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Aim (Amag): The objective of this study is to design, analyze the economic feasibility and evaluate
the environmental sustainability benefits of 5 MWp and 10 MWp solar power plants in Ma'an,
Jordan./Bu ¢calismanmin amaci, Urdiin Ma'an'da 5 MWp ve 10 MWp kapasiteli giines enerji
santrallerinin tasarmmini gergeklestirmek, ekonomik fizibilite analizleri yapmak ve ¢evresel
stirdiiriilebilirlik faydalarmi degerlendirmektir.

Originality (Ozgiinliik): The study presents an original analysis of solar power plant design and
simulation in a semi-arid region such as Ma'an in Jordan. Technical details, economic feasibility
and environmental benefits are comprehensively covered. / Calisma, Urdiin'deki Ma'an gibi yart
kurak bir bolgede giines enerjisi santrali tasarimi ve simiilasyonu iizerine ozgiin bir analiz
sunmaktadir. Teknik detaylar, ekonomik fizibilite ve ¢evresel faydalar kapsaml bir sekilde ele
alinmustir.

Results (Bulgular): Simulation results show that 5 MWp and 10 MWp solar power plants can
generate 10,691,025 kWh and 21,460,852 kWh of annual energy, respectively. Both plants have
achieved high efficiency and environmental benefits. / Simiilasyon sonuglari, 5 MWp ve 10 MWp
kapasiteli giines enerjisi santrallerinin sirasiyla 10,691,025 kWh ve 21,460,852 kWh yillik enerji
tiretebilecegini gostermektedir. Her iki tesis de yiiksek verimlilik ve ¢evresel fayda saglamuistir.

Conclusion (Sonug): This study highlights the importance of renewable energy investments in
semi-arid regions by detailing the environmental and economic benefits in the design and
simulation of solar power plants in Ma'an. / Bu ¢alisma, Ma'an'da giines enerjisi santrallerinin
tasarim ve simiilasyonunda gevresel ve ekonomik faydalar: detayli olarak ortaya koyarak yart kurak
bolgelerde yenilenebilir enerji yatirimlarinin 6nemini vurgulamaktadir.
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Research article The energy sector in Jordan is facing major challenges due to the 1 and for electricity
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Makale Bilgisi

Arastirma makalesi deki enerji sektorii, artan elektrik talebi ve sinirli petrol kaynaklari nedeniyle biiyiik
zorluklarla karg1 karsiyadir ve bu da siirdiiriilebilir ¢6ziimler aranmasini gerektirmektedir. Bu
aligma, Urdiin'iin Ma'an kentinde yer se¢imi ile baslayan ve verimli iiretim saglamak icin giines
radyasyonu ve g¢evresel kosullarm dikkatli bir analizinin yapildigi kapsamli bir giines enerjisi
santrali tasarimi sunmayi amaclamaktadir. Giines panellerinin optimum egim agisi, giines
radyasyonunun emilimini en iist diizeye ¢ikarmak ve sistem verimliligini artirmak i¢in 30 derece
olarak belirlenmistir. Buna ek olarak, uygun elektrik kablolarin1 segmek igin bilimsel bir
metodoloji uygulanarak elektrik kayiplarinin en aza indirilmesi ve en yiiksek diizeyde
operasyonel verimliligin elde edilmesi saglanmistir. Ekonomik diizeyde, projenin yatirim
fizibilitesini degerlendirmek i¢in kapsamli bir finansal analiz yapilmis ve sonuglar tesisin yliksek
yatirim getirisi ve kisa bir geri ddeme siiresi elde ettigini gostererek giines enerjisi projelerine
yatirim yapmanin fizibilitesini artirmistir. Ayrica, karbon ayak izinin azaltilmasi ve gevresel
siirdiiriilebilirligin tesvik edilmesindeki etkin rolii vurgulanarak, tesis tarafindan elde edilen sera
gazi emisyonu azaltim miktar1 hesaplanmistir. Bu ¢alisma, enerji siirdiiriilebilirligini saglamak
ve fosil yakitlara olan bagimlilig1 azaltmak igin etkili ¢oziimler sagladigindan, 6zellikle yiiksek
giineslenme oranma sahip yar:1 kurak bolgelerde giines enerjisi projelerine yatirim yapmanin
6nemini yansitmaktadir.
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1. INTRODUCTION (GIRIS)

The combustion of fossil fuels significantly
contributes to the accumulation of greenhouse gases
in the atmosphere. This phenomenon accelerates
anthropogenic climate change, causing adverse
effects on terrestrial ecosystems and biodiversity
[1]. The persistent increase in global energy
demand, averaging an annual growth rate of
approximately 1.8% since 2011, further intensifies
these environmental challenges. This trend has
directly amplified CO2 emissions, exacerbating the
global ecological footprint and intensifying pressure
on planetary boundaries [2].

Recent assessments estimate that fossil fuel-related
emissions and their associated health risks result in
approximately 10.2 million premature deaths
annually on a global scale. China accounts for the
largest proportion of these fatalities (3.9 million),
followed by India (2.5 million), with significant
impacts also observed in Eastern Europe, the United
States, and Southeast Asia. Nevertheless, mitigation
measures, including a transition towards
decarbonization and cleaner energy technologies,
have reduced this figure to 8.7 million deaths
annually, including a notable decrease of 1.5 millfy
in China [3]. Recognizing the urgency of theg
challenges, the Rio Declaration in 1992 em, i
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operational costs of solar energy systems, boosting
their widespread adoption [5]. Solar energy is one
of the most promising renewable energy sources
with its unlimited availability. The Earth receives
solar energy at an intensity ranging from 0 to 1100
W/m?, which is more than 16,000 times the global
annual commercial energy demand and 61,000
times the total energy generated globally [6].

Like many countries, Jordan faces significant
challenges in ensuring a reliable and sustainable
energy supply. The primary factors include limited
domestic fossil fuel resources d financial
constraints in the energy
urbanization, population gr

influxes, have also co
These dynamics
dependence on ener
economy to ili
markets affd

and but also contribute to mitigating
wronmental risks associated with fossil fuel
By 2018, renewable energy accounted for 8%
grdan's electricity generation, rising to 20% in
20. This transition reduced reliance on natural gas
and coal, which accounted for 33% and 43% of
electricity generation in 2020. Jordan aims to
increase the share of renewable energy further to
31% by 2030 while reducing the dependence on
fossil fuels to 49% collectively [9]. Figure 1 shows
the 2018 Electricity Generation Sources in Jordan
and the Expected Electricity Sources in Jordan by
2030 [10].
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Figure 1. Distribution of current and future resources for electricity generation in Jordan (2018-
2030) [10] (Urdiin'de elektrik iiretimi igin mevcut ve gelecekteki kaynaklarin dagilimi) (2018-2030)
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Jordan is a country in the Middle East, located
between 29° and 33° north latitude and 34° and 39°
east longitude [11]. The desert constitutes about
72,660 km?, equivalent to 80% of Jordan's total
area. Desertification is a perennial challenge in the
region, contributing to the depletion of natural
resources and increasing migration rates. The desert
is recognized for its harsh climate and high
temperatures, scarce vegetation, and low population
density [12].

This study encompasses the design and simulation
of two solar power plants with a capacity of 5 MWp
and 10 MWp, respectively, in Ma'an, Jordan. The
selection of the site was initiated with an analysis of
solar radiation and environmental conditions. Ma'an
was selected due to its high solar radiation rates and
clear skies for approximately 300 days per year
[13]. The study's scope encompassed the calculation
of the tilt angle and the number of solar panels, the
determination of the appropriate cable diameter, and
the selection of the most suitable inverter for the
project. Additionally, the study evaluated the
reduction in greenhouse gas emissions and the
economic benefits of the solar power plant. The

SOLAR RESOURCE MAP

PHOTOVOLTAIC POWER POTENTIAL

JORDAN
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\ Long term average of PVOUT, period 1999-2018
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primary objective of the research is to provide a
comprehensive analysis to enhance understanding
of solar power plant design.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

This section presents the methods and materials
used in this study to achieve an accurate simulation
of solar power plants. These methods include site
selection, equipment selection, simulation and
analysis methods, and calculation of economic
return and greenhouse emissions.

due to their
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solar radiation
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Figure 2. Photovoltaic electricity potential [14] (Fotovoltaik elektrik potansiyeli)

Table 1. Amount of solar radiation per month in Ma'an City (kWh/m?/Day)
(Ma'an Sehrinde aylik giines radyasyonu miktar1) (kWh/m?/Giin)

Months Solar Radiation (Ma’an)
January 5400
February 6280
March 7530
April 7150
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May 7210
June 7470
July 7410
August 7500
September 7320
October 6930
November 5850

The location where the solar power plants are
simulated is shown in Figure 3. This site is located

N
Figure 3. The area where the solar power plants

costs. Longer cables, in turn,
pige drop, which should not exceed
allowable 3% [15]. In addition, an
oversized ”inverter may increase the self-
consumption of energy, thus reducing the overall
efficiency of the solar system.

On the other hand, choosing a small-sized inverter
may restrict the electrical capacity, a phenomenon
referred to as “power chopping.” Power chopping
occurs when the generated power exceeds the
capacity of the inverter, leading to overheating of
the inverter and the possibility of malfunctions or
significant power losses [16,17].

in the city of Ma'an/Jordan at the coordinates of
30°14'49“N latitude and 35°41'37” E longitude.

S1 ated (Giines enerjisi santrallerinin simiile edildigi alan)

This study selected the 111.1 kW inverter after a
thorough analysis to ensure optimal system
efficiency and minimize power losses. The total
power of the inverters was determined to meet the
system's requirements, and the voltage and current
values were selected to be compatible with the solar
panels. The simulation results determined that the
111.1 kW inverters operate with minimum losses in
the system and provide high efficiency.
Furthermore, the economic viability of the inverters
and their alignment with the project's technical
specifications were taken into account. Table 2
provides the detailed specifications of the inverter
used. The following equation was used to determine
the required number of inverters for 5 MWp and 10
MWp solar systems.

_  AcPower
Number of Inverterts= TnverterPower (1)
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Table 2. Inverter datasheet (invertér veri sayfas)

Max. Efficiency 98.6%
Input

Max. Input Voltage 1100 V

Max. Current per MPPT 26 A

Max. Short Circuit Current per MPPT | 40 A

Start Voltage 200 V

MPPT Operating Voltage Range

200 V ~ 1000 V

Rated input voltage 650 V (420 V/440 V), 720 V (480 V)
Maximum number of input channels 20
Number of MPP Trackers 10

Output
Rated Output Power 111,100 W \
Max. AC Apparent Power 125,000 VA N
Max. AC Active Power (cosp=1) 111,100 W ) \

Rated Output Voltage 242 V/420 V,254 V/440 V and 2774y /480 \
3W+PE
Rated AC Grid Frequency 50 Hz/60 Hz

Output Voltage Frequency

AN
152.8 A (420 V), 145.8 A (E0™mmiada A (480 V)

Max. Output Current

171.9 A (420 V), 164. 40N), 150.4 A (480 V)

Adjustable Power Factor Range

Max. Total Harmonic Distortion

2.2.2. The solar panel (Giines paneli)

Solar panels are the

primary

they include evaluative
safety, energy i

compone
responsible for generating electricity by conyerti

der different

sistance, the

0.8LG...0.8LD \/ N

< 3%

ar panels are connected in series, the
voltage increases, while the current
pCases when they are connected in parallel [17].
Therefore, it is necessary to determine the optimal
number of panels and their proper connection
configuration, either in series or parallel, to avoid
risks that may lead to system failure or fires due to
mismatched system inputs and inverter
specifications. Detailed specifications of the solar
panels used in this project are given in Table 3.

ance,

Table 3. Solar panel datasheet (Giines paneli veri sayfasi)

Tiger Neo N-type 72HL4-(V) 570-590 Watt
590 Wp
Voltage (Vmp) 43.71V
Pykler Current (Imp) 13.50A
Open-circiit Voltage (Voc) 52.63V
Short-circuit Current (Isc) 14.13A
Module Efficiency STC (%) 22.84%
Operating Temperature (C°) 40 C° ~+85 C°
Maximum system voltage 1000/1500VDC (IEC)
Maximum series fuse rating 25A
Power Tolerance 0~+3%
Temperature coefficients of Pmax -0.29% / C°
Temperature coefficients of Voc -0.25% / C°
Temperature coefficients of Isc 0.045% / C°
Nominal operating cell temperature o
(NOCT) 45+2C
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To ensure that the inverter works efficiently, the
voltage of the solar panels connected in series must
not exceed the maximum allowable inverter
voltage, which is 1000V. The inverter also requires
a voltage of at least 200V to function properly,
according to Table 2 in the inverter datasheet.

Equation (2) is used to calculate the maximum
number of solar panels that can be connected in
series.

Voriary = Voeusie [1 + TempCoff . x (AT)] )

where, Vs 1s the open circuit voltage of the solar
panel, and TempCoff'is the temperature coefficient
of voltage, representing the rate of change of
voltage relative to temperature change (measured in
%/°C). The difference between the minimum
temperature recorded at the site and the standard test
condition temperature (Tstc=25°C) is also
considered. These parameters are used to determine
the maximum number of panels that can be

connected in series.

. . .. @
Equation (3) is used to calculate the minimang

number of solar panels to be connected in series.

V(Min) = Vmpp,stc X [1 + TempCOff x (AT)] (3

where Vs is the solar pa power
point voltage.

2.2.3. Sizing caigle kablosunun
boyutlandirilmasi)

solar power systems
ring operational efficiency
The performance of
on multiple parameters,
of conductive material, cross-

An improPg¥ selection may lead to voltage drop,
overheating, and, in extreme cases, fire hazards
[19,20]. Therefore, various considerations must be
accounted for, such as the expected current load,
voltage rating, environmental conditions, and the
installation method whether routed through
conduits or exposed to open-air conditions. The
following equation is used to calculate the cross-
section of a cable.

2xLxIxp

A=1.25x “

Drop

The cable cross-sectional area (4) is determined by
considering several factors, where L is the one-way
length of the cable in meters, [ is the electrical
current (typically based on the short-circuit current,
Isc, to ensure a sufficient safety factor), and p is the
electrical resistivity, which is 0.0171 Q'm for
copper and 0.0274 Q-m for aluminum.
Additionally, a maximum acceptable voltage drop
(Vbrop) of 3% is considered to ensure efficient
electrical system performance.

2.3. Simulation Procedure (Simiilasyon Prosediirii)

solar power plants (5 MW, was
performed to evaluatg t nce and
estimate the amount of be produced
ity of Ma'an at

and longitude

ulation is based on a set of climatic inputs
from the Meteonorm 8.1 database
perature, wind speed, direct and reflected solar
adjdition), as well as using the solar panel datasheet
in Table 3 and the inverter’s datasheet in Table 2.
The PVsyst software was used to simulate the
plant's performance throughout the year, and the
program provides an estimate of monthly and
annual power outputs based on the solar radiation
information obtained from Meteonorm 8.1 and
analyzes the losses in the entire system.

2.3.1. The solar panel orientation (Giines paneli
yonlendirmesi)

Tilt angle is one of the most important factors to
consider when designing solar energy systems
because it affects the amount of solar radiation
collected by the panels. The optimal tilt angle is
determined by geographic location. Every
geographical area has an ideal tilt angle [21,22].
Photovoltaic (PV) modules are oriented to the south
using the azimuth angle. An azimuth angle of -90°
points east, 0° points south, and +90° points west.
For optimal sun exposure, orient the azimuth angle
south in the northern hemisphere and north in the
southern hemisphere [21]. The azimuth angle is the
angle between the solar panel's horizontal plane and
the sun's direction.

Solar Declination angle One of the main factors
affecting the Sun's motion is the declination angle,
the angle between the Sun's position and the straight
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line of the sky. This angle varies between +23.5
degrees and -23.5 degrees throughout the year and
is equal to zero at the equinoxes when day and night
are equal. The spring equinox usually occurs around
March 20, and the fall equinox usually occurs
around September 22 [23]. The sun's declination
angle is calculated using the following equation.

360
(

5=23.45xSin| =—x (N, -8l 5
{365 o )} ©)

where Ny, represents the Nth day of the year.

Elevation angle in solar panel systems, the elevation
angle refers to the tilt or inclination of the panels
relative to the horizontal plane. This angle is crucial
for optimizing solar energy capture efficiency.
Adjusting the elevation angle of the solar panels
allows them to receive maximum sunlight
throughout the day, thus maximizing energy
production [24]. The ideal elevation angle varies
depending on factors such as geographical locatiog,
time of year, and specific energy needs. Corfeg
elevation angle adjustment can significant
improve the performance and efficiency

Table 4. Solar declination, eleva

(Her ay iginﬂes sap

panel installations. The elevation angle is calculated
using the following equation.

B=90"-L+6 (6)

where L represents the latitude of the location.

The tilt angle is the angle between the solar panels
and the Earth's surface. This angle indicates that the
solar panels are oriented towards direct solar
radiation. The tilt angle is calculated using the
following equation.

o =90" - 7

angle, the optlmal ang
month, as sho owever, since the

operates year-round

rption across all seasons. After
calculated tilt angles into the
ion software the optlmal tilt angle

d inclination angle values for each month

jikseklik acist ve egim acisi degerleri)

Month N™ day of Mclination Angle | Elevation | Tilt Angle
yea L ) Angle ) | (@)

January /1 N -23.01 36.7428 53.26
February 32 / -17.51 42.2428 47.76
Mart 60 -8.29 51.4628 38.53
April 4.0 63.7528 26.25
May 14.9 74.6528 15.35
Ju 2 22.03 81.7828 8.22
aly | 182 23.1 82.8528 7.15
AU Y 213 17.9 77.6528 12.35
SeptemBag 1/ 244 7.72 67.4728 22.53
October 274 421 55.5428 34.46
November 305 -15.36 443928 45.61
December 335 22.1 37.6528 52.35

The optimal tilt angle for solar panels is chosen
based on several factors that affect the solar panel's
ability to receive solar radiation and convert it into
electrical energy. Among these factors, the first is
the transmission factor (FT), which measures the
amount of solar radiation received on an inclined
surface compared to the radiation on a horizontal

surface. The higher the FT value, the better the
angle is for receiving the largest amount of solar
radiation [25]. The highest FT value recorded in the
datais 1.13 at an inclination angle of 30°, indicating
that this angle allows the solar panels to receive the
largest amount of solar radiation, thus obtaining the
highest energy conversion efficiency. In addition,
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when analyzing the losses relative to the ideal, we
find that the 30° tilt angle achieves losses of 0.0%,
which means it is the optimal angle to minimize
energy losses. This enhances the effectiveness of
solar panels in generating power with minimal
losses. This enhances the effectiveness of solar
panels in generating power with minimal losses.

Additionally, the total solar radiation on the solar
panel surface peaks at a 30° inclination, amounting
to 2503 kWh/m?. This indicates that solar panels
installed at a 30° tilt angle will collect the most solar
energy throughout the year compared to other tilt
angles. Figure 4 shows the tilt angle in PVsyst, the
azimuth angle, the transposition factor, and the
global irradiance at the collector plane (kWh/m?).

Field type | Fixed Tilted Plane

~Field parameters Tilt 30°

P

Plane tilt |3u,g |

Azmuth [0.0 | ©

Azimuth 0°

East »

West

~Quick optimization
—Optimization with respect to
@® vearly irradiation yield
O Summer (Apr-5ep) 1.2

South

O winter (Oct-Mar) -

~Yearly incident irradiation

FTranspos.= 1.13]
Loss/opt.= 0.0%

113
0.0%

Transposition Factor FT
Loss with respect to optimum

Year I .

Global on collector plane 2503 kWh/m?

0.6
20 90 60 -30 0 30 60 90
Plane orientation

Figure 4. Orientation WIS (Gtines panellerinin yonlendirilmesi)

2.3.2. Distance between soldr R4 Giline

The distance betwe
important to avojd

significantly affected by shading
effects caus€d by peripheral factors such as shadows
from trees, passing clouds, or neighboring
buildings. To achieve optimal performance, avoid
shading conditions to the greatest extent possible
[26,27].

The shadow length is calculated using the following
equation, and Figure 5 shows all the details.

H =Sin(ar)x7.233 8)
where H is the height of the solar panel, and o is
the tilt angle of the panel.

H
pD=_*%
tan (o) ®)

where D is the shadow length, H is the height of
the solar panel, and « is the tilt angle of the panel.
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6m

233, Solarpanelsystem simulation parameters - wiere e NgimuNurent vlue o MPPT i

2 hile e lar panel produces 13.5 A. If the
The necessary solar power system parameters are copnected in parallel, the current will
entered, such as solar panel type, number and t;p. the 1nverter's maximum limit, which could
of inverters, panel connection (series and paral
connection), and solar power system capaci

consisting of about 8475 JinkoSolar sol 5000 kWp. To convert power from DC to AC, 45
where 15 modules are connected in seri Huawei inverters with 111.1 kW per inverter were
modules in strings that were used ¥ this s . used for a total inverter capacity of 5000 kW. The
Connecting the panels in parallel wag not used operating limits of the inverters are from 200 to
ulation, 1000 volts.
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Figure 6. The interface where parameters are entered for a 5 MWp capacity power plant using the PVsyst
program (PVsyst programu kullanilarak 5 MWp kapasiteli bir enerji santrali i¢in parametrelerin girildigi arayiiz)

X
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Figure 7 shows a 10 MWp solar power system
consisting of about 16949 JinkoSolar solar panels,
where 17 modules are connected in series in 997
modules in strings that were used in this system. No
parallel connections were used in this simulation.

Sub-array

~Sub-array name and Orientation
MName iP\.‘ alars ]
Tit 30°

Fixed Tilted Plane Azimuth  ©0°

Orient.

Select the PV module

_‘Avéll-a-bleNow o '||=¢|,e|- |AIP\'IIIO¢U1€S |

The nominal capacity of the solar power plant is
10000 kWp. To convert power from DC to AC, 90
Huawei inverters with 111.1 kW per inverter were
used for a total inverter capacity of 10000 kW. The
operating limits of the inverters are from 200 to
1000 volts.

Pre-sizing Help
) Mo sizing

Planned power @ [10000.0 | kwp €

o Ratae ... or avalable areafmodules) O (43754 | m2

Approx. needed modules 16949
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Since 2023

(] Use optimizer
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| Huawei Technologies - | | 111kW 200 - 1000V TL 50/60 Hz SUN2000-111KTL-NHMO @420V Since 2021 x | ), Open
Mb. of inverters [90 (| Operating voltage: 200-1000 V  Global Inverter's power 9999 kWac

(] use multi-MPPT feature Input maximum voltage:

1100V

i rt ith 10 MPPT
it Power sharing within

(7] this inverter
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Nb. modules 16949 Area 43784 m* Isc (at STC) 14088 A Array nom. Power (STC) 10000 kWwp

Figure 7. The interface where parametgfs are ¢
PVsyst program (PVsyst programi kullanilargk 10 MW

2.3.4. Solar power plant construction\¢ost (Giines
enerjisi santrali yapim maliyeti)

g geographical location, the
type of solar panels used,
cture costs. The financial

efficient eqliipment is not selected, it is likely that
the return will not be as good or may take longer to
recover the capital.

ra 10 MWp capacity power plant using the

apasiteli bir enerji santrali i¢in parametrelerin girildigi arayiiz)

Therefore, analyzing the construction costs and
selecting the right equipment maximizes the
financial return and reduces the payback period,
boosting investment in solar projects.

In this section, the costs and economic returns of the
5 MWp and 10 MWp solar power plants in Ma'an
will be explained, and the payback period will be
calculated. Table 5 shows the initial investment
costs, operating and maintenance expenses, energy
production capacities, and revenues for both plants.

Indirect costs (5-10%) are Permit, Engineering
project, Financial modeling, Geodetic services, Site
supervision, access to engineering, communication,
Site safety, and construction insurance.

Table 5. Installation costs for 5 MWp and 10 MWp solar power plants (5 MWp ve 10 MWp giines enerjisi
santralleri i¢in kurulum maliyetleri)

. 5 MWp power plant 10 MWp §olar power
Direct costs . plant equipment cost
equipment cost (US $) (US $)
Pv modules 1,555,045 3,109,908
Inverters 600,000 1,200,000
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Metal load-bearing structures 900,000 1,800,000
DC and AC cables 360,000 600,000
Electrical protective equipment 120,000 120,000
Transforming station 1,000,000 2,400,000
High/medium voltage lines 420,000 600,000
Fences, cameras, and security measures 250,000 360,000
Other engineering elements, such as

improved lighting and access roads, 300,000 600,000
depending on the investor's requirements

Indirect costs 450,000 900,000
Land cost (if applicable) No No
Total 5,955,045 11,689,908

2.3.5. The economic analysis of solar power °
plants (Giines enerjisi santrallerinin ekonomik analizi)

A feasibility study must be conducted to assess the
effectiveness of the solar power plant in terms of
production, economic return, and payback period,
and the Net Present Value (NPV), Internal Rate of
Return (IRR), and Profitability Index (PI) values
must be calculated [28].

NPV: Equation 10 is used to calculate NPV, which
refers to assessing the profitability of an investmgrl}
by calculating the difference between the presef
value of all cash inflows and outflows ov
project's 30-year life. The NPV formula tgkes intd
account annual cash flows and the intere§t rate.
the value is greater than zero, the p
considered profitable. When calculagg NP
Equation 10, the initial investment cdgt (C,), the

annual revenue generated b (Cy), the
discount rate or required/rate of\geturn (expected
profit for the investor) (r Ne span of the

project (T) are used.

investment 1s worthwhile or not. The higher the IRR
value, the better the financial return. The IRR
should be compared to the country's interest rate to
determine the feasibility of the investment, as the
interest rate in Jordan was 12%.

¢

—Z_Co
(1+IRR)

0=NPV =Y

t=1

(11)

[ = NPV (12)

" Initial Investment Cost

3. SOLAR POWER PLANTS SIMULATION

RESULTS (GUNES ENERJISI SANTRALLERI
SIMULASYON SONUCLARI)

In this section, the monthly and annual production
of 5 MWp and 10 MWp solar power plants will be
presented and analyzed, and the amount of GHG
reductions produced by each plant will be evaluated
with a detailed analysis of the economic return of
each plant. Finally, a comparison will be made
between the two plants to determine the best
performance based on the criteria studied.

3.1. Simulation Results (Simulasyon Sonuglarr)

The ambient temperature varies between 7.35 °C
and 13.87 °C in winter and between 17.83 °C and
27.53 °C in summer. The average solar radiation
was 110.1 kWh/m? in December and 260.5 kWh/m?
in June. The lowest and highest measured
temperatures were 7.35 °C in January and 27.56 °C
in July, respectively.

Table 6 shows the simulation results of a 5 MWp
solar power plant obtained using the PVsyst
program. The table includes important parameters
such as annual energy production and
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environmental impacts. Among these data, the
highest solar radiation value was measured in June
(260.5 kWh/m?), while the lowest value was
recorded in December (110.1 kWh/m?). The total

annual energy production E-Array value of the solar
panel was 10,924,989 kWh. The lowest efficiency
rate (82.8%) was recorded in August, while the
highest efficiency rate (91.1%) was recorded in
January.

Table 6. Simulation results for a 5 MWp solar power plant (5 MWp giines enerjisi santrali i¢in simiilasyon

sonuglar)
GlobHor DiffHor Tamb GloblInc GlobEff E-Array E-Grid PR
(kWh/m?) (kWh/m?) (°C) (kWh/m?) (kWh/m?) (kWh)
January 114.5 30.26 7.35 174.1 171.7 809426
February 127.0 3434 9.58 169.7 167.3 778078
March 181.5 46.12 14.20 214.2 210.6 959743
April 211.0 57.56 17.83 219.6 2153 968489
May 242.5 56.16 22.58 223.7 218.5 970
June 260.5 37.75 25.44 226.5 220.7 967095
July 255.7 45.22 27.56 228.2 2222 96
August 233.2 49.55 27.55 230.7 225.5 %95 .
September 197.2 42.74 24.79 221.8 217.5 94832 27662 0.836
October 162.9 37.97 20.68 211.0 207.7 905754 0.858
November 126.0 28.97 13.87 185.8 1\ 842035 824166 0.887
December 110.1 26.76 8.95 174.8 80028 793722 0.908
Yearly 22223 493.40 18.41 2480.2 9,989 | 10,691,025 | 0.862

the national grid is 21,460,852 kWh E-Gri

efficlency during the summer months is due to
higjfer temperatures, as solar panels operate more
efficiently in cold weather conditions during the
winter [29].

Table 7. Simulation res a solar power plant (10 MWp giines enerjisi santrali igin simiilasyon
sonuglari
/ ) ¢larr)
GlobH 0 Tamb GloblInc GlobEff E-Array E-Grid PR
( h/j:) W) | O | &Whmd) | (kWh/m?) (KWh) (KWh) rate
January 11 .26 7.35 174.1 171.7 1618752 1591747 0.914
Februa 127.0 34.34 9.58 169.7 167.3 1555907 1529657 0.901
Mar 46.12 14.20 214.2 210.6 1919180 1885844 0.880
April 57.56 17.83 219.6 215.3 1936746 1902468 0.867
I\Tay 56.16 22.58 223.7 218.5 1941738 1907228 0.852
June / 260.5 37.75 25.44 226.5 220.7 1934077 1898579 0.838
July 255.7 45.22 27.56 228.2 222.2 1935814 1899925 0.833
August 233.2 49.55 27.55 230.7 225.5 1953800 1916908 0.831
September 197.2 42.74 24.79 221.8 217.5 1896883 1861257 0.839
October 162.9 37.97 20.68 211.0 207.7 1851362 1818553 0.862
November 126.0 28.97 13.87 185.8 183.5 1683967 1655415 0.891
December 110.1 26.76 8.95 174.8 172.6 1619947 1593270 0.912
Yearly 22223 493.40 18.41 2480.2 2432.9 21,848,173 21,460,852 0.865
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3.2. Results of the Amount of GHG Reductions

Produced by Each Solar Power Plant (Her Bir
Giines Enerjisi Santrali Tarafindan Uretilen Sera Gaz1 Azaltim
Miktarmin Sonuglart)

The performance of two solar power plants was
evaluated in terms of greenhouse gas (GHQG)
emission reductions. This section aims to present
the overall results of the GHG reductions achieved
by both solar power plants. The results show that the
10 MWp solar plant provides greater benefits,
reducing CO; emissions by 333,418 tCO, compared
to the 166,112 tCO; reduced by the 5 MWp plant.

3.2.1. Emission reduction potential of solar

power plants compared to fossil fuels (Fosil yakitlara
kiyasla giines enerjisi santrallerinin emisyon azaltma
potansiyeli)

Today, energy production is of great importance due
to its environmental impacts. Solar energy offers an
alternative to fossil fuels as a renewable and
environmentally friendly energy source. While
fossil fuels (coal, natural gas, and oil) contribute to
climate change with their high carbon dioxide (CO-)
emissions, solar energy can generate energy with
almost zero emissions. In this section, solar enesg.

plant generates 10,691,025
r annum. From coal, the emission
oleum (541 gCO2/kWh) is applied
e resulting CO: emissions, which
amount to 5,783,844,525 gCOs.. This is equivalent
to 5,783.84 tCO-.Similarly, a 10 MWp solar power
plant generates 21,460,876 kWh of energy annually.

From coal, the emission coefficient of oil (541
gCO2/kWh) is applied to calculate the resulting
11,610,333,961 gCO: emissions, which is
equivalent to 11,610.33 tCO..

A 5 MWp solar power plant generates 10,691,025
kWh of energy annually. When considering
emissions from natural gas, multiplying this
production amount by 473 gCO2/kWh -the emission
coefficient of oil- results in 5,056,854,825 gCO-
emissions. This value equates to 5,056.85 tCO..

tCO..

issions annually if it were
p plant's emissions would

gr than oil, it still causes significant emissions
pared to solar energy.

3.3. Feasibility and Financial Return Results

(Fizibilite ve Finansal Getiri Sonuglari)

Revenues from the sale of energy produced by solar
power plants are determined based on the unit price
of the electricity generated, as shown in Table 8.
The purchase price of a solar energy unit in Jordan
is about 0.135 JD, approximately 0.19 USD [32].
Determining the price of electricity per kilowatt-
hour is important in the financial analysis of solar
energy projects, as it greatly helps assess the
project's economic benefit. Table 8 presents a
comparison between the annual electricity
generation, selling price, annual return, and rate of
return on investment for two solar projects of 5 and
10 MWp.

Table 8. 5 MWp and 10 MWp power plants' energy sales revenues 5 MWp ve 10 MWp kapsiteli santrallerin
enerji satig gelirleri

Parameter 5 MWp plant 10 MWp plant
The initial production cost of the solar plant ($) 5,955,045 11,689,908
Total Production (kWh/year) 10,691,025 21,460,876
Sales Price ($/kWh) 0.19 0.19
Annual Return (§) 2,031,294.75 4,077,566.44
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Return Rate (Year/Month) 2/11 2/10
PV system life (Year) 30 30
Solar panel degradation per year (%) 0.40 0.40

The NPV of the 5 MWp solar power plant was The NPV of a 10 MWp solar power plant is
$9,885,201, indicating that the return from the $20,107,376, with an internal rate of return of
project exceeds the initial investment cost and is, 34.37% and a profitability index of 2.7201. These
therefore, profitable in the long term. The internal  values indicate that the profitability of a larger solar
rate of return was 33.60%, reflecting the project's power plant is higher despite the higher initial cost.
annual internal rate of return, while the profitability = However, the economic return is better in the long
rate was 2.66. term. Table 9 shows the economic analysis results.

Table 9. Economic analysis results (Ekonomik analiz sonuglart)
Parameter 5 MWp PV plant | 10 MWp P l}qt

NPV ($) 9,885,201 20007.37
IRR (Y%/year) 0.336 N0N37
PI 2.66 7

Energy Production Capacity (kW) 10,691,0250 < S ommuen,s76
greenhouse gases saved (tCO») 166,118 \ 333,418
Payback Period (Year/Month) 2/11 | M2 /10

The following Figures 7 and 8 show the econom
return of solar power plants over 30 years. It shoys

¢ following equation can be used to
the percentage change in the annual

yield gradually decreases over time d
degradation in solar panel efficiency
0.40%. Figures 7 and 8 provide an i

PC = w (14)
PYR

where PC is the Percentage Change, AR is Annual
Revenue, income, or returns for the current year,
and PYR is the income or returns for the previous

economic return can ]T (¢ year.
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Figure 7. The economic return of a 5 MWp solar power plant in 30 years (5 MWp'lik bir giines enerjisi
santralinin 30 yil i¢indeki ekonomik getirisi)
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Figure 8. The economic return of a 10 MWp solar power plant in 30 years ( Mir giines enerjisi

santralinin 30 y1l i¢indeki ekonomik aeti iS1

4. CONCLUSIONS (SONUCLAR) financial greater potential for CO:

r n. F research should explore the
ion of,energy storage to further improve
ance, improve grid stability, and ensure a
jable and sustainable energy transition.

This study presents a comprehensive evaluation of
the design, simulation, and financial feasibility of @
MWp and 10 MWp solar power plants in Ma%
Jordan. The analysis showed that the optimal
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	The location where the solar power plants are simulated is shown in Figure 3. This site is located in the city of Ma'an/Jordan at the coordinates of 30 14'49“N latitude and 35 41'37” E longitude.
	2.3.2. Distance between solar panel rows (Güneş paneli sıraları arasındaki mesafe)
	The distance between rows of solar panels is important to avoid shading and optimize energy capture efficiency. The ideal distance is determined based on the angle of inclination of the panels and the number of panels installed on each structure. Rece...
	The shadow length is calculated using the following equation, and Figure 5 shows all the details.
	where H is the height of the solar panel, and α is the tilt angle of the panel.
	(9)
	where D is the shadow length, H is the height of the solar panel, and α is the tilt angle of the panel.
	2.3.3. Solar panel system simulation parameters (Güneş paneli sistemi simülasyon parametreleri)
	The necessary solar power system parameters are entered, such as solar panel type, number and type of inverters, panel connection (series and parallel connection), and solar power system capacity. Figure 6 shows a 5 MWp solar power system consisting o...
	where the maximum current value of each MPPT is 26 A, while each solar panel produces 13.5 A. If the panels are connected in parallel, the current will exceed the inverter's maximum limit, which could lead to inverter failure or technical malfunctions.
	The nominal capacity of the solar power plant is 5000 kWp. To convert power from DC to AC, 45 Huawei inverters with 111.1 kW per inverter were used for a total inverter capacity of 5000 kW. The operating limits of the inverters are from 200 to 1000 vo...
	Figure 7 shows a 10 MWp solar power system consisting of about 16949 JinkoSolar solar panels, where 17 modules are connected in series in 997 modules in strings that were used in this system. No parallel connections were used in this simulation.
	The nominal capacity of the solar power plant is 10000 kWp. To convert power from DC to AC, 90 Huawei inverters with 111.1 kW per inverter were used for a total inverter capacity of 10000 kW. The operating limits of the inverters are from 200 to 1000 ...
	Figure 7. The interface where parameters are entered for a 10 MWp capacity power plant using the PVsyst program (PVsyst programı kullanılarak 10 MWp kapasiteli bir enerji santrali için parametrelerin girildiği arayüz)
	2.3.4. Solar power plant construction cost (Güneş enerjisi santrali yapım maliyeti)
	The economic feasibility of any solar energy project depends on key factors, the first of which is the cost of establishing solar power plants, as the cost of establishing a solar power plant varies depending on several factors, including geographical...
	Therefore, analyzing the construction costs and selecting the right equipment maximizes the financial return and reduces the payback period, boosting investment in solar projects.
	In this section, the costs and economic returns of the 5 MWp and 10 MWp solar power plants in Ma'an will be explained, and the payback period will be calculated. Table 5 shows the initial investment costs, operating and maintenance expenses, energy pr...
	Indirect costs (5-10%) are Permit, Engineering project, Financial modeling, Geodetic services, Site supervision, access to engineering, communication, Site safety, and construction insurance.
	2.3.5. The economic analysis of solar power plants (Güneş enerjisi santrallerinin ekonomik analizi)
	A feasibility study must be conducted to assess the effectiveness of the solar power plant in terms of production, economic return, and payback period, and the Net Present Value (NPV), Internal Rate of Return (IRR), and Profitability Index (PI) values...
	 NPV: Equation 10 is used to calculate NPV, which refers to assessing the profitability of an investment by calculating the difference between the present value of all cash inflows and outflows over the project's 30-year life. The NPV formula takes i...
	 IRR: IRR is calculated using equation 11 and refers to the discount rate that makes the NPV equal to zero. The IRR value is used to assess whether an investment is worthwhile or not. The higher the IRR value, the better the financial return. The IRR...
	(11)
	 IRR, the profitability index, is calculated using Equation 12 and measures the amount of profit or loss the project realizes compared to the initial investment. The PI value is calculated by dividing the net present value by the initial investment. ...
	𝑷𝑰=,𝑵𝑷𝑽-𝐈𝐧𝐢𝐭𝐢𝐚𝐥 𝐈𝐧𝐯𝐞𝐬𝐭𝐦𝐞𝐧𝐭 𝐂𝐨𝐬𝐭.                (12)
	3. SOLAR POWER PLANTS SIMULATION RESULTS (GÜNEŞ ENERJISI SANTRALLERI SIMÜLASYON SONUÇLARI)
	In this section, the monthly and annual production of 5 MWp and 10 MWp solar power plants will be presented and analyzed, and the amount of GHG reductions produced by each plant will be evaluated with a detailed analysis of the economic return of each...
	3.1. Simulation Results (Simulasyon Sonuçları)
	The ambient temperature varies between 7.35  C and 13.87  C in winter and between 17.83  C and 27.53  C in summer. The average solar radiation was 110.1 kWh/m² in December and 260.5 kWh/m² in June. The lowest and highest measured temperatures were 7.3...
	Table 6 shows the simulation results of a 5 MWp solar power plant obtained using the PVsyst program. The table includes important parameters such as annual energy production and environmental impacts. Among these data, the highest solar radiation valu...
	annual energy production E-Array value of the solar panel was 10,924,989 kWh. The lowest efficiency rate (82.8%) was recorded in August, while the highest efficiency rate (91.1%) was recorded in January.
	Table 7 shows the results of simulating the performance of a 10 MWp solar power plant using the PVsyst program. The simulation shows that the annual power output of the plant is 21,848,173 kWh E-Array, while the amount of electricity supplied to the n...
	The plant's efficiency is lowest in August at 83.1% and highest in January at 91.4%. This decrease in efficiency during the summer months is due to higher temperatures, as solar panels operate more efficiently in cold weather conditions during the win...
	3.2. Results of the Amount of GHG Reductions Produced by Each Solar Power Plant (Her Bir Güneş Enerjisi Santrali Tarafından Üretilen Sera Gazı Azaltım Miktarının Sonuçları)
	Total Emission = ,Total energy produced-Total C,O-2. Emissions. (13)
	3.3. Feasibility and Financial Return Results (Fizibilite ve Finansal Getiri Sonuçları)
	Revenues from the sale of energy produced by solar power plants are determined based on the unit price of the electricity generated, as shown in Table 8. The purchase price of a solar energy unit in Jordan is about 0.135 JD, approximately 0.19 USD [32...
	The NPV of the 5 MWp solar power plant was $9,885,201, indicating that the return from the project exceeds the initial investment cost and is, therefore, profitable in the long term. The internal rate of return was 33.60%, reflecting the project's ann...
	The NPV of a 10 MWp solar power plant is $20,107,376, with an internal rate of return of 34.37% and a profitability index of 2.7201. These values indicate that the profitability of a larger solar power plant is higher despite the higher initial cost. ...
	Table 9. Economic analysis results (Ekonomik analiz sonuçları)
	The following Figures 7 and 8 show the economic return of solar power plants over 30 years. It shows that the first year has the highest yield, while the yield gradually decreases over time due to the degradation in solar panel efficiency by up to 0.4...
	analyzed. The following equation can be used to calculate the percentage change in the annual economic return.
	(14)
	where PC is the Percentage Change, AR is Annual Revenue, income, or returns for the current year, and PYR is the income or returns for the previous year.
	Figure 7. The economic return of a 5 MWp solar power plant in 30 years (5 MWp'lik bir güneş enerjisi santralinin 30 yıl içindeki ekonomik getirisi)
	Figure 8. The economic return of a 10 MWp solar power plant in 30 years (5 MWp'lik bir güneş enerjisi santralinin 30 yıl içindeki ekonomik getirisi)

