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Abstract: Quality, reliability, and durability are the key features of photovoltaic (PV) solar system
design, production, and operation. They are considered when manufacturing every cell and de-
signing the entire system. Achieving these key features ensures that the PV solar system performs
satisfactorily and offers years of trouble-free operation, even in adverse conditions. In each cell,
the quality of the raw material should meet the quality standards. The fulfillment of the quality
management system requires every part that goes into the PV solar system to undergo extensive
testing in laboratories and environments to ensure it meets expectations. Hence, every MWh of
electricity generated by the PV solar system is counted, the losses should be examined, and the PV
system’s returns should be maximized. There are many types of losses in the PV solar system; these
losses are identified and quantified based on knowledge and experience. They can be classified into
two major blocks: optical and electrical losses. The optical losses include, but are not limited to, partial
shading losses, far shading losses, near shading losses, incident angle modifier (IAM) losses, soiling
losses, potential induced degradation (PID) losses, temperature losses, light-induced degradation
(LID) losses, PV yearly degradation losses, array mismatch losses, and module quality losses. In
addition, there are cable losses inside the PV solar power system, inverter losses, transformer losses,
and transmission line losses. Thus, this work reviews the losses in the PV solar system in general
and the 103 MWp grid-tied Al Quweira PV power plant/Aqgaba, mainly using PVsyst software. The
annual performance ratio (PR) is 79.5%, and the efficiency (1) under standard test conditions (STC) is
16.49%. The normalized production is 4.64 kWh/kWp/day, the array loss is 1.69 kWh/kWp/day, and
the system loss is 0.18 kWh/kWp/day. Understanding factors that impact the PV system production
losses is the key to obtaining an accurate production estimation. It enhances the annual energy
and yield generated from the power plant. This review benefits investors, energy professionals,
manufacturers, installers, and project developers by allowing them to maximize energy generation
from PV solar systems and increase the number of solar irradiation incidents on PV modules.
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1. Introduction

Electrical companies strive to exploit renewable energy’s vast potential to meet the
growing energy requirements. The high penetration of photovoltaic (PV) power plants
in electrical generation is evident due to the global increase in their installation capacity
year-by-year, as shown in Figures 1 and 2, respectively. Plummeting prices and the rising
efficiency of the plant enhance the installed capacity. At the end of 2021, the total installed
capacity was around 947 GW, as shown in Figure 3.

New technologies tend to come with unknown risks; investors must know these.
Every technology brings a new mode of failure and a unique design. The solar system’s
efficiency should be calculated under standard test conditions (STC). The STC are the
industry standards for conditions under which solar panels are tested using a fixed set of
conditions. Thus, the solar panels can be more accurately compared and rated against each
other. The STC are specified as a temperature of 25 °C for the cell itself, not the surrounding
ambient temperature, and an irradiance of 1000 W/m?. This refers to the amount of energy
falling on a given area at a given time. Additionally, the air mass (AM) under the STC is 1.5.
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This refers to the amount of light that has to pass through the Earth’s atmosphere before it
can hit the Earth’s surface [1]. Thus, a solar panel efficiency of 20% with a 1 m? surface area
would produce 200 W of energy. The energy production of the PV power plant depends on
many factors, ranging from the array of characteristics, environmental factors, and how the
plant is designed and installed. Plant losses are considered for calculating efficiency and
establishing ways to enhance performance. Literature reviews have discussed PV power
plant failures [2,3] and some types of losses. This review sheds light on the losses in the
cell and system. These losses provide an important framework for the solar cell fabrication
process, system design, and layout. They can be classified mainly into optical and electrical
losses and combinations. These losses can also be classified based on DC and AC side losses.
Classification of these losses can compare the different solar plant arrays in technology
fabrication and manufacturing. These losses are included in Figures 4 and 5, respectively.
Soiling losses [4,5], shading losses [6], incidence angle modifier (IAM) losses [7], potential
induced degradation (PID) [8,9], LID loss [10], temperature losses [11], PV yearly degra-
dation [12], array mismatch losses [13,14], module quality losses [15], and electrical losses
are presented. Electrical losses include AC losses, inverter losses [16,17], and transformer
losses [18,19]. Typically, solar cells display an efficiency of about 20% [20]. This means
that they could convert 20% of the incoming energy from sunlight into electric current.
However, for light-induced degradation (LID) losses only, within the hours of operation,
the efficiency drops to 18%, which represents a 2% drop in total electric generation [21].
Losing 2% of 790 GW is a significant problem. Thus, there is significant potential for
electricity to be lost. It is no wonder that researchers are hunting down the cause of this
problem. Many researchers have investigated PV losses through surveys [22,23]. This work
provides the necessary information for project developers, energy professionals, investors,
policymakers, and users regarding the actual losses situation of the PV solar planet.
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7~ Germany 3%
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Figure 1. PV power plant installation forecast for 2021 (GW) [24].
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Figure 2. Top 10 countries with a total cumulative PV power plant installation capacity of 1296 GW
in 2023 [25].
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Figure 3. World market for the total cumulative PV power plant & annual net new installations
(GW) [25].
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Figure 4. An example of losses in a PV power plant [26].
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Figure 5. An example of losses in a PV power plant [27].

PV solar power plants have had the most significant generation growth among re-
newable energy resources globally. They exceeded 1000 terawatt-hours (TWh) by the end
of 2021. Records show that the increment was 179 TWh that year, as shown in Figure 6.
This has become the lowest-cost option for new electricity generation installations for most
of the world. The average annual growth was 25% in 2022-2030 [28]. A strategic policy
and tremendous effort from the public and private sectors must be established to achieve
a net zero emissions scenario by 2050. PV solar power plants account for 3.6% of global
electricity generation and remain the third-largest renewable electricity technology after
wind energy and hydropower generation. In 2021, China was responsible for about 38%
of the generation growth as it installed a large PV solar power plant capacity. The USA
had the second-largest generation growth, about 17%, and the European Union had the
third-largest 10%. As a result of this strong growth, experts have amended their outlook
for 2022, anticipating new systems to total between 204 and 252 [28].
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Figure 6. Global PV solar system installation between 2012 and 2021 [28].

This paper is organized as follows. Section 2 presents the current status of renewable
energy in Jordan. In Section 3, PV power plant optical losses are explained. Next, PV power
plant electrical losses are investigated in Section 4, followed by optimization of the PV solar
power plant design in Section 5. A real case study is analyzed in Section 6. The results and
discussion are presented in Section 7. Finally, the conclusions are mentioned in Section 8.

2. Current Status of Renewable Energy in Jordan

Jordan is one of the world’s most energy-insecure countries, importing 96% of its
energy needs. The energy challenge in Jordan is more critical today than ever; this is why
the government of Jordan has issued an energy efficiency and renewable energy law which
provides incentives for sustainable energy solutions. The government ambitiously aims
to slash its fossil fuel bill by making green energy 20% of its overall power consumption
by 2024. Jordan has become aware of the importance of solar power for reducing energy
costs. Jordan is blessed with over 300 days of sunshine yearly and is considered one
of the sunbelt countries. Unsurprisingly, solar energy projects have quickly become the
government’s hot choice. A legal framework has been developed in Jordan to attract
investors and the government’s commitment to renewable energy. Thus, the Kingdom has
officially made its place on the renewable energy map. In 2012, Jordan encouraged the
installation of solar cells in houses, enabling consumers to store or buy the solar energy
surplus. In 2018, investments in solar energy amounted to 30 fully implemented and
under-construction projects. The actual investment amounted to $1.938 [29] billion. Most
solar energy projects are located in the south, where there is higher solar radiation, making
this sector a promising investment opportunity. Thus, it is expected that there will be an
increase in the reliance on solar energy in Jordan in the coming years. Therefore, as a case
study, this review investigates the state-of-the-art research on losses in PV power plants
in general and in Jordan’s Quweira PV power plant in particular. Jordan’s Ministry of
Energy and Minerals Resources (MEMR) is the project owner of the Quweira PV power
plant, and Tsk-Enviromena JV is the project contractor. At the Jordanian transmission
network at the National Electric Power Company (NEPCO), the Al-Quweira PV solar
system is integrated at the 132/33 kV substation via two step-up transformers. Table 1
shows generated power stations connected to transmission lines (MW) based on the fuel
used. Table 2 shows renewable energy projects connected to the transmission system in 2020.
Table 3 shows the electrical energy (GWh) consumed based on fuel used. Investigating
losses leads to less expensive and more efficient PV solar power modules that can easily
be installed. Solar panel affordability and efficiency have improved dramatically over
previous decades. Researchers are continuously looking at improving the efficiency rate of
PV to make the most of solar power. Hence, massive competition in the solar power market
is expected to lead to lower prices for solar panels and more efficient storage solutions [30].
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Table 1. Power generation stations are connected on transmission lines (MW) based on fuel use in

Jordan [29].
Gas Renewable Energy Total
Year Steam - Combined Cycle Diesel Units - -
Diesel Natural Gas Hydrolic Wind PV Solar Renewable Nonrenewable

2016 605 - 307 2044 814 6 198 194 398 3770
2017 605 - 228 2044 814 6 198 204 408 3691
2018 605 - 83 2740 814 6 198 449 735 4242
2019 605 - 83 2740 814 6 198 637 1012 4242
2020 363 - 83 2740 814 6 198 900 1424 4000

Table 2. Renewable energy projects connected to the transmission system in 2020 in Jordan [29].

Project Generation Capacity (MW)

Mass Group Holding Ltd/Tafila 100

Shobak Wind Farm/Maan 45

Baynounah-Masdar PV plant 200

Azraq PV solar system 11

KFW Solar plant éup.plies in Zaatari, 40
a refugee city in Jordan

Al Hazaa Group for renewable energy 16

Table 3. The electrical energy (GWh) consumed based on fuel use in Jordan [29].

Type 2017 2018 2019 2020
Steam units 1909.3 792.1 140.4 71.6
Combined cycle 14,868.4 14,811.9 15,313.3 14,585.4
Simple cycle 349.5 315.6 313.2 413
Diesel engine 1026.3 1234.2 1026.6 698
Hydrolic 38 22.7 18.4 18.3
Imported energy—Egypt 51.3 188.3 239.3 380.6
Wind power plant 449.1 707 874.9 1378.8
Solar PV power plant 591.3 836.2 1341.2 1645.2
Total renewable energy (wind, PV) 1038.8 1541.6 2215.7 3024.0

3. Optical Losses

Optical losses in a PV power plant can be analyzed based on shading losses, spec-
tral mismatch, thermalization, nanoabsorption, reflection, parasitic absorption, and addi-
tional losses.

3.1. Partial Shading Losses

In shading effects, wherein a shadow falls across a module section, it causes the
electrical energy of at least one or more strings of cells in the module to fall to zero, but
the entire module’s output does not fall to zero [31]. A PV cell is an electrical device
that directly converts light energy through the PV effect. PV cells have a complicated
relationship between solar irradiation, temperature, and total resistance and exhibit a
nonlinear characteristic curve known as the P-V curve [32].

Figure 7 shows a PV array with bypass diodes across each module and blocking diodes
at the top of each string. If one of the panels is shaded, it acts as a high resistance and
blocks the flow of power produced out of the panel itself and the power produced by
the unshaded panel. Hence, a bypass diode comes into play; the current created by the
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unshaded panel can flow through a bypass diode to avoid the high resistance of the shaded
panel. Bypass diodes are not used unless panels are connected in series to generate a higher
voltage. Some solar panels are assembled with the cells divided into groups, each with a
built-in bypass diode. When the sun shines, the voltage generated by the two panels is
more than that of the battery. However, in the dark, the panels produce no voltage [33].
Thus, the voltage would cause a current to pass in the opposite direction through the panels.
Hence, blocking diodes prevent the discharge of the battery. Blocking diodes are usually
involved in the construction of solar panels. Thus, bypass diodes protect the panels and
prevent hot spots in shaded cells connected in series, whereas blocking diodes prevent the
reverse current drawn by shaded string [34].

&
+

Blocking Diode

By-Pass Diode

i .

Figure 7. PV array with bypass diodes across each module and blocking diodes at the top of each string.

3.2. Far Shading Losses

When the PV array has an elevated horizon, for example, from a nearby mountain
range, newly built high skyscrapers, or even city skylines, these objects blackface the
sunlight received by the PV array. In such cases, shading from the horizon is applied to
the entire PV plant. This happens during the hours in which the sun is below the horizon
line. At that time, the array loses its direct irradiance. The energy generated is only based
on diffuse solar irradiance. In such events, a solar PV array starts to lose solar irradiance,
because Mega objects, such as skyscrapers, are located nearby, from 5 to 15 km. Such losses
in a PV plant are known as far shading losses. The designer can model these losses in the
PV system by accessing that location’s horizon profile through a simulation. Tools like the
Solmetric SunEye or Solar Pathfinder can generate horizon profiles. The Solmetric SunEye
is a digital handheld instrument that can be easily carried and used at any project site to
capture a far shading profile [35].

In comparison, after capturing the shading profile from the installation site with Solar
Pathfinder software, the operator can easily import the shading profile into the system for
further analysis. Indeed, the Suneye and Solar Pathfinder are equally efficient and accurate
for far shading analysis. Meteonorm and Aurora Solar software can also create the horizon
profile remotely based on the online contour mapping facility. Any horizon file that lists
the azimuth and elevation angles can model a horizon profile. The line at the bottom of
this file is caused by far shading and interpolating linearly. There are two options [36]:

e Losses <| 1| % consider the project site, obtain the horizon profile, and analyze the
amount of far shading loss annually.

e Losses >| 1| % consider changes in the project site, discard the proposed site, or raise
the alarm to the management about such losses.
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Far shading loss assessment is essential for the proposed project site, as are other
parameters, such as cost-effectiveness and accessibility to the local electricity grid [37].
Thus, this impacts the techno-commercial characteristics and long-term economic assess-
ment. Thus, mitigating or optimizing far shading loss is primarily the decision of the
project designer.

3.3. Near Shading Losses

These losses occur because of shadows on the solar panel from the objects near it. They
can be categorized as

*  Nearby obstacles.

1.

Junction boxes

21%

Cables 9% \

AC &DC

switches 9%

Nearby buildings, trees, electric poles, and headlines may create shadows on the
PV and rooftop installations, such as service areas, water tanks, satellites, and air
conditioning chillers. Shade from these obstacles can substantially decrease the
PV power plant’s output. Thus, it is recommended that such areas are avoided
for installations.

Nearby transmission lines passing by the PV site or within the PV power plant
can cause shading on the PV module. Similarly, nearby wind turbines may cause
a shadow on PV arrays. Shading decreases the total electricity production of
PV panels and can create a thermal hotspot, resulting in long-term degradation.
Some research states that these shadows cause junction diode failures and fire
hazards. Fire accidents can happen in PV installation. More than 80% of these
accidents are due to partial shading [38]. Commercially, the manufacturer pro-
vides a product and performance warranty for 25 years to 30 years. If the solar
panels are installed in the shaded area, the contractual agreement of the module
warranty is lost. Figure 8 shows components in which a fire occurred in a PV
plant. Table 4 illustrates the potential hazards for firefighters working close to a
PV power plant.

Modules 3% Inverters &

power electronics
28%

Fuses 4%

Connections & terminals 26%

Figure 8. Components in which a fire started in 180 PV power plant locations in Germany between
1995 and 2021 [39].

Table 4. Illustration of potential hazards for firefighters working close to PV power plants [39].

Potential Hazard  Illustration

Electrical shock

Contacting an energized conductor on an energized module or broken ener-
gized modules or exposed wires.

Slips and falls Space limitation.

Collapse The roof may collapse when support beams are weakened.

Arc or ground fault An arc may occur from exposed conductors in an energized PV power plant.

Combustion Materials in the PV power plant may be burnt and release noxious gases.

¢ Inter-raw shading The insufficient space between the top edges of two mounted strings
leads to inter-raw shading. Thus, a specified distance should be kept between the two
rows and the tilt angle should be optimized. Hence, an optimized ground coverage

ratio

(GCR) value should be considered. The GCR is defined as the ratio of the solar
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PV module area to the overall area of the array. It describes the proportion of the
system used to collect sunlight and is calculated by Equation (1).

(No. of PV Modules) x (Area of each module)

R =
cC (Total Area of PV Array)

)

The GCR provides the percentage of an area that can be utilized for the PV power
plant’s installation: the higher the GCR value, the lower the PV capacity. On the other
hand, a lower GCR means that the inter-raw pitch is increased, the shading loss is
decreased, and the specific PV power plant output is increased.

¢ Hotspots occur due to junction diode failure; fires may even happen. Finally, an annual
near shading loss of up to | 2 | % is an acceptable limit [40].

3.4. Incidence Angle Modifier (IAM) Losses

A portion of sunlight is reflected when it strikes the PV module’s surface. The reflection
is more significant when the sunlight’s incident angle is high. This reflection loss is
technically called the IAM. The PV module consists of different layers, as shown in Figure 9.
When sun rays fall on the glass, a portion of the light is transmitted through the layers
based on the theory of reflection—Fresnel’s law. If light falls on the glass surface at 90°,
then the reflection is less than 5% [41].

On the other hand, the reflection is low at a low incidence angle. The IAM applies
to both direct and diffuse irradiance. Additionally, solar irradiance is very low during
sunrise or sunset. IAM is calculated for each PV module in the array. When the angle of
incidence increases, subsequently, the loss effect increases. After 50°, the loss starts to grow
exponentially [42]. The incidence angle is inversely proportional to the solar azimuth angle.
The solution is obtained using the PV modules” antireflective coating (ARC). The ARC
entraps sunlight in a particular medium. Thus, the losses are limited to (2-3%) of the yearly
energy yield. Both the glass coating and PV cell surface are manufactured, including the
ARC, to reduce the IAM loss. Selecting materials with a high dielectric strength and a
specific thickness for ARC film allows most of the sunlight’s bandwidth to be absorbed.
Figure 10 shows how PV cells with ARC operate highly efficiently through the various
spectra of the sunlight’s wavelength. Major manufacturers provide ARC under standard
conditions for all PV modules [43].

Sun
ray /' First reflexion
/ main contribution to IAM loss

/ <

/ Second reflexion _
Air / _ < 1% of the first reflexion
',
Glass |
EVA X -
BV cell 5 |

Figure 9. IAM-PV array incidence loss [44].
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Figure 10. IAM-PV power plant losses—a comparison of surface reflection from a silicon solar cell
with and without a typical antireflection coating [44].

The IAM optical loss factor is given by Equation (2) [45]:

_ () _ RO)-A@)
1AM5 = 20) = RO~ A(0) @

where 7 is the weighted transmittance, R is the weighted reflectance, and A is the ab-
sorbance. The weight of the [AM loss factor is calculated using the spectral distribution of
radiation and the PV module spectrum response. The basic approach for describing the
IAM was developed by Souka and Safat in 1966 [45]. The American Society of heating,
refrigeration, and air conditioning (ASHRAE) developed the model. The new model is
given by Equation (3) [46].

1

where AOI is the angle of incidence. Equation (3) has a discontinuity problem at 6 40; = 90,
whereby it is inaccurate at low incident angles [46]. Another JAM model was adopted in
2006 by De Soto, based on Snell’s and Bougher’s law. In this model, the angle of reflection
(6,) is given by Equation (17) [47]:

1
0, = arcsin Esin(()) 4)
where 1 is the index of reflection of the air, n is the index of reflection of the cover glass, and
6 is the angle of IAM. IAMjp is given as shown in Equation (18) [47]:

[AMg = ;Eg; (5)
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where 7(6) is the transmittance at angle 6 and 7(0) is the transmittance normal to the sun.
7(0) and 7(0) are given by Equations (6) and (7), respectively [47].

w(e) = el 87) [1 - L (5200 + 52l 0

7(0) = lim 7(8) = exp KL ll - (1 - n>2 (7)

6—0 1+n

The typical parameters for the PV module are as follows: n (refractive index) = 1.526 (glass), K
(glazing extinction coefficient) =4 m~!, and L (thickness of transparent cover) = 0.002 m [47].
Additionally, there are Sandia IAM models that describe these losses as a 5th-order polyno-
mial [48] and the Martin and Ruiz IAM model [49-51].

3.5. Soiling Losses

These are caused by the accumulation of snow, dirt, dust, leaves, pollen, and bird
droppings on PV panels. Thus, the accumulation of soil on the PV module can lead to a
significant decrease in energy production by the PV module [52,53]. The amount of sunlight
blocked by dirt and debris accumulates on the solar panels over time. Soiling losses are not
constant throughout the year. They depend on weather and season changes. The driving
factors for the soiling losses are as follows [54]:

*  Locations vary from region to region. The soiling loss profile differs between Europe
and the gulf region. There are more dust particles in the gulf region air than in other
places due to the deserts.

*  Air pollution is not the same everywhere. It is near industrial, dense urban, and corp
land. In the agricultural area and during the season of corp harvesting, the soiling rate
increases rapidly. However, for the rest of the year, it remains deficient. The percentage
loss due to dust decomposition is higher than in other places, especially in suburban
areas where many public and private means of transport move around on the road daily.

¢ Air mist: A higher moisture content makes dust stick to surfaces. Thus, the dust
remains stuck to the surface, even with heavy wind.

*  Bird droppings: Forced cleaning is required to remove the deposition. This represents
a severe problem; the rain does not remove them. Nevertheless, their reported impact
is relatively small <2% in terms of the total soiling loss.

*  Snow: Heavy snowfall covers entire PV arrays. The whole modules are cut off from
sunlight, and there is no electricity production. However, if the module surface
is partially covered by snow, it is hazardous, as it causes electrical damage to the
PV module.

The soiling loss (SL) values observed from many solar plants throughout the world in
recent years are as follows [55]:

*  +(1-5)% if the region experiences frequent dust deposits.
*  +(1-2)% if the region is near major vehicular traffic areas.
*  0.5% if the system is cleaned in summer.

The solutions to reducing the soiling loss are as follows [4]:

*  Clean the PV surface regularly with a 15-30 day cycle for large systems and every
60-90 days for small rooftops.

e  Table 5 shows different cleaning methods used in PV solar systems.

e  Higher tilt angles help to remove dust naturally. It is recommended that the tilt angle
is low for installation. The tilt angle depends on the location and time of the year [56].
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Table 5. PV power plant cleaning methods [57].

Method Illustration

Natural Wind, gravitation, snow, rainfall.

Manual Washing using certain fluids, surfactants (detergents), clothes, and brushing.
Mechanical Brushing, blowing, vibrating ultrasonic, diving.
Self-cleaning Electric charge, surface covered with a pellucid nanofilm.

The average number of days between cleaning events (1) in the PV power plant is
given in Equation (8) [58]:

n— 00 (®)

Coptimum
where Coptimum is the optimal number of cleaning cycles, and the increment of S5 per day
is known as the soiling rate (SR). For instance, a SR of 0.2%/day means that the S, is
0.2% for the first day. Then, it increases to 0.4% and 0.6% for the second and third days,
respectively, and so on. Thus, the 5;,4 is given by Equation (9) [58].
n 2

Sioss = Yk x SR = SR

k=1

©)

where k is the number of days with no cleaning. The annual yield loss Y}, is given as
shown in Equation (10) [58].

n+1

Yioss = C X Yspec X Coptimum = 365C X Yspee X SR X (10)

where C is the installed capacity of the PV power plant, and Y. is the specific annual yield.

3.6. Potential Induced Degradation (PID) Losses

The solar panel consists of individual PV cells. Each of these cells generates electricity
from the collected sunlight. These solar cells are large photodiodes where the charge
currents are separated due to the PN junction’s electric field. The incident sunlight dislodges
electrons. These electrons then flow along with the contacts and generate green electricity.
The grounded PV array has a string or array grounding, so the potential across the system
always remains positive to the Earth. PID does not occur in grounded systems, where
the inverter’s negative pole is grounded, or in systems less than or equal to 600 V. Here,
eliminating the high negative voltage potential drives the PID phenomena. Thus, the
potential can float between high positive or negative values in an ungrounded PV array.
The high voltage difference across the solar module structure is responsible for degradation.
Due to the high negative potential to the Earth, sodium ions from glass are ionized and drift
toward the solar cell. These Na™. ions penetrate through the arc layer to the emitter layer
of the solar cell, and electrons captured by Na™ ions become Na. The high relative voltage
forces the sodium ions to diffuse from the glass through encapsulation and eventually
accumulate on the cell surface. Modules with negative potential concerning the ground are
mostly affected.

The PID affects panels closer to the string’s negative side. The negative potential
concerning the Earth is the highest on that side. In an individual PV module, the PID effect
is more potent in cells closer to the aluminum frame, whereas it is less effective in cells
in the center of the modules. Figure 11 shows that the PID affects solar modules near the
negative string more. Currently, the system level exists due to higher string voltage designs,
such as those with up to 1500 V, which can create a very high potential difference and a
transformerless inverter (floating potential) [8].
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Figure 11. PID effect in string PV modules.

Figure 12 shows three levels of strategy under control (plant, panel, cell) and the
environmental factors that can not be controlled. The PV module’s PID process may
overgrow and affect the entire PV plant’s performance in the shortest period. Consequently,
this results in damage to the PV’s plant financing and operation. PID can be prevented
and reduced at the plant level. Humidity and temperature influence the leakage current in
conjugation with the voltage level in the installation determined by the module connection
scheme and solar irradiation. The leakage current peaks during morning hours when the
modules’ faces are covered with morning dew [59].

Factors effecting PID

Environment System level Panel level Cell Level
Negative Glass with
Relative : less Na+ ARC properties
humidity grounding composition.
System Encapsulant
Temperature biasing materials -
voltage level Oxidation layers

on cell surface
increasing the
dielectric strength.

Figure 12. Factors affecting PID.

This process creates a stacking fault through the solar cell. It happens at the microcrack
surface, increasing recombination and reducing the power output—the propagation of
microcracks when walking on a PV module. When the mechanical load is released, these
cracks become invisible. The occurrence of microcracks reduce the performance and
causes a direct financial loss.These cracks also occur during transportation, installation,
and operation. Most breakage locations that occur during module design and construction
after mechanical stress tests are located in the module’s center. It is due to being the area of
the highest mechanical tension and stress by bowing [60,61].

Power reduction caused by the PID may happen gradually over time or immediately
after installation. Power loss AP is proportional to current loss through the equivalent
PV cell circuit shunt. PID is responsible for power losses of up to 30%. This mechanism
has become very important due to the high PV voltage rating. PID can affect the modules
within a few years and decrease the PV modules’ output power. More work has been done
on developing a PID sensor to detect PID before a 1% power loss occurs. The detection
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device’s operation is based on the electrical quantity, which is easy to measure. Usually,
the installation site’s modules are removed and tested indoors. This action is considered
time-consuming and costly and causes damage to the modules. Yield and efficiency are
lost in a PV power system every day. The result is a dramatic loss of earnings within a
short period of time. Polarization and leakage currents in the module cause these losses.
Solar cells become inactive. Finding a PID killer increases the PV array to a highly positive
potential and reversing the polarization effect is considered an open research problem.
In a few months or years, the performance could deteriorate by 30% to 40% or more.
PID accelerates performance degradation, which grows exponentially. An early detection
mechanism for PID is essential, because it allows for some reversal of that effect. Prevention
is always preferable to treatment. According to Finsterle, PID lowers the open-circuit
voltage (Vo) and the module’s maximum power point (MPP) [62].

PID is considered one of the crucial factors associated with PV reliability. PID testing
comprises a 96-hour test period, during which test panels are subjected to humidity and
temperature levels of 85% (£5%) and 60 °C (£2 °C), respectively. The voltages applied to
these panels may correspond to the maximum plant voltage listed in the panel datasheet.
The IV measurement is visually inspected as part of the PID testing method. The module
must pass the test without significant defects and with a power loss not exceeding 5%. PID
increases the probability of not guaranteeing a 25-year warranty life. Additionally, high
humidities and temperatures cause more significant overall losses. At an early stage, PID
can be reversed by changing the voltage bias. PID is not detectable to the naked eye. Tests
can be used to sense PID in operational sites such as thermal images, electroluminescence,
and IV curves. PID can be prevented using strings with isolation transformers between the
strings and the inverters, negative terminal grounding, and installation of the anti-PID [62].

3.7. Temperature Losses

A fraction of solar cell radiation produces electricity, and the remaining radiation is
converted into thermal energy. A portion of the produced thermal energy increases the solar
cell’s temperature, dissipating the rest from the top and bottom of the cell. The temperature
of the cell determines its electrical performance. Hence, the IV curve in the PV module at a
given irradiance states that the power output decreases when the temperature increases
and there is a voltage drop. In comparison, the PV solar output power is increased when the
temperature falls while the irradiance remains constant [11]. Conveniently, a semiconductor
demonstrates better conductivity with an increasing temperature, and at zero Kelvin, it
acts as an insulator. This can be explained by Equation (11). The net effect of temperature is
linearly related to the open-circuit voltage V;., while the temperature is associated with
the rise in the photodiode’s leakage currents. The cells with lower V,. are more affected by
temperature than cells with higher V,.. This implies that a solar cell based on crystalline
silicon with V. of 650 mV is more affected than an amorphous silicon solar cell with an V,,

of 850 mV [63,64] .
kT I
= qln<ph T 1) (11)

Fabrication of the PV module includes the temperature coefficients in the commercial
modules’ datasheet. The temperature coefficient of power is the rate of change in the
output power concerning the temperature. Likewise, the temperature coefficient is the rate
of change in a voltage concerning temperature. A typical datasheet of a commercial module
specifies temperature coefficients for the I, Vo, and power under STC. Equation (12) shows
how to calculate the PV power output concerning the temperature change %' The reference
temperature 25 °C is considered to be the STC temperature [63].

dP
P(T) = Pstc + a7 < (T — Tstc) (12)

The operator should distinguish between the module temperature and ambient temper-
ature. The difference in heat flow in and out of the module’s encapsulation solar cells is
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affected by various factors. The primary factor involved in increasing the PV module’s
operating temperature is the thermal equilibrium between the heat lost to the surrounding
environment and the PV module’s heat. Heat exchange with the surroundings depends on
the heat transfer coefficient of the module and its surface area, wind speed, and ambient
temperature. The conductive heat loss is caused by heat flow from one material to another.
The NOCT model is expressed in Equation (13), where the cell temperature depends on the
irradiance and the ambient temperature [65]. Thus, the cell temperature never goes below
the ambient temperature, and the minimum limit is at the ambient temperature. It takes
place at night when the irradiance is zero. The NOCT of a particular PV module depends
on the nominal wind speed of 1 m/s, an ambient temperature of 20 °C, the PV cell under
an irradiance of 800 W/m?, and the no-load conditions (c = 0). The performance of the
module is worse due to the temperature effects that drop the PV output power at high cell
temperatures while the sun shines in summer [63,66].

NOCT —-20°C
Teet1 = Tompient + G X ——— 13
cell ambient 300 W/m2 (13)
In addition, the energy balance is given in Equation (14) [63,66]:
atl(t) = nel(t) + UL(Teenr — Tambient) (14)

where T is the transmissivity of the cover of the solar cell, « is the absorptivity of the solar
cell, 5. is the electrical efficiency, I(t) is the PV output current (A), Uy is the overall loss
coefficient, and T, is the solar cell temperature. For no-load conditions, 7, = 0. Thus,
Equation (14) can be rewritten as Equation (15) [63,66].

E — Tcell,NOCT - Tambient (15)
Uy I(t)nocT

Thus, the cell temperature can be found with Equation (16)

ot
Teet,noCT = Tambient + EI (t)NocT (16)

3.8. Light-Induced Degradation (LID) Losses

Some modules experience a permanent blackout in power output upon initial expo-
sure to light. Thus, the efficiency is reduced. The degradation ranges from 1% up to 5%.
Hence, LID phenomena play an essential role in manufacturing a-Si-based solar panels.
Amorphous silicon (a-Si) has been the best-developed thin-film material in commercial
production since 1980. It is an inexpensive material [67]. Its amorphous nature has sev-
eral significant consequences for PV. Here, the shedding light’s absorption is acceptable,
but doping and charging transportation are difficult.

In 1977, it was discovered by Staebler-Wronski that there are dangling bonds of differ-
ent lengths and orientations in amorphous silicon (5i) materials. When the conductivity of
a-5i is exposed to light for a specific period of time, the conductivity drops to a certain level
based on the a-Si phenomenon. There are many models to explain this observed behavior.
One of these models is the hydrogen bond switching model. This model supposes that
the silicon items are bonded in the a-Si. When light shines on this material, electrons are
generated in whole pairs. These electrons and hole pairs are virtually connected. They can
recombine and release a photon from the bond. This energy breaks the bond and releases
the energy. This is essential to create the dangling bond on these silicon atoms. Briefly,
this model states that this bond is essentially switched by hydrogen. This hydrogen is
present in a-Si materials. The bonds between the two silicon atoms and hydrogen represent
H-bond switching. The dangling bond’s density increases as light shines, because of the
recombination of these electron and hole pairs that are generated as a consequence, as well
as due to the creation of dangling bond states [10].
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Another model is the hydrogen-collision model. In this model, dangling bonds are
created in these amorphous materials. Silicon items are bonded to hydrogen. When
light shines, it causes these bonds to break, creating dangling bonds on each silicon atom.
The hydrogen is subsequently set free and released [68].

3.9. PV Yearly Degradation Losses

The PV module’s performance is generally rated under STC: an irradiance of 1000 W/m?,
a solar spectrum of AM 1.5, and a module temperature at 25 °C. The module’s actual Vpy
and Ipy change as the lighting temperature and load conditions change. The module’s
performance depends on the time delay, solar installation, direction and tilt modules, cloud
cover, shading, temperature, geographic location, and day. The voltage and current fluc-
tuations are logged with a multimeter or data logger. More complex and high-efficiency
technologies have higher potential for degradation. Figure 13 shows the drop in the plant’s
output capacity for three annual degradation cases. Three key factors were used as the se-
lection criteria: reliability, technology selection, and the levelized cost of electricity (LCOE).
Technology selection depends on the insulation, temperature, precipitation, and geography.
The module’s performance was simulated based on actual weather data. LCOE describes
the cost of power produced by a PV power plant over time, typically the plant’s warranted
life. The most significant impact of LCOE is the cost of PV modules, as they constitute the
central part of the plant. Many factors impact the LCOE cost, such as the module price, the
power generated by a module over its warranted life, and the power degradation during a
module’s lifetime [12].
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Figure 13. PV power plant capacity vs. annual degradation for 0%, 1%, and 2%, respectively [69].

3.10. Array Mismatch Losses

Array mismatch losses occur when solar panels of different wattages and voltages or
manufactured by different companies are mixed. However, these are not recommended
or prohibited. In this case, particular interest should be given to each panel’s electrical
parameters. When two panels from different vendors are connected, the problem is that they
have different electrical characteristics and, thus, various degradation performances. Wiring
mismatched solar panels together negatively impacts the solar output power. Operators
should take a look at the parameters on both panels. Therefore, a datasheet is available
on the back of the panels; the operator should pay more attention to Voc, Viup, Isc, and L.
The ideal cell would have a perfect rectangular characteristic, and the closeness of the
characteristics to the rectangular shape is a measure of the cell’s quality. The solar cell’s
output power increases with solar radiation. The I, changes are essentially proportional
to the change in solar radiation. However, the voltage difference is comparatively less.
However, there are a few drawbacks. The operators should use the maximum power point
(MPPT) and charge controller to absorb the excess voltage and bring it down to the battery
bank [70,71].
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The least-rated power module determines the overall rated current in solar modules
connected in series and drags the overall plant output down. The overall voltage should
not exceed the maximum voltage limit of the MPPT charge controller connected to the
modules [72,73]. While modules connected in parallel obtain a high current, the voltage is
the lowest with parallel connections. The current in a series connection and the voltage
in a parallel connection decrease the solar array’s performance. Reducing the current or
reducing the voltage of one of the panels reduces the power output, therefore causing
a reduction in the system’s performance. Hence, wiring mismatched solar panels together
negatively impact the solar power output. As the operator adds many panels, the wire
size should be increased [13,14]. In some cases, the underperformance of a module could
have a cause as small as a crack in the module, the soiling conditions, or the presence of
some hydraulic fluid in the construction process, all of which have the same effect as the
mismatched module [74].

3.11. Module Quality Losses

Understanding the quality of PV components and translating this information into
actionable results is more important than ever. A healthy PV power plant mainly depends
on the reliability of its components. Hence, the module’s quality depends on performance
and safety issues associated with its assets. The detection of module degradation is based
on many issues, such as thermal anomalies, often giving modules a sense of power loss.
This information is combined with electrical factors at the string or panel levels, giving
further information about gradual losses in historical power data analysis. Historical
degradation by inspecting the power data is considered an important issue. It can shed
light on quantitative historical losses and trends. Combining this visual inspection and
laboratory analysis can determine and confirm the nature of degradation and safety risks.
IV measurements can quantify gradual losses compared with power nameplates. Each year,
amassed field inspection information and data are gathered and analyzed [75,76].

Defect modules can be classified into cell and interconnection types, such as corrosion,
hot spots, snail trails, broken interconnections, cracks, and burn marks. Additionally, a back
sheet includes the outer layer (airside) and the inner layer (cell side), cracking, delamination,
and yellowing. Encapsulants include discoloration, browning, and delamination. Different
defects include glass defects, a loss of the antireflection coating (ARC), and junction boxes.
The long-term performance is affected by field failures. Many modules may not be able to
last 20-30 years. Statistics show an increment in the field’s frequency and extent of module
and plant failures. All modules are not created equal in terms of new cells, technologies,
and materials. They support the worldwide PV community by generating data that
accelerates solar technology adoption. Quality testing shows many common solar panel
defects, such as scratches and uneven or excessive glue on glass and frames. Unsealing
problems exist, such as gaps between the glass and the frame. Thus, the output or fill factor
is lower than stated in the datasheet, and the cell colors and alignments are inconsistent.
Figure 14 shows some of the PV modules’ quality losses [77].
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Figure 14. Visual defects in PV modules [4].
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4. Electrical Losses

Electrical losses in PV solar systems include cable, inverter, transformer, and trans-
mission line losses. These losses can also be classified as DC plant losses, AC plant losses,
and DC to AC conversion losses.

4.1. DC & AC Cable Losses

Most solar power kits or packages do not come with wire. The installer is responsible
for the wires and cables needed for their installation. They do this because every installation
is unique, and the preference is to keep the package price low. The enormous challenge of
wire choice depends on the budget and project. An understanding of wiring materials and
diagram is needed to make the correct purchase decision for a PV solar system [19].

¢ There are many types of wire, which can get confusing. Wires differ in terms of the
conductor material’s insulation and flexibility. The most popular and widely used
conductor for solar applications is pure copper. Aluminum is another option. It is
relatively cheaper than copper. Wires can come with various insulation types that vary
in terms of their protective properties. Some work better in high temperatures, high
moisture conditions, under high UV exposure, or when exposed to fire than others
for indoor solar wiring, such as in sheds or garages. The wire can have a solid core
construction or standard, so it is flexible. Standard wire offers a greater surface area
for flow and thus delivers better conductivity than solid cores. In most cases, it is best
to use standard wire for PV solar systems.

¢ The wire’s thickness and length determine how much current can be safely carried.
A PV designer or electrical engineer can find the economically optimal wire size.

There is massive investment in solar panels, inverters, charge controllers, mounting
equipment, and batteries in PV solar systems. The plant is at risk if one chooses the wrong
excess carrying capacity for wires. One of these risks is the friction effect. Overloading
occurs when the current increases and more thermal energy dissipates. Thus, the oper-
ational temperature of the insulation and the wire rise beyond a specific limit. In some
cases, voltage loss causes equipment failure or malfunction [78]. More panels can be added
to the system and rewired at some points. The cables should meet weather and UV re-
sistance requirements, withstand an operating temperature range of —40 °C to +125 °C,
and withstand the voltage, depending on the application. Flame-retardant, halogen-free
insulation, and sheath properties are considered self-extinguishing as well as acid- and
alkaline-resistant characteristics. Cables should maintain short circuit resistance at high
temperatures of 250 °C. It is preferable to have a small diameter to save space and allow
the wire to be abrasion-resistant and have a high mechanical strength. PV cable installation
should take as little time as possible to minimize the DC voltage drop and reduce the
magnetic field’s susceptibility [79].

Most of these losses are design issues, while none are stable—they vary according to
the load conditions. Correct design and sizing of the cables, as well as regular electrical
maintenance, are the main ways to combat DC and AC cable losses. They are impacted by
choosing the right components and installing cable runs with suitable cross-section areas.

4.2. Inverter Losses

Inverters in PV solar systems mainly determine the functionality, for example, the
static and transient characteristics, performance, and reliability. These inverters’ essential
functions are DC-AC conversion, MPPT, current grid control, active anti-islanding, and var-
ious monitoring and protection requirements. The trend nowadays is to use smart inverters
with grid support features. Inverters are classified as grid-connected and stand-alone,
single-phase, or three-phase. Concerning transformer isolation, inverters can be classified
based on their line frequency, for example, high-frequency transformer or transformerless
intervers [80].
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Inverters can be classified as central, string, micro, and multistring inverters.

*  Central inverters are used in large-scale applications, as shown in Figure 15. Their
peak efficiency is around 98%. They have some problems due to a mismatch between
modules and strings. A loss of single inverters leads to the entire or a large part of the
power generation being lost.

*  String inverter systems are used in residential applications, ranging from 2 kW to
6 kW, as shown in Figure 16. In this inverter type, there are multiple strings with
individual inverters as possible configurations. String-level MPPTs are better than
nonoptimal central inverters.

*  Microinverters are used in applications requiring less than than 500 W. They are
mounted at the back of the panel with one per panel. There is a direct connection to the
single-phase grid through AC wiring, as shown in Figure 17. Concerning MPPT, there
is a higher energy yield than string converters, especially when significant shading
is expected. This type requires the elimination of high-voltage and high-current DC
switches and wiring.

¢ Multi-string inverters combine the higher energy yield of a string inverter with the
central inverter’s. Each string has its MPPT implemented alongside the DC-DC
converter.

Choosing a suitable inverter depends on the overall power system’s size. These
converters are connected via a DC bus to the inverter and, ultimately, to the grid. A new
string with a dedicated DC-DC converter must be included within a specific power range
to expand the system’s size. Central and string inverters require less labor hours and are
more affordable than microinverters. Additionally, they need fewer connections through
cables than microinverters. However, microinverters can undergo rapid shutdown. There
is no doubt that inverters are the most sophisticated devices in the PV solar system, despite
their high failure rate compared to other system devices. Table 6 shows the pros and cons
of the topologies of inverters used in PV solar systems.
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Figure 15. Configuration of the PV central inverter [81].
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Figure 16. Configuration of the PV string inverter [81].
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Figure 17. Configuration of the PV micro inverter [81].

Table 6. The main pros and cons of the topologies of inverters used in PV solar systems.

Topology Pros Cons
Central Initial investment, maintenance, DC wiring cost, shading
design, and implementation. performance loss.

Design and implementation, initial

String Performance loss mitigation. . .
investment, maintenance.
. Performance loss mitigation, DC 1. .
Micro L. . & Initial investment, maintenance.
wiring cost, design.
L Performance loss mitigation, initial =~ Design and implementation,
Multistring & & p

investment. maintenance.

Stand-alone PV solar systems are mainly used for DC loads, such as mobile applica-
tions, street lamps, signs, telephones, and water pumps connected to DC motors. On the
other hand, stand-alone AC loads are used in remote or off-grid applications because it is
not economical to extend the power grid. These systems are used in complete solar homes
with conventional AC loads, such as water pumping applications. Grid-connected solar
PV systems mostly uses central inverters and they have applications in systems ranging
from 250 kW up to 1 MW. Typically, large PV solar plants have several MW scale inverters.
The topology choice for implementation depends entirely on the system’s needs, size,
and budget. The inverter choice for a PV system depends on the inverter’s characteristics,
and the inverter should be as efficient as possible. Thus, it must deliver maximum amount
of PV-generated power to the grid or load.

Under rated conditions, the typical efficiency is more than 95%. An active islanding
detection capability is essential for grid-tied inverters. Islanding means that the inverters
in a grid-tied setup continue to power the system even though the grid operator’s power
is limited. Islanding needs to be prohibited due to safety issues. Therefore, inverters are
expected to respond and detect by immediately introducing power to the grid. This is
referred to as anti-islanding. In many situations, solar inverters are exposed to ambient
conditions. They must comply with the location’s temperature and humidity conditions,
since grid-tied inverters pump power into the grid. A high quality must be maintained to
prevent the disruption of the grid’s power flow. Thus, inverters are expected to have a low
harmonic content on the line currents. This increases the lifespan of the inverter, the crucial
power electronic device in modern PV systems. A suitable inverter is probably attained
under favorable conditions with a lifetime of around 10-12 years. The modules in a PV
system can last for over 25 years [82].

There is no benefit in harvesting energy from solar arrays during low insulation and
low-light periods (early day, late day, cloudy day). Inverters convert a fraction of the
virtually offered energy. The use of high-performance power electronics (HPPE) double
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conversion was recently attempted [83] to maximize the system’s efficiency and therefore
its profitability. Many factors should be considered when estimating inverters, such as
the electrical yield (kWh/kW), inverter’s lifespan and warranty, modularity, indoor vs.
outdoor installation, considerations inside the cabinet, high and low ambient temperatures,
and transformer isolation [84].

The decent cooling of PV solar system inverters is an essential criterion to guarantee
the reliability of their operation. If the junction temperature of switching devices exceeds
the limits, the devices fail. Heat sinks are used to remove the dissipated power in switching
devices. Thus, an adequate heat sink needs to be chosen for a particular application. It is
necessary to estimate the power dissipation in the switching device. The ideal switches
have zero ON-state drops and, hence, no conduction losses, zero leakage current, and no
OFF-state loss. Additionally, turn-ON and turn-OFF transitions are instantaneous, and there
is no energy loss during switching transitions [85]. In comparison, practical losses are finite
forward drops and conduction losses as well as finite turn-ON and turn-OFF transition
times. The transition between switch states is instantaneous, and the voltage drop across
the conducting throws is zero.

Power losses in an inverter can be expressed as shown in Equation (17).

Pac = Ppc — Peonduction — switching — Pstray 17)

The switching energy loss is calculated based on the IGBT turn-ON energy loss (Eon )
as a function of the DC voltage, current, and junction temperature and the IGBT turn-OFF
energy loss (Eorr) as a function of the DC voltage, current, and junction temperature. They
are available in the IGBT datasheets for various operating and environmental conditions.
The calculation of inverter switching is based on having a constant DC bus voltage, Eon,
and Eorr that vary with the load current. Additionally, the ripple in currents is neglected.
The variation in the switching energy loss with current can be approximated by a simple
function (linear, piecewise linear, or parabolic). Thus, the switching loss is the product of
the average switching energy loss and the switching frequency. Losses are calculated based
on how much current passes through the switch. Each switch has a DC input and an AC
output voltage to characterize inverter losses and correlate them to obtain precise efficiency
measurements. The resistance of each switch is estimated with a time-aligned temperature.
The average conduction loss in a power semiconductor device depends on the switch and
connection resistances [83]. It can be calculated using the following Equation (18)

Peonduction = lon (‘wg) Von + Ign (rms) Ron (18)

where I, (avg) and I,, (rms) are the average and rms conduction state currents, respectively.
They can be determined from the converter’s operating conditions. Vpon and Roy are the
ON-state forward voltage drop of the device and the ON-state resistance of the switching
device. It should be noted that MOSFET does not have Vpy, and other devices have
negligible Rpy [82]. The turn-OFF loss can be expressed by Equation (19)

1
Porr = 5 Vorrlontifs (19)

where Vopr and Ipy are the voltage at the OFF-state and the current at the ON-state, t; is
the current fall time for the device, and F; is the switching frequency of the converter [84].
The turn-ON losses can be expressed by Equation (20):

1
Pon = §VOFF(I;1 + Irrm) (ty; + trr) Fs (20)

where t,; is the current rise time of the transistor, I, is the reverse recovery current, and
t;r is the reverse; these expressions are somewhat simplified approximations. For accurate
estimations, the effects of the operating temperature, drive circuit design, and parasitic
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elements of the layout should be considered. The total power dissipation may be deter-
mined by summing all loss components. The losses may be observed depending on the
converter’s switching frequency. The total switching power is given by Equation (21)

Psyitching = f * (EoN + Eorr) = las X Dys (21)

Thus, ON/OFF energy losses depend on the frequency; losses increase with the turn
ON/OFF time [82]. Eon and Eprr are energy the ON/OFF states available on the datasheet.
Vs and I are the voltage and current drain sources, respectively. Good differential measure-
ments are needed to measure precise voltage and speed values to catch the rise and fall times.
In contrast, stray losses are a kind of catch-all for other losses. They include the OFF-state,
support circuit, and gate losses and all other losses that are difficult to characterize.

4.3. Transformer Losses

Losses in a transformer can be classified into two main categories: iron losses and copper
losses [86]. Iron losses are defined as core losses (constant losses). These losses are mainly
classified as hysteresis losses and eddy current losses. The hysteresis losses are the iron core’s
repeated magnetization and demagnetization cycles caused by energy losses produced by
the alternating input current. These losses can be minimized by using a core material with
minor hysteresis loss alloys, such as Mumetal silicon steel, or nanohysteresis loops. When
the magnetic field’s direction changes, some energy is lost due to heating. Thus, the core’s
magnitude and the direction of the core’s magnetic field should be changed. This energy loss
is reduced by using a core made of soft iron. The field lines produced by the primary coil may
not entirely cut the secondary coil, especially if the core has an air gap or is poorly designed,
contributing to the transformer’s flux leakage loss. This can be improved by winding the
secondary coil on top of the primary coil to ensure that all field lines from the primary coils
pass through the secondary coils. Eddy currents are circulating currents in nature, and the
eddy current losses are caused by the induced currents flowing in conductors due to the
magnetic field formed by the alternating current, leading to energy wasted as heat. The eddy
currents depend on the material’s conductivity (). They can be reduced by adding silicon
to the material. However, silicon decreases the strength of the material. Thus, around 3-5%
can be added. In a practical transformer, these losses are minimized by using a laminated
core made of thin sheets of soft iron insulated from each other to provide higher resistance.
The high resistance reduces the eddy currents’ flow and energy loss due to eddy currents in
the core. Copper losses are caused when the currents flow into the primary and secondary
windings’ resistances, resulting in heat generated by the I’R losses. Thick copper wires with
considerably lower resistance minimize these losses [87].

4.4. Transmission Line Losses

In modern society, electricity has become a necessity. However, transmitting this
power across continents is not as simple as running a cable due to the relatively large
power line resistance over long distances. Power plants have to be built every few blocks
to minimize power loss [88]. Alternative currents (AC) improve this problem by using a
transformer to set up voltages for long-distance transmission and back down. However,
this presents an entirely new set of problems. While every conductive line has intrinsic
resistive properties, AC causes another type of impedance known as reactance, which
causes further losses due to the line’s inductive and capacitive properties [89]. Inductors
resist changes in current, temporarily storing energy in the magnetic field. Capacitors
resist changes in voltage, temporarily storing energy in the electric field [87]. These can
cause phase shifts between the voltage and the currents in the line and cause an increase in
resistive losses. This is minimized by adding capacitor banks at power stations to adjust
the power factor. High-voltage power lines often emit a superior sound due to the air’s
ionization around the power lines. This is known as corona discharge. While the air is
relatively insulative, having too large of an electric field can pull the atoms’ electrons,
making the air conductive due to potentially substantial power losses. Corona discharge
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is minimized by increasing the cables” diameters and bundling multiple wires to increase
the surface area. The voltage of the power lines is generally kept well below 2 MV. When
voltage levels are above this limit, the electric field is so large that the corona discharge loss
surpasses the resistive loss of the lines themselves. Even with these precautions, power
loss is unavoidable. In transmission lines, 2-4% of the power is often lost [90].

5. Optimizing the Design of the PV Solar Power Plant

The PV solar power system design is optimized to increase performance and reduce
operating costs. The MacLeamy curve shown in Figure 18 shows that the sooner changes
are made, the better and the cheaper the whole process is. The developer can optimize their
PV solar power system at the very early stage of the project by adjusting the pitch distance
and AC/DC ratio and accelerating PV by speeding up the time to layout and reducing the
levelized cost of energy (LCOE). Thus, the efficiency is improved and more generation is
obtained from the PV solar system. There are immediate improvements and some of the
following solutions are implemented:
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Figure 18. The Macleamy curve [91].

*  Site evaluation factors, such as solar resources, the geometry of the site, the interconnec-
tion strategy, grid requirements, local restrictions, market situations, row orientation,
and the shade stripe [92,93].

¢  The optimization of cleaning solutions, which is paramount to lowering the cost and
increasing the performance and profitability of the plants [55]. The cleaning solutions
can be classified as manual, semiautomated, and automated. Manual cleaning is
typically done in regions in which labor is cheap. Tractors and brushes in areas with
low soiling rates require low cleaning frequencies. Semiautonomous robots are cheap
and typically used for smaller projects with high amounts of soiling and labor. Fully
autonomous robots are typically used for remote projects in regions with extreme
weather and soiling conditions that require a high cleaning frequency [52]. Each
solution has different concerns, needs, and water availabilities. Soiling management
solutions have lower costs per MW, increasing the site’s profitability [53].

*  Configuration parameters, such as [94]

—  The preliminary design and equipment selection.
— APV solar system’s bill of materials (BoM) includes the PV modules’ encapsulates,
front surface, back sheet, and interconnections, as well as inverters (central/
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string) and module mounting systems, such as horizontal single-axis trackers,
and a fixed tilt.

The optimal ground coverage ratio (GCR) is around 3-3.5. A higher GCR reduces
shading losses (by measuring a structure’s length and the PV’s pitch. The pitch
is related to shade control. If more land is used, more land is leased, and there
are longer cables, roads, or trenches and more giant perimeter fences or greater
vegetation management).

The DC/AC ratio (the ratio between the DC capacity of the array compared to
the AC capacity of the inverters). The optimal value is around 1.17.

The clipping loss (this phenomenon happens when the array’s maximum power
point tracking (MPPT) is greater than the maximal power available from the
inverter). A high ratio can provoke a clipping loss. The inverter cannot work under
these conditions.

Economic aspects of the inverter, including the cost, electrical balance of the
system’s costs (BoS) (the BoS encompasses all components of a PV solar system,
other than the PV system’s panels. It includes the wiring, switches, amounting
systems, solar inverters, battery banks, and chargers).

The aging of the equipment.

*  The final equipment selection.

The final optimization of the selected component and the final layout drawings.
The layout research algorithm presents the preliminary equipment and helps to
explore possible configurations to minimize the LOCE.

A suitable components rating should be installed based on how much PV solar
power plant is generated.

The PV solar system structure’s (bifacial/monofacial) arrays, the (string/central)
inverters, and the (tracker/ fixed) arrays depend on the topography analogies of
the site and the amount of power [95].

Weather station selection such as dust detection sensor should meet the PV solar
power plant location.

Monitoring systems abroad [96].

*  Operation and maintenance [97]:

The owner employs the entire in-house maintenance staff and provides all opera-
tions and maintenance tasks.

Full-turn key operational and maintenance contracts that give ability and perfor-
mance guarantees to the power plant owners.

Capex investment and secure life value of up to 20-30 years of maintenance.
Capex is calculated based on the infrastructure equipment and installation [98].

¢  Performance enhancement using intelligent solutions:

The power purchase agreement (PPA) is a contractual agreement between energy
sellers and buyers.. A PPA is usually signed for a long-term period of 10-20 years.
The industry always strives for innovations, long-term views, the implementation
of new technologies, and the ability to monitor performance.

The LCOE is beneficial as it compares systems built with different technologies by
giving the currency value per unit of energy. There is a simple balance between
an efficient project in terms of energy production and an economically viable one
that reduces capital investment and operational costs.

There should be no escalation of operating expenses (OpEx) (the day-to-day
expenses that a company has to keep its business running.). Thus, a flat OpEx
means that whatever is paid on day one is the same as that paid in year 20.

6. System Under Study

Recently, PV systems have increasingly been integrated with the electrical grid in
Jordan, facilitating procedures. One of the most important grid-connected PV systems
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is Quweira solar power plant, a 103 MW photovoltaic power station owned by the
Quweira/Aqaba government, as shown in Figure 19 (It is located in the south of Jordan
(29.76 N; 35.37 E)). The Enviromena power system is the contractor. Construction began in
2016, with a commission date of 26 April 2018. The annual net output is around 227 GWh.
The Jordanian government is the owner, and The National Electrical Power Company
(NEPCO) is the operator. The construction cost was around ($120 million). The nameplate
capacity of the 103 MW-DC is divided into two areas: a fixed plant of 52.610 MW-DC and
a tracked plant of 52.578 MW-DC. The irradiance and temperature values are obtained
hourly from the SCADA system. The Quweira PV Plant project includes eight strings of
MV-connected PV inverter stations. Every two strings are connected in a loop/ring. Thus,
the continuity of supply is maintained by having a total of 4 ring connections. They are
connected to the 2 x 33/132 kV transformers. The arrays used are the Jinko Solar JKM
315pp. The PV plant has 38 inverter transformers with a rating of 3150 kVA and a step-up
ratio of 33/0.4 kV. These inverters are the Ingecon Sun Power Max 500TL X400—1050 kVA.
The inverter transformers are connected via single-core XLPE cables with a cross-sectional
area of 240 mm? or 300 mm? via 8 string connections to the 33 kV side of the Quweira
substation. The station generated 214,636 MWh in the first year, and its performance ratios
were 79.8% and 79.2% for the fixed and tracked plants, respectively. The total module
quantity is 328,320 modules. There are 164,160 PV modules with a fixed-tilt PV installation
and 164,160 PV modules with a tracker PV installation.
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Figure 19. System under study.

Typically, fixed solar panel arrays are mounted on a sloping roof with a carefully
selected orientation, e.g., facing straight south in the northern hemisphere. The two ways
that the sun traverses the sky are horizontally, as it moves from east to west, and vertically,
as it rises and falls. The angle of incidence at which the sun’s rays strike the panel’s surface
changes and becomes more oblique as it passes across its face. As a result, the ability
of the solar cell crystals to convert energy is diminished. Trackers that only follow one
axis—horizontal movement—are known as single-axis trackers, and dual-axis trackers
follow both axes. Single-axis trackers can recover up to 45% more of the sun’s energy, while
dual-axis models can save a massive 65%, so they work well. Unfortunately, they are costly
and inappropriate for all circumstances, but they are still worth considering.

A central converter outfitted with three or four blocks connected to the same PV
and a medium voltage transformer in parallel. Table 7 shows the Quweira PV power
plant’s rating capacity. Table 8 shows the plant’s main components. Table 9 shows the
mechanical characteristics of the Quweira PV power plant module. Table 10 shows the
Quweira PV power plant’s array specifications. Table 11 shows the Quweira PV power
plant’s central inverter specifications. Table 12 shopws the Quweira PV power plant’s cable
and transformer specifications.
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Table 7. Quweria PV power plant’s rating capacity.
Total capacity 105.19 MW DC
Fixed plant capacity 52.61 MW DC
Tracked plant capacity 52.61 MW DC
Support structure 50% Fixed + 50% Tracked
Nominal PV power 103,000 kWp
Nominal AC power 81,935 kKWAC
Pnom ratio 1.257
Total PV plant generation (MWh) 214,636
Capacity factor of both parts of the plant 0.233
The PV plant’s self-consumption (MWH) 1237
Self-consumption to generation (%) 0.58%

Table 8. Quweira PV power plant’s main components.

Modules JinkoSolar JKM315PP-72
Inverters Ingeteam IS 1000TL X400
Modules in series 20
No. of strings 8640
No. of modules 172,800
Module area 335,293 m?

Table 9. Quweira PV power plant module’s mechanical characteristics.

Cell type Polycrystalline 156 x 156 mm (6 inch)
N° cell 72 (6 x 12)
Dimensions (mm) 1956 x 992 x 40
Weight (kg) 26.5 kg (58.4 Ibs)
Front glass 4 mm transmission, low iron, tempered glass

Table 10. Quweira PV power plant’s array specifications.

Specifications JKM315P(STC)
Maximum power (Pmax) 315 Wp
Maximum power voltage (Vmp) 372V
Maximum power current (Imp) 8.48 A
Open circuit voltage (Voc) 462V
Short circuit current (Isc) 9.01 A
Module efficiency under STC (%) 16.23 (%)
Operating temperature (°C) ~40 °C ~+85 °C
Maximum system voltage 1000 VDC (ETL)
Maximum series fuse rating 15A

Power tolerance 0~+3%
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Table 10. Cont.
Specifications JKM315P(STC)
Temperature coefficients of Pmax —0.04%/°C
Temperature coefficients of Voc —0.03%/°C
Temperature coefficients of Isc 0.05%/°C
Nominal operating cell temperature (NOCT) 45+2°C
Table 11. Quweira PV power plant’s central inverter specifications.
Type INGECON-SUN-1000 TL U X400 Outdoor
Recommended PV array power range 892.6-1178.3 kWp
Voltage range MPP 581-820 V
Maximum voltage 1000 V
Maximum current 1800 A
NP° of inputs with fuse holders 8-16 (16-32 for floating configuration)
Type connection to copper bars
Frequency 50/60 Hz
Phi Cosine 1
Phi Cosine adjustable Yes,Smax = 1220 kVA
THD (total harmonic distortion) <3%
Maximum efficiency 98.6%
Standby consumption 120 W
Consumption at night 120 W

Table 12. Quweira PV power plant’s cable and transformer specifications.

Cable 1% (3 x 1 x 300) mm?2 XLPE18/30(36)kVAL

315 kVA-oil typeDYN11YN11YN11

Transformer 33kV/0.4kV/ 0.4kV/0.4kV ONAN

7. Results and Discussion

Figure 20 shows the wind speed as a function of the ambient temperature and pressure
at the Quweria PV power plant. Figure 21 shows the typical vs. the measured values
of POA Irradiance for the fixed plant. Figure 22 shows the typical vs. the measured
values of POA irradiance for the tracked part plant. Figure 23 shows a sample of ambient
temperatures (°C) at the location of the system under study. Figure 24 shows a sample
of wind speeds. Figure 25 shows sun paths (height/Azimuth diagram). The total PV
arrays are represented by 20 modules connected in series and 8640 strings connected in
parallel. Figure 26 demonstrates the characteristics of the PV array at different irradiation
levels for the combined arrays used. Figure 27 demonstrates the characteristics of the
combined PV array at different temperatures. Figure 28 shows the array temperature vs.
the effective irradiance.

As mentioned in this work, PV power plant losses include thermal losses. The thermal
balance in the PVsyst software involves the heat loss factor, known as U. It is calculated as
shown in Equation (22)

U = U + Uy + wind (22)

where U, is the constant loss factor, W/m? K, U, is the wind loss factor (W/m? K m/s), and
wind,, is the wind velocity (m/s). Table 13 shows the balances and main results, where
GlobHor is the global horizon irradiation, DiffHor is the horizontal diffuse irradiation, T 4,3
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is the ambient temperature, GlobInc is the global incident in the collector plane, GlobEff
is the effective global correlation for the IAM and shading, EArray is the effective energy
at the output of the array, Eg,; is the energy injected into the grid, PR is the performance
ratio, EArrMPP is the array’s virtual energy at the MPP, and EArray is the effective energy
at the output of the array.

Ambient Air Pressure [hPa]
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Figure 20. Wind Speed as a function of the ambient temperature and pressure in the Quweria PV
power plant.
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Figure 21. Typical vs. measured values of POA irradiance for the fixed part of the Quweria PV power
plant [99].
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Figure 22. Typical vs. measured values of POA irradiance for the tracked part of the Quweria PV
power plant [99].
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Figure 23. A profile of the ambient temperature (°C) measured in June.
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Figure 24. A profile of the wind speed (m/s) measured in January.
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Figure 25. Sun paths (height/Azimuth diagram).
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Figure 26. The characteristics of the PV array at different irradiation levels.
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Figure 27. The characteristics of the PV array at different temperatures.
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Figure 28. The array temperature vs. the effective irradiance.

Table 13. Balances and main results.

Months GlobHor DiffHor Tamp GlobInc GlobEff EArray EGria PR EArrMPP EArray
(kWh/m?) (kWh/m?) (MO (kWh/m?) (kWh/m?) (GWh) (GWh) Ratio (GWh) (GWh)
January 109.1 31.00 9.70 157.0 149.6 12.63 12.16 0.748 13.56 12.63
February 120.4 34.72 10.93 160.1 152.1 12.81 12.34 0.748 13.69 12.81
March 165.5 48.05 14.55 198.3 188.9 15.45 14.87 0.728 16.63 15.45
April 193.2 53.7 19.7 210.5 200.4 15.94 15.35 0.708 17.17 15.94
May 225.1 58.59 23.63 228.9 217.3 17.06 16.41 0.696 18.22 17.06
June 236.4 54.00 25.56 238.5 226.8 17.59 16.93 0.689 18.79 17.59
July 236.8 55.49 27.00 240.5 229.0 17.77 17.09 0.690 18.88 17.77
August 219.8 51.46 27.18 238.3 2272 17.53 16.87 0.687 18.70 17.53
September 180.3 453 25.73 208.7 198.6 15.32 14.73 0.686 16.43 15.32
October 145.1 40.61 21.97 185.6 176.1 14.26 13.72 0.718 15.08 14.26
November 112.2 315 16.45 159.6 151.5 12.59 12.1 0.736 13.32 12.59
December 98.6 29.45 11.35 149.8 142.1 12.32 11.86 0.768 129 12.32
Year 2042.5 533.87 19.52 2376.3 2259.4 181.28 174.42 0.713 193.36 181.28

The main parameter needed for the wiring losses of the PV array is the resistance of
the circuit according to the wire lengths and sections. Wiring loss may be evaluated as a
percentage of the system’s power under STC. Losses of cables between the output of the
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inverter and the injection point of the energy meter should be considered. The distance and
wire section should be defined earlier. The external transformer loss should be considered
in a high rating system (MW). The LID mismatch parameter reflects the confidence of
matching the actual module set’s performance concerning the manufacturer’s specifications.
The default PVsyst value is half of the lower tolerance level for the module’s exposure
to the sun. A typical value for the LID loss factor for P-type wafers is 2%. The current
mismatch within a string is essential, because the current in the weakest module dominates
the current in the whole string.Voltage mismatch between strings has a lower impact on
the system’s performance. The soiling loss is almost negligible in temperate climates and
residential situations. It may become very significant in some industrial environments,
such as systems near railway lines or in a desert climate. Each month, the soiling loss
can be defined individually to account for periodic cleaning, rainy periods, or eventual
snow covering. The soiling loss factor is 3%. IAM is defined in the PV module within the
component database. Specific studies can be conducted using a standard profile based
on Fresnel’s laws. The auxiliaries include fans, air conditioners, and electronic devices.
Thus, Figure 29 shows the loss flow diagram for the plant under study. Figure 30 shows
the plant’s power output distribution. Figure 31 shows the normalized production per
installed kWp.

2043 KWh/m® Global horizontal irradiation

+16.3% Global incident in coll. plane

-1.98% IAM factor on global

-3.00% Solling loss factor

2259 KkWh/m* * 624549 m* coll. Effective irradiation on collectors

efficiency at STC = 16.49% PV conversion

232.7 GWh Array nominal energy (at STC effic.)
Maodule Degradation Loss ( for year #10)

PV loss due to irradiance level
PV loss due to temperature

Optimizer efficlency loss
Maxim: effic. included in the STC of the module

Module quality loss

LID - Light induced degradation
Madule array mismatch loss
Ohmic wiring loss

193.4 GWh Array virtual energy at MPP

Inverter Loss during operation (efficiency)

Inverter Loss over nominal inv. power

Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
176.5 GWh Available Energy at Inverter Output

N 0.00% Auxiliaries (fans, other)

N -0.16% AC ohmic loss

% -1.03% Medium voltage transfo loss
M 0.00% MV line ohmic loss

174.4 GWh Energy injected into grid

—_—

Figure 29. Loss flow diagram for the plant under study.
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Figure 31. Normalized production per installed kWp.

Figure 32 shows the nominal power at the input of the inverter. The operating con-
ditions above these values are limited. The violet curve shows the power, and the green
curve shows the power available from the array. In case the array is working at its MPP.
The difference between these two curves represents the overload power loss. The overload
power loss percentage is the area between these curves concerning the entire histogram
area. PVsyst software considers the sizing to be acceptable when the overload loss does not
exceed 3%. When the overload loss is 1-3%, PVsyst software shows a slightly undersized
inverter and has an orange warning. However, if the overload exceeds 3%, PVsyst software
gives an error message in red, and the simulation is impossible. If the designer wants to
create a system with a highly oversized PV array, they need to increase the potential limit
of 3% in the project’s settings. The nominal power Py, 4t is known as the DC/AC ratio.
A good sizing usually corresponds to a P,y —ratio 0f 1.25-1.3. Note that the simulation’s
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overload loss may significantly differ from the sizing value. The histogram calculation for
this rough sizing tool cannot consider all system losses. Thus, the ratio of the inverter loss
to the nominal inverter power is —1.89%.
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Figure 32. Power sizing: inverter output distribution.

One of the most critical electrical specifications in the PV solar system is the panel
efficiency [100,101]: the higher the efficiency, the smaller the surface area needed to generate
a specific output power. The size of the PV array is based on the energy production in the
darkest time of the year. Additionally, the panel output depends on the insulation, temper-
ature, and Ry . The inverter size should match the array size. Additionally, the inverter size
is based on the Ry, peak. The PV’s output voltage must be within the appropriate range in
all weather conditions throughout the year. The inverter’s efficiency varies depending on
the Ry . Simultaneously, extra cooling might be needed when the temperature is over 40°.
Thus, system design begins by analyzing the loads that need to be powered.

PR (performance ratio) is an essential tool or factor that is used globally by companies
and professionals to assess the healthiness of solar PV plants [102,103]. It is considered an
important metric in the PV industry. When commissioning a PV system, it is often used as a
contractual condition and part of the warranty. It is not altered by the system’s size or type.
It is the ratio of the effective produced energy to the ideal energy yield under STC. Usually,
the energy produced is the available usable energy delivered to the end-user or the grid.
The PR ratio includes the optical, PV array, DC to AC conversion, and other plant losses.
A simple annual PR is measured based on actual the usable energy and the annual solar
irradiance [104]. It is considered an indication of the peak capacity of the PV power plant
and is independent of the location-specific irradiance [105]. It is given by Equation (23)

PR — E x GSTC

= x 100% 23
Pp X GPOA ( )

where E is the electricity generation (kWh/year), P, is the PV module’s installed ca-
pacity (kWp), Gpoa is the total global solar irradiation sum on the plane of the array
(kWh/m? /year), and Gsrc is the global solar irradiance under STC = 1 kW /m?. PR can
be classified into two types based on its significance and applicability. First, there is the
STC equivalent PR. This is calculated by adjusting the power at each recording interval
to compensate for the difference between the actual PV module temperature T,,p;,,,; and
the STC reference temperature at 25 °C. This method is normally used when the plant’s
PR is to be measured for a short duration in the day. Second, there is the annual tempera-
ture corrected PR. This calculates the PR during the reporting period using the power at
each recording interval to compensate for the difference between the actual PV module’s
temperature T,pienr and the expected annual average module’s temperature. The annual
temperature correction is significant when the annual PR must be validated within the first
15-20 days of operation. Table 14 shows the monthly PR [99]. It shows that the plant is
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healthy and verifies the annual energy yield [106,107]. Table 15 shows the main output for
the plant under study [108].

Table 14. Monthly PR (2021) [99].

Month

January

February

March April May June July Awugust September October November December

PR %

85.3

84.1

82.3 80.5 787 774 771 77.2 78.6 81.2 83.4 85.1

Table 15. Main outputs for the plant under study.

System’s production 174,419 MWh/year
Specific production 1693 kWh/kWp/year
Performance ratio 80.9%
Normalized production 4.64 kWh/kWp/day
Array losses 1.69 kWh/kWp/day
System losses 0.18 kWh/kWp/day

Optimizing a PV plant’s design increases its performance and reduces the operat-
ing costs. The PV solar system development process can be classified into fixed design
development processes, including a regulatory framework, project site specifications, so-
lar resources, and client requirements. The configuration analysis includes equipment
selection, the design of the plant’s layout, contracting, and operational strategies—the
iterative processes concerns energy efficiency and yield calculations. Usually, grid outages
and equipment shutdowns are not considered as part of the PV solar system’s efficiency,
despite representing 2-3% of the total energy loss. Most losses are associated with the
components’ characteristics and design issues. Some approaches can help to reduce these
losses, such as regular maintenance, shading prevention, and regular cleaning to guarantee
that the maximal amount of sun energy reaches the panel’s surfaces. The equipment for the
system under study, such as the panels, mounting structures, combiner boxes, warehouses,
sensors, and especially, the pyranometers, appeared to be clean and in good operating
condition; even the internal roads were clean. The site security is controlled and monitored
by gates and fences and was found to be in acceptable shape. The scheduled preventive
and corrective maintenance activities are performed regularly. A random spot check of the
PV module was executed. It is worth mentioning that the Quwiera PV power plant is an
optimal case, corresponding to a DC/AC ratio of 1.17, a GCR of 3.1, and a PR of 80.9%.

8. Conclusions

An adequate PV solar system has a high level of performance, long-term efficiency,
and durability. Thus, putting effort into PV solar system losses can potentially exceed
financial savings. The next step is to match the power use by shifting the load to the
free electricity generation period. Understanding the PV solar loss asset management
strategies can boost solar performance. Hence, the industry should develop technologies in
succession and plan to prevent and reduce these losses. This review discussed the various
causes of PV system losses. There have been many developments to minimize these losses
in PV, such as improving the quality of materials using bifacial solar panels that use front
and rear irradiation. System components have losses in energy between states, a decreased
range, an increased weight/volume, and the creation of heat. Characterizing losses can
help us to understand, mitigate, and manage them using the most accurate measurements
to achieve reasonable measures for the derived values. Reducing a PV solar system’s losses
maximizes its power output and return. This work presented a study of grid-tied PV solar
systems using PVsyst software. The analysis showed that the PR of the system under study
is 80.9%. The measured yields for the fixed and tracked systems were 98,800 MWh and
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115.835 MWh, respectively. Future work will discuss the optimization of PV solar power
plant design to improve performance and reduce operating costs.
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