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Abstract: Today, photovoltaic panels are used in various applications, and increasing their efficiency
is of interest to many researchers. In this research, we try to increase the radiation density by
increasing direct radiation to finally increase the energy production in photovoltaic power plants.
The direct radiation amplification system is used to improve the photovoltaic efficiency. In this
proposed system, energy and economics are analyzed by MATLAB software. Also, prototype testing
and photovoltaic power plant testing are examined. The results show that by implementing this
system in photovoltaic power plants, annual energy production can be increased. By adding this
system to a photovoltaic power plant, the price of electricity produced in photovoltaic power plants
will be increased from 13 ¢/kWh to 9 ¢/kWh, which shows a 31% reduction in the price of electricity
per kilowatt-hour.

Keywords: direct radiation amplification system; photovoltaic; solar energy

1. Introduction

Nowadays, the technology developments and substantial growth of clean energy
supply for various purposes through the expansion and use of renewable energy systems
have become unavoidable [1–3]. In the meantime, solar energy has been introduced
as a privileged source to drive energy systems. There exist two leading facilities that
convert solar energy to electrical power, photovoltaic (PV) systems and concentrated solar
power (CSP).

During the decade from 2006 to 2016, the global capacity of PV systems improved by
293 GW (from 7 GW to 300) [4]. Moreover, the number of small-scale and utility-scale PV
systems, for residential and industrial applications, increased considerably [5]. It should be
highlighted that the proper price discount of PV technology and the advent of economic
motivation strategies like feed-in tariffs and net metering were the main reasons for this
trend [6]. From the economic point of view, the PV modules dominated the overall cost
of PV installations. While this value is around 35–40% of the overall investment expendi-
tures [7]. An advanced penetration of solar is in a weak position because of fluctuations
of the energy generated, which springs from the natural inconsistency of the solar energy
supply. A portion of this variation is affected by stochastic atmospheric processes such
as cloud formation and the modeling of PV facilities mostly becomes complicated and
the calculated values for some parameters turn uncertain [8–10]. Improvements in the
powerful simulations are required to reduce the rate of uncertainty [11,12].
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Accurate simulations, proper methodologies for system analysis, and periodic mon-
itoring are the practical methods to study PV systems. Yield calculations are necessary
for feasibility investigations to select the optimal locations and calculate approximately
the economic risks of the investments [13,14]. In this case, it should be noted that the
simulation of PV technologies is classified as the energy rating including a presence of
comparison among the real operational parameters of various modules under the standard
conditions. This type of simulation studies the performance ratio of different PV systems
under diverse climatic settings [15,16]. By the simulation procedures for yield estimation,
all detailed data of the system, like power losses and the number of solar radiations at
the considered location (containing shading effects, soiling impacts, and snow setbacks),
become accessible. On the other hand, energy rating models are not dependent on these
factors. Consequently, irradiation details are more important for yield calculations, while
that is not the individual and dominant element [17]. Nonetheless, it is considered for
about 50% of the total uncertainty [18,19]. The ground measurements have the highest ac-
curacy of irradiation data for PV models [20]. Nonetheless, ground sensors are sporadically
scattered and infrequently near the PV system site. Many analyses have been performed in
the field of thermal optimization of energy production systems with photovoltaic panels.
These analyses include energy exergy analysis of heat collectors and photovoltaic panels,
which increase the production capacity as well as the exergy efficiency [21–24].

Meanwhile, the combination of economical parameters with the technical factors can
present a comprehensive approach to investigating the PV modules more accurately. This
technique of analysis will improve the results of PV simulation and analysis obtained two
fold while the economic feasibilities and technical accessibilities can be examined. There-
fore, various types of methodology for techno-economic analysis have been introduced.
Hiendro et al. [25] put forward a techno-economic study of PV-wind hybrid systems for
onshore and remote areas. In this study, HOMER software was employed to conduct the
techno-economic study. Based on the results, a PV panel could generate power equal to
2079 kW/year. Moreover, the levelised cost of electricity (LCOE) for this hybrid system
was 0.751 US$/kWh. Ashtiani et al. [26] conducted a techno-economic study for a grid-
connected PV-battery facility. By comparing it to a non-renewable option, the net present
cost and the cost of energy for the on-grid PV-battery technology were greater by 15.6%
and 16.8%, respectively.

Suhane et al. [27] used the ant colony algorithm for an integrated system consisting
of PV modules, wind turbines, and batteries. The objective was concentrated to minimise
the cost for a selected location in India. Ren et al. [28] employed a novel optimization
algorithm for techno-economic optimization for an on-grid PV system integrated with
battery and fuel cells. Also, obtaining ideal management and operational strategies were
other determinations. Ahmadi et al. [29] applied a new model of techno-economic analysis
to find the improved size of an off-grid hybrid PV system integrated with a battery and
wind turbine. The thermo-economic analysis of a PV-powered air conditioner has been
performed by Aguilar et al. [30]. A comparative study among the PV and power grid
as the power supplier for the system revealed that the cost of electricity was 101.81 and
220.46 € per year, respectively. Emmanuel et al. [31] put forward an analysis with the eco-
nomic feasibility of a 10 kWp grid-connected PV system in New Zealand. The performance
ratio was from 76% to 79%. Moreover, at 4%, 6%, and 8% discount rates, the LCOE were
0.121, 0.141, and 0.162 US$/kWh, respectively, while the payback period was 6.4 years.

In addition, the economic investigations of PV systems are important in improving
the PV technology application as promising renewable energy policies stay to develop
internationally. Adaramola [32] conducted the feasibility of the grid-connected PV systems
in Nigeria. The research indicated that an 80 kWp plant presented the proper capability
to provide around 40% of the power demands while the LCOE was 0.103 US$/kWh.
Mondal et al. [33] performed the economic feasibility of a 1 MWp grid-connected PV facility
in Bangladesh. Over 15 years of monitoring, they stated that the cost of energy was
0.253–0.282 US$/kWh, which dropped over time. El-Shimy [34] employed an economic
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feasibility study of a 10 MWp grid-connected PV system for several dissimilar sites. The
cost of energy was between 0.1989 and 0.2424 US$/kWh, while the payback period varied
from 4.9 to 7.1 years. Adaramola [35] analyzed the financial feasibility of a roof-mounted
PV unit with a 2.07 kW capacity. The feed-in tariff was 0.356 US$/kWh during 25 years.
Also, the LCOE was 0.246 US$/kWh. Edalati et al. [36] applied a techno-economic study to
a 10 MWp PV system in Iran. The LCOE varied between 0.1992 US$/kWh in the southern
parts of the country to 0.3838 US$/kWh in the northern parts.

To enhance the solar radiation density, amplification systems have been used. In this
method, the maximum output power can be increased to several times more than the
initial state [37]. The most substantial amplifications happen over the transposition model
between ±1% and +6%. The amplifications also influence the energy rating considerations
since they modify the expected real efficiency of the performance ratio and the modules [5].

This work introduces an innovative method to investigate the PV systems by a direct
radiation amplification system based on the technical and economic features. For this
approach, at first, various types of solar reflecting systems were examined, which include
the photovoltaic system and the biaxial reflector with a solar tracker system. Also, their
associated problems and solutions are stated. In this case, by using five interconnected steps,
the optimal design of a PV system, located at 35/7525 north and 50/9428 east in the energy
research department, has been presented, while the direct radiation amplification system is
used. In this proposed system, different phases were studied, which included: (1) Energy
rating with associated models. (2) Simulation by MATLAB software. (3) Prototype testing.
(4) Testing in a real photovoltaic power plant. (5) Economic analysis. The results of this
study showed that by implementing this system in photovoltaic power plants, annual
energy production can be increased. Moreover, the parametric studies determined the
effects of reflector presence in the system. A review of the existing literature reveals that
this type of techno-economic investigation is direct radiation amplification systems that
have not been studied and this analysis is a novel method to assess the PV systems.

2. Design and Simulation

In the reflector design, several flat reflectors are placed symmetrically with the photo-
voltaic panels and shine sunlight to another flat reflector, and the second reflector shines a
light on the photovoltaic panels. In this system, in addition to solar radiation, photovoltaic
panels also receive radiation directed by reflectors on photovoltaic panels, which increases
the density of radiation and increases the efficiency of photovoltaic panels.

As shown in Figure 1, there are reflectors on the left while photovoltaic panels are
placed on the right, and a second reflector on top. After irradiation, the sunlight is directed
to the reflectors on the ground towards the second reflector, and after the reflection, it
hits the photovoltaic panels. This allows the solar panels, in addition to direct sunlight,
to absorb the radiation directed at them by the reflectors, which ultimately increases
energy production.
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A solar farm is a set of solar energy-based systems that use solar energy to generate
electricity. The farm may generate energy using photovoltaic panels or solar reflecting
systems. Each of the reflecting systems is called a heliostat. Simply put, heliostats are
mirrors that reflect energy reaching the receiver through the sun during the day. Each
heliostat consists of a pedestal, a supporting structure, a reflecting surface, and a solar
tracking system, which tracks the sun throughout the day and places the heliostat in a
position that reflects sunlight toward the receiver.

Solar field efficiency is calculated as follows Equation (1) [38]:

η f ield =
q to re f

q f rom sun
(1)

where q f rom sun is the total heat received from the sun and q to re f lector is the overall absorbed
heat by the reflector. The total heat received from the sun (q f rom sun) is a function of the
intensity of the sun’s radiation I(t) and the total radiant area of the solar field is (Are f ).

q f rom sun (t) = I(t)× Are f (2)

I(t) indicates the intensity of solar radiation in terms of (W.m−2) and depends on time
and geographical location. The heat flux from the receiver, which is obtained from the
reflection of solar radiation by the solar field, is always less than the heat flux received by
the heliostats. The phenomena that cause this difference and decrease the efficiency of the
solar field are shown as the efficiencies multiplied by the heat received by the sun.

Also, ηatten . ηclean .ηre f .ηcosine .ηB&S and q f rom sun are focusing efficiency, cleaning
efficiency, reflection efficiency, cosine efficiency, block, and shadow efficiency, and the total
heat received from the sun, respectively.

qto re f = q f rom sunηatten ηclean ηre f ηcosine ηB&S (3)

The block and shadow phenomenon express the effect of adjacent heliostats on each
other, and this effect is greater when the sun is close to the horizon before sunset and after
sunrise. The blocking phenomenon means that the heliostat or part of it can see the sun,
but does not see the receiver, as the heliostat is blocked by the heliostat between it and
the receiver.

Shadow occurs when the heliostat or part of it is unable to see the sun, that is, the
straight line between the heliostat and the sun is intersected by one of the adjacent heliostats.
Due to the non-repetitive position of the sun during the day and year, as well as the three-
dimensional motion of the heliostats, it is very difficult to accurately calculate the distance
between the heliostats to minimise the block effect and shadow, and so far, few approximate
models have been proposed.

2.1. Reflection Efficiency (ηre f )

Reflective surfaces of heliostats are never ideal due to fabrication errors, meaning that
they do not direct all of the irradiated beams to the receiver and some of it is reflected
into the space around the receiver, and wasted. The reflection efficiency (ηre f ) shows
beams reflected the receiver, which in this project is considered to be 0.9. This is a number
considered by large power plants, and the advancement of technology in the construction
of these plates today has increased this efficiency to 0.95.

2.2. Surface Cleaning Efficiency (ηclean)

The efficiency point to the cleanliness of the heliostat surfaces (the presence of dust
particles) on the heliostat surface is another factor in reducing the efficiency of a heliostat.
Heliostat surfaces should be cleaned according to a regular schedule to prevent this loss.
In this project, the cleanliness coefficient of 0.98 levels is considered.
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2.3. Atmospheric Loss Efficiency (ηatten)

Atmospheric loss efficiency is the energy lost by the sun’s rays in contact with airborne
particles as well as the atmosphere and depends on the clear weather conditions with foggy
dust and the distance of the heliostat from the receiver, the following equation is used to
calculate the atmospheric losses.

ηatten = 0.99321− 0.0001176× S0 + 1.97× 10−8 × S0
2 (S0 ≤ 1000 m) (4)

ηatten = e−0.0001106×S0 (S0 > 1000 m) (5)

2.4. Cosine Efficiency (ηcosine )

The cosine effect has the most losses in the solar field and plays the most important
role in determining the location of the heliostat, which depends on the location of the sun
and each heliostat. The cosine is the angle between the normal vector on each heliostat and
the angle of the sun’s rays on the heliostat, expressing the impressive reflection surface on
each heliostat. As can be seen in Figure 2, an angle of zero means that the actual surface
and the effective surface are equal, and in this case, the cosine efficiency is equal to one. If
this angle becomes greater, the effective surface area and cosine efficiency become shorter,
and the cosine efficiency for each heliostat can be obtained from Equation (6) [39].

ηcosine =

√
2

2
[sinαcosγ− cos(θH − A)cosαsinγ + 1]0.5 (6)

where α is the angle of elevation of the sun, A is the angle of the image of the sun with the
direction of the south, γ is the angle between the reflected beam from the heliostat with the
line perpendicular to the center of the heliostat, and θH is the angle of the heliostat from
the south to the receiver are shown in Figure 2.
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2.5. Calculating Cosine Efficiency by Using MATLAB Software

We calculated the cosine effect for the geographical location of the Materials and
Energy Research Institute, which is simulated and calculated at 35.75 north and 50.92 east
with γ angle of 17 degrees for one year.
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For 8760 h per year for all solar angles in this geographical position, it is calculated
using Equation (6) and two graphs are obtained, one graph for α angle of the sun in this
position and the other is the cosine coefficient.

These graphs show that on the longest day of the year when the sun is at its greatest
angle to the earth’s surface, the cosine coefficient is closer to one, and on the shortest day of
the year when the sun is at a lower angle, the cosine effect decreases. As shown in Figure 3,
this graph is drawn in three dimensions, which are the day, hour, and angle of the sun in
the sky. The angle of the sun in the sky is different in each latitude and longitude and this
chart is related to the location of the Institute of Materials and Energy. The first day is 1
January and day 365 is 31 December.
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Figure 3. Cosine efficiency and solar angle diagrams for a year in every hour. (a) Solar angle diagram
(α diagram). (b) Cosine efficiency diagram.

The maximum solar angle always occurs at noon, and the highest noon angle is related
to 21 June, which reaches 79 degrees at noon, and the lowest solar noon angle is related to
21 December with 31 degrees. Figure 3 shows the cosine efficiency and α diagrams and it is
drawn by using MATLAB software every one hour for a year. Figure 3a is drawn by using
Equation (7).

θ = cos−1(cosϕcosδcosω + sinϕsinδ) (7)

δ = 23.45sin
(

360
284 + n

365

)
(8)

where, θ, δ, ϕ and ω are the day of the year, deviation, latitude, solar noon angle respec-
tively [40].

In Figure 3b, the diagram is related to cosine efficiency, which is calculated and plotted
once every hour for one year. This diagram is solving Equation (6) for a year and once
every hour, which is drawn using MATLAB software.

This diagram is drawn in three dimensions based on the day of the year, hours,
and cosine efficiency. Day 1 corresponds to the 1 January and day 365 corresponds to
31 December. The cosine efficiency varies throughout the year and the day. The cosine
efficiency will reach its maximum during the day at noon. By paying more attention to
Figure 3b, it is found that the solar angle diagram is similar to the cosine efficiency diagram.
The cosine efficiency depends on the solar angle and can also be seen in Equation (6).
It should be noted that the cosine efficiency diagram is different for each geographical
position because the solar angle is also different for each geographical position.

2.6. Economic Analysis

The construction of a power plant can be undertaken in two ways, one with fixed
structures and without a solar tracker, and in the second case using a single-axis tracker.
Considering that the construction price of a power plant with a single-axis tracker with
dimensions of 5 MW is $1.46 (dollars) per watt (W) and the construction price of its structure
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is 13 cents per watt, and assuming that a 300 W panel has dimensions of 2 meters in length
and 1 meter in width, it can be concluded that the cost of building a single-axis solar tracker
structure is $19.50 per square meter. The price of reflectors was also investigated, which is
priced at 5 cents per square meter for large-scale production. Therefore, the cost of building
a reflective system will be $ 19.55 per square meter.

Considering the cost of building a photovoltaic power plant per watt in 2019 is around
$1.2, it costs $0.94 to build a photovoltaic power plant at its minimum capacity at a steady-
state, which will be $28,200 for a 30 kW power plant [41].

For example, a 30 kW photovoltaic power plant in Tehran will produce 51,000 kWh

of energy per year. The relation A = P r(1+r)n

(1+r)n converts the investment cost to the annual
converted cost. In this regard, A is the annual conversion cost, P is the current investment
cost, r is the discount rate and n is the number of periods. Here, the discount rate is 20%
and the number of courses is 20. One of the most important factors for building a power
plant is the amount of investment per kilowatt-hour (kW/h) of energy produced. Currently,
the investment for a photovoltaic power plant is $1060 per kilowatt. For example, for a
30 kW power plant covered in this study, the capital required to build it would be $28,200.
Because the amount of energy production is not the same everywhere, the length of the
cost of production per kilowatt-hour is not the same everywhere, and the main reason is
the amount of radiation during a year.

The construction cost per kilowatt of a photovoltaic power plant, plus the maintenance
cost per kilowatt, is $1100, and if we convert this number into an annual cost and finally
divide it by the amount of energy produced per year, in which case the cost is 13 cents per
kilowatt-hour. For power plants that use a direct radiation boost system, the construction
cost will be $1314 per kilowatt with maintenance costs. If we convert this number into an
annual cost and finally divide it by the amount of energy produced per year, in which case
it will cost 9 cents per kilowatt-hour. By comparing the cost per kilowatt-hour, production
is reduced by 31%.

3. Results and Discussion
3.1. Methodology of Pilot Tests

As shown in Figure 4, this system consists of two reflectors and a photovoltaic panel.
Reflector 1 moves with the sun in the sky and constantly reflects sunlight to reflector 2.
Reflector 2 is fixed and its task is to reflect the radiation received from reflector 1 to the
photovoltaic panel. In fact, in addition to sunlight, the panel also receives the beams that
the reflector emits.
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The dimensions of the reflectors used in this test are 1× 1 m2 with ordinary mirror
type. The photovoltaic panel used is a 60 W panel of the Yingli Solar Company; model
YL060P, which measures 66× 67 cm2. The technical specifications for panels used in tests
are shown in Table 1.

Table 1. Technical specifications of the photovoltaic panel used in the test.

Yingli Name of Manufacturer

60 W Power
13.5% Panel efficiency

22.1 volts Open circuit voltage
3.66 amps Short circuit current

−0.45% per ◦C Temperature coefficient in terms of power
of −45 ◦C to 85 ◦C Operating temperature efficiency

In Table 1, the operating efficiency of the photovoltaic panel is between −40 ◦C and
85 ◦C, it can produce energy in this temperature range. Temperature efficiency coefficient in
terms of power is 0.45% per ◦C, given that the standard of measurement in solar panels for
radiation of 1000 W/m2 is an ambient temperature of 25 ◦C, the coefficient of temperature
efficiency in terms of power means that for each ◦C more than 25 ◦C, 45% of the power
of the photovoltaic panel is reduced which is one of the most important specifications
for competition among manufacturers of photovoltaic panels to reduce this number and
is one of the important features in the price of photovoltaic panels. The efficiency of a
photovoltaic panel means that it will convert 13.5% of the received energy into electrical
energy for 1000 W/m2 of radiation at 25 ◦C.

Figure 5 shows the overview of the project include reflector 1 (Figure 5a), reflector 2
(Figure 5b), and total view of the project (Figure 5c). As can be seen in Figure 5a,b, reflector
1 and 2 measure 1× 1 m2. The reflection coefficient in these reflectors is considered to be
0.9. That means, they will reflect 90% of the received radiation. Figure 5c shows the view of
the project. As can be seen, two reflectors reflect solar irradiation to the photovoltaic panel.
Reflector 1 is equipped with two gearboxes for moving on two axes which is to adjust the
reflection of sunlight and direct it to the second reflector. As a result, reflector 2 directs the
radiation received from reflector 1 to the photovoltaic panel.

3.2. Test Days

In this experiment, analyses such as temperature analysis, wind speed, humidity,
photovoltaic power analysis with and without reflectors, potential difference, and current
intensity at different hours of the day were performed. This experiment was performed to
verify the results on two different days, 28 July 2020, in the middle of summer, as test 1,
and 20 December 2020, the last day of autumn, as test 2.
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3.2.1. Measurement and Analysis of Temperature Variables

Three temperatures are measured during the test to compare them to obtain better
results. These temperatures include:

(1) T1: panel surface temperature without the use of reflectors
(2) Tambient: ambient temperatures
(3) T2: panel surface temperatures with reflector mode.

Three temperatures are measured every 15 min. Tambient is always lower than T1 and
T1 is lower than T2 (T2 > T1 > Tambient), but this difference is not constant at the time of
testing and varies according to the diagrams of Figure 6. In this diagram, the horizontal axis
shows the time and the vertical axis shows the temperature in ◦C. The surface temperature
of a photovoltaic panel with a reflector is always higher than the surface temperature of a
photovoltaic panel without a reflector, and this is because the radiation is always higher
when using a reflector. The temperature difference between the beginning and the end of
the day is smaller and this is due to the reduction of radiation at these times of the day. The
more radiation, the greater the difference. The ambient temperature is always lower than
the surface temperature of the photovoltaic panel.
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According to Figure 6, the temperature difference between the surface of the solar
panel with reflector and without reflector at the most times not exceed 10 ◦C. Although
this 10 ◦C increase in the surface of the solar panel reduces production efficiency by 4.5%,
increasing the density of solar irradiation compensates for this plunge of efficiency.

3.2.2. Measurement and Analysis of Wind Velocity and Humidity Variables

Wind velocity was measured using an anemometer which is shown in Figure 7a. In
this diagram, the horizontal axis shows the time and the vertical axis demonstrates the
velocity (m/s). As can be seen, the wind velocity is variable and it should be noted that the
wind velocity is measured perpendicular to the panel. The wind velocity changes a lot and
these changes affect the panel surface temperature so that as the wind speed increases, the
panel surface temperature decreases and the wind velocity due to effects the temperature of
the photovoltaic panel and the temperature of the photovoltaic panel affects the efficiency
of the photovoltaic panel. Therefore, it can be concluded that increasing wind velocity
increases the efficiency of the photovoltaic panel.
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Humidity is almost constant throughout the day, as measured every 15 min. This is
shown in Figure 7b. In this figure, the horizontal axis shows the time and the vertical axis
shows the percentage of humidity. As can be seen in Figure 7b, the humidity increases
slightly at the beginning and end of the day and remains almost unchanged through-
out the day. Humidity reduces the amount of solar radiation. Humidity also reduces
direct radiation and increases indirect radiation due to the collision of light rays with air
molecules.

3.2.3. Measurement and Analysis of Radiation Variables

The amount of radiation is measured by a radiometer every 15 min. As can be seen
in Figure 8, the radiation starts to increase in the morning and reaches its maximum at
sunny noon. In Figure 8, two radiations are measured, the radiation on the photovoltaic
panel with and without reflector, which is compared in the following diagram. In Figure 8,
the panel always has more radiation with the reflector, but the important point is that
their difference is not constant because radiation is dependent on the cosine efficiency and
cosine efficiency is also dependent on the solar angle so that the cosine efficiency is not
constant. Therefore, the difference between the radiations is not constant, which will reach
its maximum at noon.
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3.2.4. Measurement and Analysis of Potential Difference Variables

The potential difference (voltage) is measured simultaneously for two panels, the
panel with and without the reflector, but gradually this distance decreased and even in a
few moments the potential difference for the panel without reflector increased from the
panel with the reflector, but again at the end of the test the potential difference with the
reflector increased. The potential difference is one of the variables in which the changes are
small. As can be seen in Figure 9, the potential difference in both modes, with and without
the reflector, decreases at noon and increases at the end of the day due to the increase in
panel surface temperature at noon and decrease in temperature at the beginning and end
of the day.
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3.2.5. Measuring and Analyzing Current Variables

The current (amperage) is measured for the panel with and without a reflector, simul-
taneously. As can be seen in Figure 10, the current in the panel with the reflector is always
higher, but their difference was not constant and depends on the radiation. Regarding
Figure 10, the current diagram is very similar to the radiation diagram (Figure 8), which
shows that the current is directly related to the radiation, and the power is equal to the
product of the current in the potential difference, and so according to the constant potential
difference, it can be concluded that with increasing radiation, the power increases and thus
increases the current. The chart reaches its maximum at noon, and at the beginning and
end of the day when the radiation is low, the electric current also shows a low number.
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3.2.6. Measurement and Analysis of Power Variables

The output power of the panel with a reflector and the panel without a reflector is
shown in Figure 11. In this diagram, the power of the panel with the reflector is always
higher than the panel without the reflector. Increased radiation is had a significant effect
on increasing power. The output power for test 1 (which is the result of multiplying the
current at any moment in its potential difference) is 80.54 for the panel with a reflector and
48.92 W for the panel without the reflector. The maximum power is in the panel with a
reflector at 12:30 with 106.16 W, while the output of the panel without reflector at 13:00 is
68.81 W. By comparing the average outputs, it is concluded that the effect of these reflectors
shows a 64.63% increase in power. Another factor that affects power is cosine efficiency.
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The output power of the panel with reflector is 46.1 watts for test 2, while the panel
without reflector was 35.5 W on average. The maximum power in the panel with reflector
is 82.9 W at 11:45 am, while the panel without a reflector has an output of 63.75 W at
11:45 The effect of reflectors on the output power of the photovoltaic panel can be seen in
Figure 11.

3.3. Comparison of Test Results

In test 1, when the power produced by a photovoltaic panel in two modes using a
reflector and without using a reflector is compared, it is seen that the average power in the
mode using a reflector is 80.54 W/h. Moreover, in the case without the use of reflectors, the
average is 48.92 W/h.

By comparing these two values, it can be seen the effect of the reflector on the increase
of power, which shows an average of 64.63% increase. This number is calculated by
Equation (9) [33].

P = I × ηcos
2 × ηre f

2 × A× ηpanel (9)

In this regard, I is the sun’s radiation, ηcos is a cosine efficiency, because it is reflected
twice, it can reach 2, ηre f is the efficiency of the reflector, and it is reached 2 because
it is reflected twice, A is the cross-section of the panel is photovoltaic, and ηpanel is the
efficiency of the panel is photovoltaic. By using Equation (9), the productive power can
be calculated. By comparing the experimental power with the computational power, the
difference between these numbers is 1–2%.

In test 2, the average power output in the model without using a reflector is 35.5 W/h
and in the mode using a reflector is 46.1 W/h. In this test, using Equation (9), when the
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calculated powers with the measured values are compared, the difference between these
numbers shows 1 to 2% error. The main reason for this error is the lack of calibration of
measuring equipment.

3.4. Testing at the 30 kW Photovoltaic Power Plant of the Materials and Energy Research Institute

The 30 kW photovoltaic power plant is located on land with dimensions of 33 × 21 m.
The power plant consists of 120 solar panels with a capacity of 250 W arranged in six rows
of 18 and a row of 12, at an angle to the south and an angle of 45◦ to the horizon. The
back-to-back distance between the panels is 5 meters, which is to prevent shadows on each
other. Also, 2 inverters are used to convert DC to AC power with 15 kW capacity.

Technical Specifications of Photovoltaic Panel Used in Power Plants

Table 2 shows the technical specifications of the photovoltaic panel used in the
30 kW power plant of the Materials and Energy Research Institute. Power efficiency
decreases in terms of power based on the standard temperature of 25 ◦C for each degree
Celsius increase.

Table 2. Technical specifications of power plant photovoltaic panel.

250 W Power

15% Radiation efficiency

−0.45% per◦C Power efficiency in terms of power

−45 ◦C to 85 ◦C Operating temperature range

Table 3 shows the technical specifications of the inverter used in the studied photo-
voltaic power plant.

Table 3. Technical specifications of the inverter used in the power plant.

15,000 V DC to AC Power Conversion Power

240 to 800 V Operating voltage range

33 amps Maximum input current

98% Work efficiency

To test the reflector system at the photovoltaic plant, the system was first tested in the
same way as the tests performed using two reflectors, as shown in Figure 12a. By using
this system, the amount of radiation on a 250 W photovoltaic panel was increased, which
increases the power for a photovoltaic panel. To calculate the amount of excess amount
of produced energy in this power plant using Equation (9), the amount of power increase
can be calculated using this system. Considering that the test was performed at 11:00 a.m.
on 27 December, the cosine efficiency value for the geographical location of the research
institute was 0.67.

The reflectance efficiency was 0.85, the photovoltaic panel efficiency was 0.15, and the
photovoltaic cross-section was 1.66 m2 and the amount of radiation was 800 w/m2. Using
Equation (9), the excess amount of energy produced by the reflector can be obtained. the
amount of excess energy produced is as follows:

P = 800× (0.67)2 × (0.85)2 × 1.66× 0.15 = 64.6 w (10)
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Figure 12. Test results in the research power plant. (a) Testing at the research plant. (b)Test results without using reflectors.
(c)Test results with using reflectors.

In this case, 64.6 W of power increase was calculated. The system was tested on a
30 kW power plant to observe the results of this system on a real power plant.

In this test, using two reflectors, a fixed reflector, and a moving reflector, it can reflect
direct radiation on one of the photovoltaic panels. At the same time, the inverter output
was examined, which shows that the increase in power was due to increased radiation.
This amount of excess energy produced by the reflector was directly related to the increase
in radiation.

As demonstrated by Figure 12, during the test, the amount of radiation was 800 w/m2

and the amount of radiation with the reflector reached 1056 w/m2. The amount of power
change also increased by 65 W. This amount of increase was for a 250 W panel and the test
was only done on one panel. This value was consistent with the data obtained in previous
tests and these results confirmed the accuracy of the results of previous tests. According
to Figure 12b,c, the amount of power output in one of the inverters of the research power
plant shows the radiation in two modes using the radiation boosting system and without
using the radiation boosting system. In the case of using the radiation amplification system,
its output reaches to 7411 W and in the case without using this system, it shows 7346 W,
which indicates an increase of 65 W of power using the radiation amplifier system.
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4. Conclusions

In this work, an attempt has been made to increase the amount of radiation in pho-
tovoltaic power plants by using this system until the average radiation. This increase in
radiation density improves the energy production by photovoltaic panels. The amount of
increase in solar radiation using this system depends on various factors such as reflection
coefficient, geographical location, temperature, the efficiency of photovoltaic panels, the
amount of radiation, and weather conditions. Most of the aforementioned factors provide
the conditions for increasing radiation on the photovoltaic panel. In this procedure higher
values of the temperature coefficient can be obtained by increasing the temperature of the
photovoltaic panel, which improves the efficiency of the system.

• The results of this research show that by using reflectors in solar panels in test 1 (28
July 2020) and test 2 (20 December 2020), energy production increases by 64.46% and
29.84 %, respectively.

• According to the cosine and solar diagrams; which were calculated by Matlab software;
the maximum solar angle and cosine efficiency always occur at noon, and the highest
noon angle is related to 21 June, which reaches 79 degrees at noon, and the lowest
noon angle is related to 21 December 21 with 31 degrees.

• The use of reflectors on a solar panel in a research plant showed a 65 W increase in
output compared to the non-reflector mode.

• Although the cost of establishing and maintaining a photovoltaic power plant with a
direct radiation amplification system increases from $1100 to $1314 per kilowatt, the
cost of generating power decreases by 31% from 13 cents to 9 cents per kilowatt.
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