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spraying the PV panel by tap water or chilled water, in order to determine the
maximum possible concentration ratio, which is called the critical concentration ratio.
Then, the model is further used to study the effect of cooling on the PV panel in real
life operating conditions in two cities; the first one is a hot city which is Cairo, Egypt,
and the other one is a cold city which is Stuttgart, Germany. The objective is to find out
the Critical concentration ratio (Cr) at which the maximum energy output from the
system can occur as a function of the operating conditions. The results of this study
show that cooling of the PV panels using chilled water system is not feasible. Therefore,
in order to improve the feasibility, a low energy cooling system should be adopted.
Such system may include spraying tap water on the PV panels, recollecting the water
and cooling it naturally underground and finally spraying it again on the panels. The
maximum output energy has increased by approximately 75%, compared to the no-
cooling case, due to water spraying, which indicates the feasibility of water spraying in
Fresnel systems.
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1. Introduction
1.1 Overheating Effect on the Efficiency of PV Panels

One of the main obstacles that face the operation of the Fresnel system is overheating due to
excessive solar radiation and high ambient temperatures which affect the panel's efficiency, output
energy [1-4] and can even burn the PV panel [5-6]. One of the important parameters that affect the
output of the Fresnel system is the concentration ratio. The concentration ratio is defined as the ratio
between the actual solar irradiance on the PV panel at a certain instant, and the solar irradiance at
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that instant [7-9]. Therefore, the output power increases in direct proportion to the concentration
ratio. As the number of mirrors increases, the concentration ratio increases and the power input
increases to a great extent causing overheating which reduces the output and may even burn the PV
cells. However, there is a critical concentration ratio at which the maximum output power is
produced. The critical concentration ratio depends on several physical parameters such as the
ambient temperature, the solar irradiance and the area of the panel. Therefore, it is important to
determine the critical concentration ratio and how it is affected in case of cooling the PV panel by
water spraying.

1.2 Cooling Techniques

Many studies have been carried out on the cooling of PV systems to determine which cooling
technique is more promising in providing the highest efficiency of the panel [10-11]. Hybrid
Photovoltaic/Thermal (PV/T) solar system is one of the most popular methods for cooling the
photovoltaic panels nowadays [12-14]. The hybrid system consists of a solar photovoltaic panel
combined with a cooling system. The cooling agent, water or air, is circulated around the PV panels
for cooling the solar cells, such that the warm water or air leaving the panels may be used for some
domestic applications such as domestic heating [12]. Chaniotakis [12] designed a hybrid PV/T solar
system where water and air were both investigated in the combined system as cooling agents.
Chaniotakis compared two methods of cooling the photovoltaic panel. The first one is PV/T air
heating collector and the second one is a water-cooled PV/T. The hybrid system consists of a PV panel
and a heat exchanger consisting of pipes with fins. Natural ventilation of air passing through the gaps
of the system absorbs the heat from the panel. It has been recorded that the overall efficiency of the
system is higher than the efficiency of a PV module with no ventilation. The efficiency of the panel
has a maximum value of 8.4% when the temperature was 67°C (minimum temperature value) and a
minimum value of 7% when the temperature was 98°C (maximum temperature value). On the other
hand, the water-cooled PV uses water as the coolant medium. It was operating in the range from
25°C to 30°C. The PV/water based was operating at lower temperatures compared to air cooled
systems. Consequently, the overall efficiency of the system was higher. The maximum efficiency was
12.5% at 27°C. Therefore, the difference between these systems is about 4.1% in solar cell efficiency.
Furthermore, the main advantage of the water-cooled system is that the heat absorbed can be used
for various applications [15-16]. The PV/T water collector’s thermal and electrical performance was
investigated for two absorbers design [17] under different solar radiation levels, 300-1100 W/m?, the
first one is serpentine and the second one is a new serpin-direct design. The results showed the
priority of serpin-direct collector design performance versus the serpentine design in terms of the
thermal and electrical efficiency. The serpin-direct PV/T design achieved 53% thermal and 14.3%
electrical efficiency, respectively, at optimum conditions of 900W/m? solar radiation and 0.06 kg/s
mass flow rate. It has been concluded by many researchers [18-20] that the water-cooled PV system
proved to be more effective than the air-cooled PV. Akbarzadeh and Wadowski [21] presented a
combined photovoltaic and thermal solar panels system. That system reduces the heat produced by
the PV system and increased the output energy of the PV panels and thermal collector. They designed
a hybrid PV/T solar system and found that the solar cells output power increases by almost 50% when
the solar photovoltaic panel was cooled using water. They also found that the surface temperature
of the solar cells reaches a maximum of 46°C when exposed to solar radiation for a period of 4 h using
water as the cooling agent. As a good cooling media, water has been widely used for PV cooling in
various forms. Kalogirou [22] studied a water-based PV/T system consisting of four monocrystalline
PV panels in Cyprus and achieved an increase of average annual electrical efficiency from 2.8% to
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7.7% with the payback periods of 4.6 years. Ghazali et al., [23] show that the photovoltaic system on
a vertical facade of a high-rise building can be implemented with a careful design approach in
Malaysia's climatic conditions. It was found that the payback period for the vertical photovoltaic
system is about 12 years while the horizontal system is 6 years. Abdolzadeh and Ameri [24] used
water spray to cool the PV panels and achieved an increase in the efficiency of cells by 3.26% to
12.5%. Another cooling method was used by Musthafa [25] where the problem of overheating was
partially avoided by fixing a water absorption sponge on the back side of the PV panel. The sponge
maintains a wet condition by the circulation of drop by drop water through the sponge. The main
objective of the work was to increase the panel's electrical efficiency by reducing the temperature of
the solar cell [25]. Abdulgafar et al., [26] investigated the cooling of a PV panel via a water immersion
technique. In their work, the performance and the electrical efficiency of polycrystalline silicon panel
were improved using distillated water immersion technique. The objective was to study the behavior
of a PV panel submerged in water and to optimize the efficiency of the panel by submerging it in
distillated water at different depths. The panel is made of polycrystalline silicon. It was found that an
evident increase of efficiency is found with increasing the water depth. Thermal drift has been
reduced and the solar panel efficiency has increased by about 11% at a water depth of 6 cm. From
the above review, it can be concluded that many researches and efforts have been made to find an
efficient cooling technology. The performance of the solar cells was analyzed using different
technologies and various cooling fluids. Water and air cooling techniques are the most frequently
used cooling techniques [27]. It was found that water cooling technique is the best cooling technique,
as the solar cells' temperature decreases significantly, the electrical performance of the solar cells is
enhanced in addition to the remarkable increase in the panel's efficiency when compared with any
other cooling technique [28-29]. This research is focusing on modelling, analyzing and comparing two
different cooling techniques on the Fresnel system. The former uses tap water in order to cool the
panels while the latter uses chilled water as the coolant. The techniques are compared in order to
show the effect of cooling on the solar panels’ characteristics at different concentration ratios. The
objective of this research is to develop a mathematical model, to estimate the net energy output
from a Fresnel system as a function of the concentration ratio and different operating conditions
including solar irradiance and ambient temperature. The model is applied in cases of constant and
variable solar irradiances and ambient temperatures. The model is further developed to account for
cooling the PV panels of the Fresnel system either by spraying tap water or chilled water. It is required
to calculate the maximum net energy in both cases of cooling and compare them with the case of no
cooling. The model is further used to find the critical concentration ratio (Cr) at which the maximum
energy output from the system can be obtained as a function of the operating conditions

2. Materials and Methodology
A mathematical model is first developed for a linear Fresnel system with no cooling and then the
model was modified to take into account the cooling either by spraying tap water or chilled water

over the glass surface of the PV panel. The electrical and physical characteristics of the PV panel used
in the system are illustrated in Table 1.
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Table 1

Characteristics of the PV panel used in this research [30]
Model No. BP 7185
Power rating 185 W
Open circuit voltage 448V
Short circuit current 55A
Voltage at maximum power 36.5V
Current at maximum power 5.10A
Nominal voltage 24V
Panel efficiency 14.7%
Fill factor 75.1%
Power tolerance 0.0-2.5%
Maximum system voltage Vmax 1000 Vv
Nominal operating cell temperature 47°C

Air temperature, solar irradiance
Maximum series fuse rating

Isc Temperature coefficient

Voc Temperature coefficient

Pmp Temperature coefficient

Cell type

Cell size (mm X mm)

Panel dimensions in mm

Weight

25°C, 1000 W/m?

15A

0.065%/°C

-0.36%/°C

-0.5%/°C
Monocrystalline silicon
125 x 125

1593 x 790 x 50
15.4 kg

2.1 The No Cooling Model

The module temperature, Tn, at a certain solar irradiance, E, and ambient temperature, Tamb, can
be calculated using the model developed by Garcia and Balenzatgeui [31] as follows

G
T.=T, . +(NOCT-20)x—xCr 1
m amb ( )XSOOX ()

where Tamp is the ambient temperature, NOCT is the nominal operating cell temperature of the
Photovoltaic (PV) module, G is the solar irradiance and Cr is the concentration ratio. The Cr has been
added to the model of Garcia and Balenzatgeui [31], in order to account for the actual solar irradiance
over the PV panel because of using the Fresnel system. The NOCT is a constant value given by the
manufacturer of the PV panels, and it is taken in this research as 47°C. The solar irradiance is taken
as an average value of 1000 W/m?2. The ambient temperature is measured as an average temperature
of the whole day and it is taken as 25°C. The power output from the PV panel P, ata certain module

temperature can be calculated based on the following model, developed by Skoplaki and Palyvos
[32], as follows

P@Tm :nref ><GX'A‘(:I-_[-))ref (Tm —25))XC|’ (2)

where nrer is the efficiency of the PV panel at the standard operating conditions, A is the area of the
panel and Breris the power temperature coefficient. The concentration ratio Cr has been added to
the model of Skoplaki and Palyvos [32], in order to account for the increase in solar irradiance over
the PV panel due to using the Fresnel system, such that GxCr represents the actual solar irradiance
over the PV panel. The average output energy E1 from the PV panel can be calculated by multiplying
the actual power output from the PV panel by the daily average time of peak Sunshine At as follows
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ElznrefXGXAX(]-_[3 (Tm_25))XCrXAt. (3)

ref

The daily average time of peak sunshine in Egypt is taken as 6 hours [33]. The output energy from
a PV panel as a function of the concentration ration is plotted in Figure 1 based on Eq. (3), in case of
a PV panel of an area of 1.26 m?, reference efficiency of 10% and the temperature coefficient of the
PV panels is -0.5%/°C, which indicates that every 1°C of temperature rise corresponds to a drop in
the efficiency by 0.5%.

Net Energy [kWh]

DI i 3 4 0
R[]
Fig. 1. Output energy from the Fresnel system versus concentration ratio, Cr,

at a constant solar irradiance, G, of 1000 W/m? and ambient temperature of
25°C

It can be seen from Figure 1 that the critical concentration ratio appears to be at a value of Cr =
4. As the concentration ratio increases beyond the critical value, the input energy increases, but the
module temperature increases resulting in decreasing the overall panel's efficiency and output
energy.

2.2 Modeling of Cooling the PV Panel by Spraying Tap Water

The cooling system of the PV panel by water spraying consists mainly of (1) a water pump, (2) a
dust filter, (3) water nozzles, (4) a drain, (5) a water tank and connecting pipes, as shown in Figure 2.
The cooling system is adopted from Moharram et al., [30]. The water pump sucks the water from the
middle of the water tank via a suction pipe to avoid sucking any dust. The suction pipe contains a
non-return valve and a strainer to avoid sucking large particles that could damage the pump. The
water passes through the filter, and then, it is sprayed over the PV modules for cooling, as shown in
Figure 2(a). Afterward, the water used for cooling is collected and returned back to the water tank.
The water tank is buried under ground to avoid heating by solar radiation and also to cool the water
inside the tank by the surrounding soil. The hot water coming from the PV panel is cooled due to
mixing with the large amount of cold water inside the tank. When the water is sprayed on the PV
panel, the panel is cooled where its temperature decreases from Tm to Tamb during a certain time and
then it is heated again by the sunshine. The temperature of the panel increases because of the solar
irradiance to reach a high temperature, T, at which the cooling system starts. The cooling process
continues until the temperature drops from Tm to the ambient temperature, Tamb, at which the
cooling stops. The cycle of heating and cooling is repeated several times within the sunshine time.
The number of cycles required for cooling the panel during its operation is required to calculate the
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pumping energy. Therefore, the time of operation of the PV panel, i.e. 6 hours, is divided by the total
time required for heating and cooling the panel. The time taken for heating the panel due to the solar
irradiance, t3, is calculated using the following equation:

m, xc, x AT
tj=———— (4)
GxAxCr

where mgis the mass of the glass, cgis the specific heat of the glass, AT is the temperature difference,
which equals to Tm-Tamb. Since the solar cells are manufactured from silicon which is almost glass and
they are covered by glass, therefore, the glass physical properties are used as the physical properties
of the PV panels. The mass of glass mg is calculated using the following equation:

my =pxAxX, (5)

where p is the density of the tempered glass and Xgis the thickness of the glass covering the PV

panel. The mass of the glass mg is 15.4 kg, and the specific heat cgis taken as 0.84 kJ/kg°C. The incident
solar rays fall on the mirrors, which have different angles of inclination a;with the horizontal, where
iis 1, 2, 3,...etc. Each mirror is located at a certain distance X; from the PV panel. The angle of
inclination of each mirror a; is related to its distance X; from the PV panel according to the following
equation:

20;= tan™ X (6)
H

where H is the distance between the reflector and the PV panel. The solar rays are reflected by the
mirrors at the same point on a reflector, as shown in Figure 2(b), and then it is reflected once again
on the PV panel.

Mirrors Reflector

e

Tank
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Fig. 2. (a) A sketch of the cooling system implemented by spraying tap water over the PV
panel and (b) a schematic diagram of the sunrays relative to the reflecting mirror and the
PV panel

The average output power of the panel is calculated using the following equation:

(Por, +Por,, )
P = S (7)

The average output energy, E1, of the PV panel is calculated by multiplying the average output
power by 6 which is the average daily sunshine hours in Egypt. The rate of cooling of the PV cells is
an important factor that highly affects their performance. Therefore, by determining the cooling rate
of the PV cells, the cooling period can be specified. The cooling time, t;, is determined based on an
energy balance, such that the heat energy gained by the cooling water, Qu, is equal to the heat energy
dissipated from the PV panel, Qg. The heat energy dissipated from the PV panel is equal to:

Qg = My xCyxAT, (8)
while the heat energy gained by the cooling water is equal to:
Quw=m,, xc, xAT, xt, (9)

where m, is the mass flow rate of the cooling water, cw is the specific heat of water, ATy is the water

temperature rise due to the heat energy gained from the PV panel, and t; is the time required for
cooling the PV panel from Tn, to Tamb and it can be calculated by equating Eq. (8) and Eqg. (9) as follows

_ mgxchAT

- AT (10)
m, xc, xAT,

t
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The number of cycles, N, needed for cooling the PV panel during the day is calculated using the
following equation:

N:T (11)

where t' is sunshine time, and t is the total time required for heating and cooling the PV panel and it
is equal to ti+t2. The water pumping energy, E2, needed by the cooling system, i.e. water pump, per
day is calculated based on the following equation:

EZ = Ppump X t X N (12)

where Ppump is the rated power of the pump. The net energy generated from the Fresnel system is
then calculated by subtracting E> from Ei1. The net energy generated from the proposed Fresnel
system after cooling by spraying tap water is calculated and the results are presented in Figure 3. The
net energy is calculated based on a water mass flow rate, muwater, of 0.48 kg/s, specific heat of water
c,, of 4.18 kl/kg°C, the specific heat of glass, cg, of 0.84 kJ/kg°C, water temperature rise, ATw, of 5°C

and a water pump of 120 W power. It is noted from Figure 3 that the net energy after cooling the PV
panel reaches a maximum value at Cr = 7.

3.0 T T T l 1 T T T T T
3

Net Energy [kWh]

7 8
Cr[]
Fig. 3. Net output energy from the Fresnel system, which is cooled by spraying

tap water over the surface of the PV panel versus concentration ratio, Cr

2.3 Modeling of Cooling the PV Panel by Spraying Chilled Water

The same system used for cooling the PV panel by spraying tap water is used in this case except
that chilled water is used instead of tap water. The water pump sucks the water from the water tank
via a suction pipe to avoid sucking any dust. The suction pipe is connected to a refrigeration unit, as
shown in Figure 4. The chilled water passes through the water filter, and then it is sprayed over the
PV modules for cooling using nozzles. The panel is cooled from Tm to Tamb during a certain time. This
process is repeated several times during the daily sunshine time. The number of cycles, N, required
for cooling the panel during the time of operation of the PV panel is determined by dividing the time
of operation per day by the total time required for heating, t1, and cooling the panel, t, during one
cycle of operation. The cooling energy, E3 required to cool down the PV panel from Tm to Tamb is
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calculated by multiplying the total heat dissipated from the panel, Qg, and the pumping power by the
number of cooling cycles per day, N, as follows

Q
E3 = (ﬁ + (Ppurrp

xt,))xN (13)
where C.0O.P. is the coefficient of performance of the refrigerating unit and it is taken as 3, which is
an average value for refrigerating machines. The net energy generated from the panel is calculated
by subtracting Ez from E1, where E1 is the average output energy from the PV panel. The results are
presented in Figure 5. It is noted from Figure 5 that the net energy output from the PV panel, in case
of cooling by spraying chilled water, has decreased to a huge extent and it becomes a negative value
with no critical concentration ratio. The decrease in the net energy output from the panel is due to
the refrigeration energy required for cooling the chilled water. Comparing the performance of the PV
panel without cooling and those with cooling by spraying tap water and chilled water, It can be seen
from Figure 1 and Figure 3 that the critical concentration ratio changes from 4, in case of no cooling,
to 7, in case of cooling by spraying tap water over the surface of the panel. Also, the net energy
output from the Fresnel system has increased from 1.85 kWh, in case of no cooling, to 3.33 kWh, in
case of cooling by spraying tap water, which corresponds to an increase of 79% in the total energy
output.

Reflector

=
(]|
Tank / |
/

Refrigerator

Pump

Fig. 4. Cooling of the PV panel of the Fresnel system by spraying chilled
water over the panel
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Net Energy [kWh]
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Crl]
Fig. 5. Net Energy Output from the Fresnel system, which is cooled by
spraying chilled water over the surface of the PV panel, versus
concentration ratio, Cr

3. Results and Discussions

The mathematical model developed in this study was used to study the effect of cooling by
spraying tap water or chilled water on a Fresnel system as a function of the concentration ratio at a
constant solar irradiance and ambient temperature. The model is then used to study the effect of
cooling on the PV panel in operating conditions in two cities, the first one is a hot city, i.e. Cairo in
Egypt, and the other one is a cold city i.e. Stuttgart in Germany, to find out the critical concentration
ratio (Cr) at which the maximum energy output from the system occurs as a function of the operating
conditions.

3.1 The Critical Cr of a Fresnel System that is Cooled by Spraying Tap Water and Installed in Stuttgart

First, the effect of no cooling and cooling by spraying tap water on the Fresnel system
performance in Stuttgart at variable operating conditions, such as solar irradiance and ambient
temperature, is studied during the selected four months of the year. These months are January, April,
July and October, which represent the four seasons of the year. The ambient temperature, Tamp, is
determined based on the average temperature of the midday of each month throughout the whole
year. The solar irradiance, G, is taken each hour on the 15th day of each month. The output energy
from the panel is calculated at different concentration ratios for different months of the year.

The results are presented in Figure 6 for the case of no cooing, and in Figure 7 for the case of
cooling by spraying tap water over the surface of the panel. The critical concentration ratio increased
from 21 for the case of no cooling to 41 for the case of cooling by spraying tap water, in the cold
month of January, as presented in Table 2, while, the maximum output energy from the PV panel
without cooling was 11 kWh and that with cooling became 19 kWh, as indicated in Table 3. This
means that the net energy increased by 8.5 kWh, i.e.77%. However, in July, which is a hot month, the
critical concentration ratio increased from 6, in case of no cooling, to 11, in case of cooling by spraying
tap water. The maximum output energy, from the PV panel before cooling, was 40.26 kWh and it
became 70.8 kWh after cooling, which means that the net energy increased by 30.54 kWh, i.e. 75%.
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Fig. 6. Output energy from the Fresnel system versus Cr in the months of January, April,
July and October in Stuttgart, Germany
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Fig. 7. Output energy from the Fresnel system versus Cr in the months of January, April,
July and October in Stuttgart, Germany. The Fresnel system is cooled by spraying tap
water over the surface of the PV panel

The results of the critical concentration ratio and the net output energy, as function of the month
of the year, in case of no cooling and cooling by spraying tap water in Stuttgart, Germany, are
presented in Table 2 and Table 3, respectively. It can be seen from Table 3 that as the critical
concentration ratio increases, the maximum output energy from the PV panel decreases i.e. the
critical concentration ratios in the hot months are very low compared to those in the cold months.
For example, the maximum output energy from the PV panel in October (a cold month) at a
concentration ratio = 59 is 11 kWh, while in July (a hot month), the maximum output energy at a
concentration ratio = 6 is 41 kWh and this is due to the high temperature of the surroundings during
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the summer, Tamb, and the high solarirradiance, G. This means that the PV panel reaches its maximum
output energy at a small concentration ratio. However, in January, the solar irradiance and the
ambient temperature are very low. Therefore, the number of mirrors reflecting the sunrays, i.e.
concentration ratio must be large in order to be able to extract the maximum output energy from
the PV panel. This is clearly shown in the values of the maximum output energy extracted from the
PV panel in both October and July.

Table 2
Critical concentration ratio without and with cooling by spraying tap water
as a function of the month of the year in Stuttgart, Germany

Month Critical ratio (No cooling) Critical ratio (cooling by tap water)
January 21 41
April 6 12
July 6 11
October 59 126
Table 3

Maximum net energy without and with cooling by spraying tap water as
a function of the month of the year in Stuttgart, Germany

Month Max net energy without Max net energy with cooling
cooling (kWh) (kwWh)

January 11 19

April 31 54

July 41 71

October 18 31

3.2 The Critical Cr of a Fresnel System that is Cooled by Spraying Chilled Water and Installed in
Stuttgart

The net energy output from the PV panel in case of cooling using chilled water is shown in Figure
8. It can be noted from Figure 8 that the energy output decrease as the concentration ratio increases,
moreover, the net energy obtained is always negative. For example, the net energy obtained from
the PV panel in July at Cr = 7 is -156 kWh which is the maximum net energy obtained compared to
those of the other months. This is due to the high temperature of the PV panel, Tn, at different
concentration ratios during July, which requires dissipating a huge amount of heat from the PV panel
in order to cool it from Tr, to Tamb. However, the net energy obtained from the PV panel in October
at Cr =7 is -9.6 kWh which is the minimum net energy obtained compared to the those of the other
months. This is due to the low temperature of the PV panel, Tm, at different concentration ratios
during October, which requires dissipating a small amount of heat from the PV panel in order to cool
it from Tm to Tamb. Despite this, it is clear that the cooling energy required in case of using chilled
water is always greater than the energy extracted from the PV panel with no cooling at the operating
conditions in Stuttgart which indicates the absence of the inflection point, i.e. the critical
concentration ratio. It is concluded that using chilled water in cooling is ineffective in comparison to
the tap water spraying cooling technique, from the energy point of view, in addition to the absence
of the inflection point.
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Fig. 8. Output energy from the Fresnel system versus Cr in the months of January, April, July
and October in Stuttgart, Germany, the Fresnel system is cooled by spraying chilled water over
the surface of the PV panel

3.3 The Critical Cr of a Fresnel System that is Cooled by Spraying Tap Water and Installed in Egypt

The same analysis done in case of Stuttgart will be performed to Egypt. The effect of cooling on
the PV panel performance in Egypt will be applied during July, which is a hot month and December,
which is a cold month. The output energy is calculated, at different concentration ratios, till the
inflection point appears, which determines the critical concentration ratio at which the output energy
reaches its maximum. After calculating the average output energy from the PV panel, E1, and the
pumping energy, E;, the net energy of the PV panel is calculated by subtracting E; from E1 and the
results are shown in Figure 9 and Figure 10. It is found that the critical concentration ratio in July
increased from Cr = 5, at no cooling, to Cr = 9, with cooling with water spraying, as shown in Figure
9. While, in December it increased from Cr = 12 to Cr = 23, as shown in Figure 10. The output energy
obtained from the PV panel in July without cooling was 59 kWh. However, with cooling the net energy
became 105 kWh, which means that the energy increased by 46 kWh, about 78%, which clearly shows
the huge effect of cooling by tap water spraying on the PV panel performance. The output energy
from the panel in December, without cooling, was 28 kWh, however, with cooling, the net energy
became 46 kWh. This means that the energy increased by 18 kWh, about 64%, which also shows the
large effect of cooling by tap water spraying on the output energy of the PV panel.

3.4 The Critical Cr of a Fresnel System that is Cooled by Spraying Chilled Water and Installed in Egypt

The same analysis done in case of Stuttgart will be performed in the case of Egypt, for the case of
cooling using chilled water. The effect of cooling on the PV panel performance using chilled water
will be applied during July, which is a hot month, and December, which is a cold month. The net
energy is calculated by subtracting the cooling energy, Es, from the average output energy, E1, and
the results are shown in Figure 9 and Figure 10. It is found that the critical concentration ratio in July
was 5 at no cooling. However, the inflection point disappeared after cooling with chilled water. In
December, the critical concentration ratio was 12 at no cooling. However, the inflection point
disappeared and the net energy decreased gradually in direct proportion with the concentration
ratio. Therefore, there is no critical concentration ratio in case of cooling with chilled water, as shown
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in Figure 9 and Figure 10. The output energy from the PV panel in July, without cooling, at Cr = 5 was
59 kWh, as shown in Table 4. However, with cooling, the net energy at this concentration ratio
became -199 kWh which means that the energy decreased to a large extent and became negative
which clearly shows the huge effect of cooling by chilled water on decreasing the PV panel energy
output. The maximum output energy from the PV panel in December, without cooling, is 28 kWh at
Cr =12, as shown in Table 5. However, with cooling, the net energy at the same concentration ratio
became -87 kWh. It is clear from the results that using chilled water as a cooling technique is
ineffective in comparison to the tap water spraying cooling technique from the energy point of view,
i.e. the net energy is negative, in addition to the absence of the inflection point.
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Fig. 9. Net energy versus Cr in July in Egypt
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Fig. 10. Net energy versus Cr in December in Egypt
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Table 4

Maximum net energy without and with cooling in July in Egypt

Type of cooling No cooling water spraying Chilled water
Critical Cr. Cr=5 Cr=9 No critical Cr
Max. net energy 59 kWh 105 kWh -ve value
Table 5

Maximum energy without and with cooling in December in Egypt

Cooling Type No cooling Water spraying Chilled water
Critical Cr Cr=12 Cr=22 No critical Cr
Max. net energy 28 kWh 46 kWh -ve value

4. Conclusions

The objective of this research was to develop a mathematical model, to calculate the net energy
output produced from a Fresnel system as a function of the concentration ratio and different
operating condition. The model was applied in the cases of constant and variable solar irradiance and
ambient temperature in two cities, namely Stuttgart and Cairo. The model was further developed to
account for cooling of the Fresnel system by spraying tap water spraying or chilled water. It is
concluded from the results of this study that the critical concentration ratio is a function of the
month; where it is very high in the cold months, where the solar irradiance, E, is very small and the
ambient temperature, Tamb, is very low. However, the critical concentration ratio is very low in the
hot months due to the high solar irradiance and the high ambient temperature. Cooling using tap
water spraying increases the critical concentration ratio. However, a critical concentration ratio
doesn't exist in the case of cooling using chilled water because the energy required for cooling is very
high compared to the energy generated from the system. Therefore, cooling of the PV panels using
chilled water system is not feasible because the energy required for cooling is so high, affecting the
net output energy and the feasibility of the system. The critical concentration ratio in general, is high
in Stuttgart when compared to that of Cairo. For example, the critical concentration ratio in Stuttgart
in July in case of cooling by spraying tap water is 11, while in Cairo, it is 9. In December, the critical
concentration ratio reaches 41 in Stuttgart, however, it reaches 23 in Cairo. This is due to the low
ambient temperature and low solar irradiance in Stuttgart compared to those in Cairo.
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