaluations. Thanks to
the developed models, the feasibility of the project can be evaluated as a result of optimiza-
tion and sensitivity analyses, as well as determining the most cost-effective energy system
for the relevant geographical region [15]. As an example of these studies, Yadav et al. [16]
calculated the performance ratio of the solar energy system as 72% in their study. Similar
performance rates were also obtained in other studies; 63.68% [17], 71.6% [18], 74% [19], and
78% [20] ratios were obtained in India. Compared to these studies, higher PR rates were
obtained in studies carried out in Indonesia and Singapore (80%) [21], Ireland (81%) [22],
and South Africa (81.5%) [23]. In contrast, lower PR rates were achieved at 67.36% in
Greece [24], 59% in Thailand [25], and 49% in Spain [26]. According to the feasibility
results obtained, the PV system is a suitable alternative for meeting the deficient energy
demands of Hamirpur (India). Sharma et al. [27] analyzed energy systems consisting of
PV panels placed at different azimuth angles and fixed angles. According to the results
of the comparative analysis, an attempt was made to obtain the system with the highest
reliability. In a study conducted in the southern region of Tamilnadu [28], the output
ratio and several types of power losses (temperature, internal network, power electronics)
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were evaluated using PVsyst software version 5.06. As a result of the feasibility study, the
solar power generation and various life cycle costs of a 1 MW photovoltaic power plant
were compared. Nirwan and Thakur [29] examined a 1 MW grid-connected solar power
plant at the PEC University of Technology and evaluated its performance by using PVsyst
software. According to the results obtained, 4.71% more energy can be produced if the 15°
tilt angle and —30° azimuth angle is optimized as a 30° tilt angle and 0° azimuth angle.
Kumar et al. [30], in their study conducted using PVsyst software, found that the amount of
energy that a 100 kWp grid-connected poly-Si system can generate and deliver to the grid
is 165.38 MWh/year and 161.6 MWh/year, respectively. It was concluded that the perfor-
mance rate of the system was 80%, and that the available energy was 4.42 kWh/kWp/day.
Caglayan [31] comparatively analyzed independent photovoltaic, wind, and combined
energy generation systems for a medium-sized dairy farm. According to the optimization
results, it was found that the most feasible system consists of a 264 kW photovoltaic array
with 202,820 Ah batteries and a 28.6 kW converter. The payback period of the system is
4.4 years, and the internal rate of return is calculated as 14.4%.

The effect of environmental factors on photovoltaic panel performance was exam-
ined, and it was concluded that temperature reduces panel efficiency; wind speed [32],
radiation, and air pressure have a positive effect on panel efficiency; and humidity causes
corrosion [33]. Although the increase in solar radiation and sunshine duration increases
the benefit from photovoltaic systems, the increase in temperature causes a decrease in
panel efficiency [34]; this decrease is 1-2% at temperatures above 30 °C [35,36]. It has
been determined that each degree increase in air temperature reduces panel efficiency by
0.5% [37] and 0.7% [38].

Energy yield estimation and modeling can be carried out using solar irradiance, local
weather conditions, and estimates of plant losses based on nominal values seen in existing
projects [39]. PVsyst is one software capable of modeling the system [40]. Apart from
this, modeling and simulation software such as HOMER, PVSOL, Retscreen, PVWATTS,
TRNSYS, PVFORM, INSEL, P-Spice, SolarPro, and PVcad are also widely used in the design
of photovoltaic systems to calculate energy efficiency [18,41-43].

The purpose of the current analysis is:

To identify and evaluate the solar resource potential in the region,

To simulate a 216 kWp grid-connected rooftop solar power plant using PVsyst software.
To assess the annual energy efficiency and performance rate of the PV system.

To assess the energy production of the planned PV system and the results of techno-
economic analysis.

Research Significance

Renewable energy sources have become very important for the whole world due to
the increasing dependence on fossil fuels in energy consumption. Although Tiirkiye is
among the richest regions in the world in terms of solar energy, PV power plant investments
are not yet sufficient. There is a need for investments to increase the use of solar energy,
especially in agricultural areas and farms. Therefore, in this study, how to design a rooftop
PV system for dairy farms using PVsyst software, its contribution to the economy, and its
depreciation period were investigated, and we aimed to present the benefits that will arise
from the implementation of the facility.

The energy consumed in air conditioning, ventilation, lighting, and feeding systems
in farms is increasing rapidly. In this way, facilities to produce electricity from agricultural
energy will be provided, excess energy will be sold to the state, and financial income will
be obtained. Thus, by installing the PV system on roofs, land use will be reduced, and
individual electricity generation systems will be developed. This study aims to be useful to
investors in the application of solar energy systems in agricultural farms.
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2. Materials and Methods
2.1. Performance Parameters
2.1.1. Reference Yield (YR)

The YR defines the solar radiation resource for the PV system and is a function of
the location, orientation of the PV array, and month-to-month or year-to-year weather
variability [44]. It is calculated according to Equation (1).

H;
Y =
R™ Gsre

M

where Yy, is the reference yield (h/d), H; is total plane of array solar irradiation (kWh/ m?d),
and Gsrc is the reference radiation (kWh/m?). If Gsrc equals 1 kW/m?, then the reference
yield is the number of peak sun hours, which will be numerically the same as the solar
insolation in units of kWh/m?2.

2.1.2. Final Yield (YF)

The Yr represents the number of hours that the PV array would need to operate at its
rated power to provide the same energy, and normalizes the energy produced with respect
to the system size [44]. It is calculated according to Equation (2).

Eac
Y= —— 2
i Prated ( )
where Yr is the final yield (h), Ec is the AC electricity generation (kWh), and P, is the
rated power of the PV plant (kWp) at STC (1000 W/m? at 25 °C).

2.1.3. Performance Ratio (PR)

The PR is defined as the ratio of Yr to Yr (Equation (3)) [45]. The PR is stated as
a percentage, and describes the relationship between the actual and theoretical energy
outputs of the PV plant.
_ Y

PR = —
Yr

®)

2.1.4. Capacity Factor (CF)

The CF is the ratio (%) of the actual total amount of power produced by a power plant
in a given time period (usually calculated annually) to the amount of power it can produce
by operating at full capacity each hour of that time period. It is calculated according to
Equation (4) [46].

Eac
CF= —— 4
8760 X Pyreq @

2.1.5. System Efficiency (7py)

System efficiency is one of the most important values used in the comparison of solar
panels. The overall efficiency of a photovoltaic system is the measurement of how much of
the available solar energy is converted into usable AC electrical energy [47]. It is calculated
according to Equation (5).

Eac
®)

Hpy = 7Ht X Apy

where #7py is system efficiency (%), and Apy is the total area of the PV array (m?).

2.2. Financial Analysis

The payback period (PBP), net present value (NPV), and levelized cost of energy
(LCOE) methods [48,49] were used to assess the profitability of the investment.
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2.2.1. Payback Period (PBP)

The PBP is the time it takes to recover all the money spent on the investment. Accord-
ing to this method, the payback period is the year in which the sum of annual net profits
equals the initial investment costs, and a positive net return is achieved [50]. It is calculated
according to Equation (6).

[investment amount] — [recovery value]
l[annual profit] + [depreciation]

PBP = (6)

2.2.2. Net Present Value (NPV)

The NPV is the difference between the present value of the return over the economic
life of the investment minus the present value of the investment costs (Equation (7)). If
NPV > 0, the investment is accepted, and if NPV =0, it is understood that the annual
revenue streams barely cover the operating costs and annual investment costs [51].

t Ci
NPV =—-Co+ )

: 7
i=1 (1+7’)1 @

where C, is the initial investment, C; is the cash flow in years, r is the discount rate, and t is
the total system lifetime (year).

2.2.3. The Levelized Cost of Energy (LCOE)

The LCOE is the unit cost of energy calculated by taking into account all of the costs
incurred from the installation phase of the power plant to the start of production. The
obtained figure gives the break-even point in the sale of energy. It is calculated according
to Equation (8) [52].

q (8) [52] -
El (1+r)t
LCOE = &-—— ®)

n

y ki

=1 (1+r)

where [; is the investment expenditure in year ¢, M; is the operation and maintenance
expenditure in year f, E; is the electricity generated in year ¢, 7 is the discount rate, and n is
the lifetime of the system (year).

2.3. Proposed Rooftop PV System
2.3.1. Meteo Database

In this study, the feasibility of a rooftop grid-connected PV system planned to be
installed for a dairy farm established on an area of 8134 m? in the Elmali district of Antalya
Province is discussed. The farm has 127 cattle. There is a shelter and milking building with
an area of 1176 m? (42 x 28 m) within the farm area. Within the building, there is a (2 x 3)
milking room with a fishbone system, where six cows are milked at the same time, and
there is a milk cooling tank with a capacity of 2 tons. The distribution of the total daily
energy consumption of the farm is given in Figure 1. According to the data, the highest
energy consumption of the farm is carried out for milk cooling and storage, at 43%.

The daily and monthly average electricity consumption of the farm in 2021 was
determined to be 124.25 kWh and 3777.25 kWh, respectively, as shown in Table 1. The total
energy consumption of the farm for one year is 45,327 kWh. The farm will supply all of
the electricity to be produced from solar energy to the grid and receive the electricity it
needs from the grid. At the end of each month, offsetting will be made with the electricity

supply company.
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Milk cooling and
storage tank 43%

Miscellaneous
(ventilation, lighting, etc.)
34%

Scratch brushes
1%

Manure scrapers

3%
Separator
2%
Manure pump Milking machine
2% Manure mixer Water pump 2%
2% 11%

Figure 1. Distribution of the total daily energy consumption of the farm.

Table 1. Monthly electricity consumption of the farm.

Daily Average Monthly Average

Months Consumption Consumption

(kWh/d) (kWh/month)
January 116.76 3619.56
February 129.94 3638.32
March 138.22 4284.82
April 123.95 3718.50
May 110.60 3428.60
June 124.22 3726.60
July 103.76 3216.56
August 117.59 3645.29
September 123.00 3690.00
October 120.05 3721.55
November 133.01 3990.30
December 149.90 4646.90

Total 1490.98 45,327.00

Average 124.25 3777.25

The solar energy potential, daily radiation values, and average sunshine hours of the
Elmali district are given in Figures 2 and 3. The lowest air temperature of the district was
2.4 °C in January, the highest was 25.4 °C in July, the annual average temperature was
13.4 °C, and the average relative humidity was 59.5%. The annual average wind speed was
measured as 1.8 m/s [53]. The month with the highest radiation and sunshine duration in
the district is July, and the month with the lowest duration is December [54].
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Figure 2. Solar energy potential atlas [54,55].
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Figure 3. Global irradiance values and sunshine hours for the Elmali district [54].
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The roof of the shelter and milking building located in the farm site has two surfaces
facing south (S) and north (N), and both surfaces have a tilt of 6° (Figure 4). Panel arrays
will be placed on the (S) surface of the roof at 0° and on the (N) surface at 180° with

azimuth angles.
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Zenith

North Azimuth 180°

Panel tilt: 6° ’ ’ South S

Figure 4. View of the dairy farm site and panel placement on the building roof.

The number of panels is planned to be 360 in total, 180 on both surfaces of the roof
equally. The panels will be placed on a total area of 1019 m? (13.21 x 39.44 m), with a
gap of 0.02 m between them. It is predicted to use 600 Wp monocrystalline panels in
the system [54]. The technical specifications of the solar panel are given in Table 2. The
construction carrying the panels will be placed at the same angle as the roof.

Table 2. Technical specifications of the solar panel (CWT600 120PM12) [56].

Parameters Rating
Maximum power 600 Wp
Module efficiency 21.20%

Voltage at maximum power 34.03 Vmp
Current at maximum power 17.50 Imp
Open circuit voltage 41.05 Voc
Short circuit current 18.53 Isc
Cell size 210 x 105 mm
Number of cells number 120 (6 x 20)
Panel size 2172 x 1303 x 35 mm

A total of four grid-connected inverters, each with a power of 49.5 kW, will be used in
the system. Technical details of the inverter are given in Table 3 [56].

Table 3. Technical specifications of the inverter used in the system (SUNGROW /SG49K5]) [57].

Parameters Rating
Nominal input voltage 1000 Vdc
Input voltage range 200-950 Vdc
MPP voltage range 490-850 Vdc
No. of dc inputs 12
Max. PV input current 4 x26A
Nominal AC output voltage 420/440 Vac
Nominal frequency 50/60 Hz
Grid connect type 3~/440 Vac
Power factor >0.99
THD <5%
Nominal efficiency 98.5%
Max. efficiency 98.9%

In the analysis, it was found appropriate to place 10 strings on each of the (S) and (IN)
surfaces of the roof, with a total of 20 strings of panels. There are 18 panels in each string.
The layout of the strings (for one surface of the roof) is given in Figure 5, and the electrical
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connection diagram to be used by the inverter and the plant is given in Figure 6. Two of
the four inverters in the system are connected to the 10 strings (S1 to S10) on the (S) surface
of the roof, and the other two are connected to the 10 strings (511 to S20) on the (N) surface.

2 F Invereter #1, string #1 156 Invereter #2, string #6
S2 Invereter #1, string #2 S7 Invereter #2, string #7
S3 Invereter #1, string #3 S8 Invereter #2, string #8 E
S4 Invereter #1, string #4 59 Invereter #2, string #9
S5 Invereter #1, string #5 Invereter #2, string #10

0 1 T T 1
0 10 20 30 40

Figure 5. Layout of panel strings (for one surface of the roof).

PV PV13
SRR == DI =DIDID = Inverter
I DADID ==DINID =D IDID= #

s>

PV PV13
EIDADID == DIDID: =D DD =
DA ==DIDIN =D IDID=

Roof Side- S
AC
Sub-Distribution

i i i Inverter
SUDIDID ==DIDID=DIDID = " Eour Eour
Euseﬂ I_Eﬁck-up pGrid
N
PV1 Fv1g
s DD DD - /] werter Vser-DlaryFarm
SV DIDID ==DIDID=DIDID = #
. 7 §
ssD D= DD v 3
2ot
PV PV1g 5 &
HUDIDID == DIDID=DIDIN= g 2
SHDIDID ==DIDID=DIDID = N
i i i . Inverter
7 DIDID == DI DID=DIDID= #“

Figure 6. Electrical connection diagram.
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3. Results and Discussion
3.1. Electricity Generation of Rooftop PV Systems

Since the (S) surface of the roof faces south, electricity generation is higher compared
to the (N) side. The solar radiation from the sun to the panels is exposed to shading at some
hours of the day due to the trees in and around the farm site as well as the building that
is used as a worker’s house. This situation affects the amount of energy that is obtained.
The highest loss on the (S) surface of the roof was found to be in January, with 12.3%, and
the highest loss on the (N) surface was found to be in June, with 21.7%. According to the
findings, the Pmpp values obtained on the (S) surface of the roof in January, February, and
March are 3.07, 2.81, and 1.49 kW, respectively, in the unshaded condition, and 2.17, 2.79,
and 1.48 kW, respectively, in the shaded condition. On the surface of the roof (N) in the
same months, the Pmpp values are 0.74, 1.87, and 3.31 kW in the unshaded condition and
0.83,1.85, and 1.84 kW in the shaded condition. The shading factor between 1-40% in direct
radiation is given in Figure 7, and the trajectory of the sun passing over the farm is given in
Figure 8.

Considering the monthly solar radiation and duration of the region where the farm is
located, the amounts of energy produced, used, and supplied to the grid by the PV system
are given in Table 4. The performance ratio of the system was obtained as 0.808 (Figure 9).
The acceptable performance ratio range of grid-connected PV systems varies between
60 and 80% [58]. According to the results obtained, the PV system performs well at this
site. According to the analysis results, the highest monthly energy amount produced
by the panels was achieved in June, with 41,966 kWh, and the lowest was achieved in
December, with 13,237 kWh. The annual average production was found to be 326,819
kWh. When the inverter output is analyzed, the highest monthly output was achieved in
July, with 41,403 kWh, and the lowest was achieved in December, with 13,000 kWh. The
annual average inverter output was found to be 322,612 kWh. The ratio of total PV power
(216 kWp) to total inverter power (4 x 49.5 kWac) is 1.091. The inverter efficiency is 98.6%
on average per year when the inverter is active.

Beam shading factor (linear calculation) : Iso-shadings curves

90

— T T —T T T I —
““““ Shading loss: 1% Attenuation for diffuse: 0.012 1:22 June
===~ Shading loss: 5% and a“’PﬂP: 0.681 2: 22 May and 23 July
- Shading loss: 10% 0 3: 20 Apr and 23 Aug
75 [~ =am=ss Shading loss: 20%11h 4: 20 Mar and 23 Sep
- —-=— Shading loss: 5. 21 Feb and 23 Oct
10h 61: g Jan and 22 Nov
. 22 December
60

>
Ul

Sun height (°)

30

Azimuth (°)

Figure 7. Shading factor curves for the solar power plant to be installed.
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Figure 8. The trajectory of the sun passing over the farm.

Table 4. Amounts of energy produced, used and supplied to the grid by the PV system.
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January 1310 77.8 32.3 2.57 77.7 70.1 14,577 3620 13,006 2310
February 1309 87 42.2 4.08 86.8 79.6 16,416 3638 13,355 2329
Mart 1937 134 56.7 7.54 133.8 124.5 25,076 4285 22,748 2348
April 1698 172.6 70.4 11.39 172.5 161.2 31,924 3719 26,348 2021
May 1887 213.5 77.8 16.28 213.2 200.5 38,728 3428 36,249 1541
June 2159 233.2 67.9 21.1 233 219.2 41,596 3727 38,824 1568
July 1813 239.3 55.4 25.63 239.1 225.3 41,911 3216 39,470 1403
August 1876 212.6 61.2 25.39 212.4 199.5 37,318 3646 34,880 1770
September 1793 162.4 54.8 20.06 162.2 150.7 28,869 3690 26,647 1897
October 1580 117.1 50.5 14.18 116.9 107.9 21,374 3721 19,455 2141
November 1364 86.6 31.6 8.39 86.5 78 15,821 3990 12,487 2626
December 1589 71.7 26 4.1 71.7 63.8 13,208 4647 11,368 3058
Year 20,314 1807.8 626.8 13.45 1805.8 1680.4 326,819 45,327 294,838 25,013

An annual average of 45,327 kWh of the energy generated is used for the consumption
of the farm, while 294,838 kWh is supplied to the grid. When the PV system does not
produce enough energy, the farm will meet the energy it needs from the grid and will
offset with the electricity distribution company at the end of the month. According to the
results of the analysis, the amount of energy to be taken from the grid was found to be
25,013 kWh/year. In this case, the ratio of the energy used by the farm to the energy from
the sun is 0.448 per year. The analysis results of the useful energy (inverter output) and
loss values that can be obtained from the rooftop solar energy system with a rated power
of 216 kWp are given in Figure 10.



Energies 2023, 16, 7043 12 of 20

100

80 1

60 1

Performance ratio (%)

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

Month
Figure 9. Performance ratio (PR) of the system.
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Figure 10. Generated energy and loss factors.

According to the results, the useful energy produced reaches 80.9% on average per year,
the highest in June with an average of 6.33 kWh/kWp/day, and the lowest in December
with an average of 1.94 kWh/kWp. The daily average value of useful energy is 4 kWh/kWp.
On the other hand, the lowest electrical loss in PV panel arrays is carried out in January
with 3.28%, and the highest is carried out in July with 14.45%. The annual average loss
in panels is 7.97%. When the electrical loss in the inverters is analyzed, it is seen that the
annual average loss is 1.4% (Figure 11). The technical analysis results of the PV system are
given in Table 5.
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Table 5. Technical analysis results of the PV system.

Parameters Rating
Panel power 600 Wp
Number of panels 360 Pieces
Total panel surface 1019 m?
Inverter power 49.5 kW
Number of inverters 4
PV-rated power 216 kWp
PV maximum power 209 kWdc
Rated AC power 198 kWac
Rated power ratio 1.091
Performance ratio 0.808
Sequence losses 0.80 kWh/kWp/day
System losses 0.15 kWh/kWp/day
To user from solar 20.3 MWh/year
To user from grid 25 MWh/year
System production 315.2 MWh/year

Energy injected into grid

294.8 MWh/year
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3.2. Economic Analysis of Rooftop PV Systems

The total installation cost of the system is calculated as approximately $145,400. It
is assumed that the company will meet all of this calculated cost with its own resources.
Panel manufacturers generally determine an economic life between 20-25 years considering
the warranty periods [59]. In the analyses, the lifetime of the system is assumed to be
25 years [60], and an annual efficiency decrease at a rate of 3% is assumed due to the effect
of contamination in the panels [44]. The annual inflation rate is 14.6%, the Central Bank
of the Republic of Tiirkiye (CBRT) discount rate is 15.75%, the grid energy unit price (low
voltage, for farms) is 0.151 $/kWh [61], and 70% of the investment cost consists of PV
panels and construction. According to the data obtained from the market research in the
first quarter of 2022, the unit price of the panels was determined to be in the range of
0.38-0.45 $/W on average. The NPV of the system was calculated as $36,463.39, and the
LCOE was calculated as 0.065 $/kWh. The calculated LCOE corresponds to other research
studies. Rodriguez-Martinez and Rodriguez-Monroy [62] modelled photovoltaic systems
in Spain. They found that their LCOE ranged from 0.035 $/kWh to 0.071 $/kWh. An
average of $900 is allocated for the annual maintenance of the system. It can be assumed
that the recovery value of the investment after the end of its economic life will be 30% of
the equipment costs [63].

The accumulated cash flow of the 216 kW solar power plant Investment obtained as a
result of the financial analysis based on the CBRT February 2022 exchange rate data [64] is
given in Figure 12.

40,000
20,000 -
6 2020 2030 2040 2050
% -20,000 A Year
=
§ ~40,000 1 B Cumulative cashflow ($)
o
E  -60,000 -
=
=
£ 80,000 1
&)
-100,000 A
-120,000 4
-140,000

Figure 12. Accumulated cash increase.

According to the graph, the return on investment is estimated to be 8.2 years. The
payback period of the solar energy system is influenced by the power of the panel, regional
climatic conditions, and economic factors such as exchange rate and inflation. Some studies
explained that the payback period of solar energy 4.9 [65], 6.2 [66], 6 [67], and 5.9 [68] is
4 years if the investment is made with equity capital, and 9 years if the investment is made
with credit [53]. The reason for the longer payback period in this study compared to similar
studies can be explained by the increase in the exchange rate and inflation rate. The average
monthly invoiced electricity consumption cost of the farm is 3777.25 kWh, which was
calculated as $581.70 per month and $6980 per year. The monthly and annual production
amounts of the PV system are 26,296 kWh and 315,152 kWh, respectively (Figure 13).
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Figure 13. Production amount of the PV system.

Surplus electricity energy given to the grid in each invoice period as a result of monthly
offsetting by unlicensed producers based on renewable energy resources is purchased by
the supply company for 10 years at retail single-time active energy prices of the subscriber
group [69]. Accordingly, an annual amount of 295,240 kWh of the energy to be generated
can be sold to the grid for 10 years, and an average annual income of $29,819 can be
generated from this sale. At the end of the purchase guarantee period, electricity sales can
continue at half the price for the remaining 15 years. The results of the economic analysis
of the rooftop PV system are given in Table 6.

Table 6. Economic analysis results of the rooftop PV system.

Financial Element Results
Installation cost 0.67 $/Wp
Total installation cost $145,400
Equity $145,400
Annual operating costs $900
Levelized cost of electricity (LCOE) 0.065 $/kWh
Payback period 8.2 years
Net present value (NPV) $36,463.39
Project duration 25 years
Depreciation $116,640
Depreciation period 10 years
Tariff guarantee period 10 years
Recovery value $34,992

3.3. Environmental Impact of Rooftop PV Systems

According to an International Energy Agency (IEA) analysis, global emissions from
energy reached 36.3 billion tons in 2021, increasing by 6%. Coal was reported to account for
more than 40% of the total increase in global CO, emissions in 2021, reaching 15.3 billion
tons. CO, emissions from natural gas, on the other hand, exceeded 2019 levels and increased
to 7.5 billion tons [70]. Considering that thermal power plants emit 0.94 kg of CO; gas into
the atmosphere to generate 1 kWh of electricity [67], these power plants emit approximately
100 million tons of CO; per year. In this case, the most important way to reduce the amount
of carbon is to increase the use of renewable energy sources. According to 2019 data, energy-
related emissions accounted for the largest share of total greenhouse gas emissions in terms
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of CO, equivalents at 72%. In 2020, with 0.53 billion tons of CO;-equivalent emissions,
Tiirkiye alone accounted for 1% of the world’s emissions and became the country with the
16th highest emissions in the world. In terms of per capita emissions, Tiirkiye’s emissions
amounted to 6.29 tons. On the other hand, the share of the energy sector among other
sectors emitting carbon emissions was 24.17% [71].

In order to reduce the environmental damage caused by the excessive use of fossil
fuels, it is necessary to focus on renewable energy sources and use them effectively not
only in cities, but also in agricultural farms. Tiirkiye imports 73% of its energy. In order to
reduce this rate, the share of renewable energy sources in electricity production is aimed to
be at least 30% in 2023. Considering that there are around 1,124,000 officially registered
dairy farms [72] in Tiirkiye, it is hoped that providing support for the establishment of
rooftop solar energy systems can make significant contributions to achieving this goal.
Additionally, idle building roofs on the farm will be utilized, and thus the occupation of
valuable lands and agricultural areas can be prevented. Therefore, rooftop solar energy
systems are seen as an environmentally friendly choice for dairy farms, as well as sustain-
able regarding economic and agricultural activities [73,74]. The availability of rooftops can
be exploited by farmers while respecting the environmental and landscape equilibrium
of land for the benefit of a new environmentally sustainable image of their agricultural
activity, reducing energy demand [75,76] and contributing to the sustainable management
of natural resources. Efforts to develop renewable energy sources in agriculture are neces-
sary for various reasons. This necessity results from the need to reduce the dependence of
agricultural activities on fossil fuels and to achieve objectives related to the reduction in
greenhouse gas emissions. This also provides an opportunity to improve the multifunction-
ality of agriculture and to draw agricultural production to a larger extent from ecological
solutions [77].

Considering that the annual electricity generation amount of the rooftop PV system
evaluated within the scope of the study is 315,152 kWh, it is estimated that 127.419 tCO,
per year, and a total of 3185.48 tCO, emissions will be prevented for 25 years, which is the
economic life of the system. In addition, the amount of CO, prevented per kW was found
to be 14.748 tons. The amount of carbon emissions prevented by the PV system is given in
Figure 14.
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Figure 14. Amount of carbon emissions prevented by the PV system.

4. Conclusions

In this study, a technical and economic analysis of a grid-connected rooftop PV system
was carried out to meet the energy needs of a dairy farm with 127 cattle in the Elmali



Energies 2023, 16, 7043 17 of 20

district of Antalya Province. The largest share in the total electrical load of the farm is
milk cooling and storage, at 43%. The average invoiced monthly energy consumption of
3777.25 kWh was calculated as 581.70 $/month and 6980 $/year. The cost per Wp of the
PV system, which is planned to be installed on the roof of the farm building with a grid
connection, is calculated as 0.67 $/Wp, and the total cost is calculated as $145,400. It is
estimated that 295,240 kWh of the energy generated by the system can be sold to the grid
for 10 years, and an average annual income of $29,819 can be obtained from this sale. The
NPV of the plant is calculated as $36,463.39, and the LCOE is calculated as 0.065 $/kWh.
Considering that the annual electricity production amount of the solar energy system to be
installed in the plant is 315,152 kWh, it is estimated that 127.419 tCO, emissions will be
prevented annually. The PV system is an environmentally friendly investment because it
prevents CO; emissions and provides economic gain for the farm.

Increases in energy prices in recent years have been effective in helping farms move
toward direct solar energy systems. The increase in the number of companies producing
panels and other system components in Tiirkiye and supplying them from abroad in recent
years has enabled small farms to access these systems. Meeting the electrical energy needs
of agricultural farms from the sun will reduce energy costs and provide additional income
by selling energy to the grid. To make use of solar energy widespread in Tiirkiye, which
has a high solar energy potential, it is important to pave the way for farms to use renewable
energy, to provide advantages by increasing the necessary incentives, and to protect the
environment and economic sustainability.
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