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Abstract

The article presents a water-cooling system for photovoltaic (PV) modules using a two-axis tracking system
that tracks the apparent position of the Sun on the celestial sphere. The cooling system consists of 150
adjustable spray nozzles that cool the bottom layer of PV modules. The refrigerant is water taken from a tank
with a capacity of 7 m?. A water recovery system reduces its consumption with efficiency of approximately
90%. The experimental setup consists of a full-size photovoltaic installation made of 10 modules with
an output power of 3.5 kWp combined with a tracking system. The article presents an analysis of the cooling
system efficiency in various meteorological conditions. Measurements of energy production were performed
in the annual cycle using three different types of photovoltaic installations: stationary, two-axis tracking
system and two-axis tracking system combined with the cooling system.
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1. Introduction

Most of solar radiation absorbed by photovoltaic (PV) cells is converted into heat, and
only 15-20% is converted into electricity. Technologies such as half-cut or heterojunction solar
cells (HJT) help to limit the temperature rise of photovoltaic panels. The effectiveness of applied
solutions can be judged by the temperature coefficient of power (y), which determines the decrease
in PV module efficiency with a temperature increase of 1°C. Usually, the value of y factor does
not exceed 0.42%/°C. In the case of PV module made in half-cut or HJT technology, the value
of the temperature coeflicient of power is in the range of 0.25-0.37%/°C, for the tested PV
modules is equal to 0.35%/°C. Dupeyrat et al. using a commercial c-Si PV cell performed
measurements of spectral reflection and spectral response of the tested PV cell. About 90% of
solar radiation is absorbed by the photovoltaic cells [1]. Therefore, reducing the temperature of
a PV module can significantly increase efficiency. Cooling techniques for photovoltaic modules
are divided into passive and active methods [2]. The passive methods use water or air to cool
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photovoltaic surface, whereas, active methods are those that use energy to cool PV modules, e.g.
the Peltier effect [3]. Currently, there is a dynamic development of co-generation components
such as PV-thermal collectors (PVTs). The solution uses photovoltaic cells and an absorber
that removes excess heat. PVT modules do not have a selective absorber and thermal insulation
as good as typical solar collectors, which causes a higher heat loss. Therefore, the obtained
medium temperature is lower. Despite that, it is one of the most effective solutions for converting
solar energy into electricity, therefore many studies and measurements have been carried out
theoretically and experimentally [4—6]. Herrando M. et al. developed a method for modelling
the efficiency of conversion of solar energy to electricity by combined cooling, heating and power
systems based on hybrid PVT collectors [7].

Nomenclature
Apy — surface area of PV module [mz] Prax — maximum power generated from PV
Cg — specific heat capacity of glass modules [W]
[J/(kg-K)] Rg — series resistance [Q]
Ccw — specific heat capacity of water t — cooling time [s]
[J/(kg-K)] taNocT — ambient temperature in NOCT condi-
Gr — solar radiation power density [W/m?] tions [°C]
Gt NocT — solar radiation intensity in NOCT tpy — cell temperature [°C]
[W/m?] tpy,sTc — temperature of PV cell in STC condi-
1 — photovoltaic cell current [A] tions [°C]
Ipg — photocurrent generated in the PV cell tpy,NocT — temperature of PV cell in NOCT
[A] cond. [°C]
Ip — diode current [A] Ur, — load voltage [V]
Ipo — dark current of diode [A] 1% — volume of flow rate [m/s]
Ig — solar irradiance incident on PV sur- ap — temperature power factor [%/°C]
face [W/m?] ag — diode quality factor
Isy — shunt resistance current [A] Pg — glass density [kg/m3]
Isc — short-circuit current [A] Pw — water density [kg/m?]
' — load current [A] npy — efficiency of photovoltaic module [%]
Jo — temperature coefficient [A/K] 1STC — efficiency of photovoltaic module in
My — mass of flow water [kg] STC cond. [%]
mg — mass of glass [kg] & — nominal efficiency of photovoltaic

module [%]

On the other hand, Vallati A. et al. studied the efficiency of a thermal system composed
of a heat pump coupled with PV-thermal collectors [8]. Another solution to increase efficiency
of solar energy conversion into electricity is the use of PVT collectors with solar concentrator
systems [9-11]. A solar concentrator increases the value of solar radiation intensity falling onto
a photovoltaic surface, but at the same time increases the temperature of PV modules. In the case
of photovoltaic thermal collectors, the increase in the temperature power factor is limited by
the cooling system. However, the solution is very rarely used commercially because the solar
radiation concentrator should be combined with a tracking system which eliminates the shading
and masking effect caused by the concentrator mirrors [12]. Therefore, the cooling systems are
most often used in photovoltaic systems installed on the ground. The article presents the solution
for a cooling system adapted to a two-axis tracking system which changes the spatial orientation
of the PV system [13—15].
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2. Effect of overheating on the efficiency of a PV module

In the mathematical analysis of a photovoltaic module a single-diode model was used. A single-
diode model of an ideal PV cell contains a parallel connection of the power source and diode. For
a better representation of the actual operating conditions of the photovoltaic cell, series resistance
(Ry) and shunt resistance (Rsg ) are also taken into account. The single-diode model of a PV cell
is described by the equation:

I=1Ipg —Ip —IsH, (D

where: I — photovoltaic cell current, /py — photocurrent generated in the PV cell, Ip — diode
current, /sy — shunt resistance current.

The value of the /py depends on the intensity of solar radiation and the temperature of the pho-
tovoltaic module. The value of /pg is described by following equation:

Gr
Ipy =Isc | — | + Jo(tpy — ¢t , 2
pH = Isc (1000) o(tpy — tpv,sTC) ()
where: Isc — short-circuit current, G —solar radiation power density, Jo — temperature coefficient,
tpy — cell temperature, tpy stc — cell temperature in standard test conditions (STC).

The value of the diode current (Ip) is determined as follows:

q (UL + RSIL)) B 1]
agkptpy ’

Ip =1 [eXp( 3

where: ¢ = 1.602 - 1079 [C], UL - load voltage, Rg — series resistance, I} — load current,
a4 —diode quality factor, kg — Boltzmann’s constant 1.38 - 10723 [J/K]. The relationship determi-
nes the value of the current I the:

3
t E 1 1
10=IDO( PV )exp[“( ——)], @
Ipy STC agkp \tpv,sTC  tPV

where: Ipo — the “dark” current of diode. Substituting the presented mathematical dependencies
(2)-(4), for the (1) the mathematical model has been obtained of a photovoltaic cell, which was
used in the current-voltage and output power analysis:

G
I=1Isc (—0) +Jo (tpv — tpv,sTC) — o [GXP(

q(UL+R51) U+ Rgl
1000 ! ’ ®)

agkptpy RsH

In the case of a good quality photovoltaic cell, for the value of Rg - Rg}{ < 1, it can be assumed
that the value of the Isc is approximately equal to the value of Ipg. Assuming that Iy = 0
and U = Upc, i.e. when the electrodes of the cell are not connected to each other, the equation
of the open circuit voltage (Upc) is obtained:

kgt 1
Uoc = BPV-1n(1+£). (©6)
q Iy

Based on the presented (1)—(6), it can be concluded that the efficiency of a photovoltaic module
is strongly related to its temperature. Using the single-diode model and technical parameters
of the Q.PEAK DUO-GS8 [16] photovoltaic module, the power-voltage P(V) characteristics (Fig. 1)
were obtained for four different temperature values: 0°C, 25°C, 50°C and 75°C, which is presented
below.
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Fig. 1. The power-voltage characteristics of Q.PEAK DUO-GS8 PV cell as a function of temperature
for 0°C, 25°C, 50°C and 75°C.

The power-voltage characteristics are the relation between the electrical power output and
the voltage output depending on the temperature of the PV module. An increase in the temperature
of the photovoltaic module causes a decrease in the temperature coefficient of voltage (5) by
0.27%/°C and an increase in temperature coefficient of current (@) by 0.04%/°C. As a result,
an increase in temperature of PV by 1°C increases the value of the temperature coefficient
of power (y) by 0.35%/°C [16]. To verify the given parameters can be used solar simulator [17].
The amount of electricity produced by a PV system depends on the temperature of the PV
modules. An increase in temperature of 25°C reduces the output power of the photovoltaic module
by 9% (ground installation) and 18% (rooftop installation) [18, 19]. Moreover, the degradation
of PV modules and their subsequent loss of performance has a serious impact on the energy
produced. The changes in parameters during the time operation of PV panels can be determined
using algorithms that use the value of the output voltage and current [20]. In order to increase
the amount of electricity produced by a photovoltaic system, the temperature of the photovoltaic
panels should be maintained in conditions similar to the normal operating cell temperature
conditions (NOCT).

In the analysis of output power of a PV module in relation to its temperature, there can be
applied a simplified formula that uses the values of ambient temperature, solar radiation intensity
and parameters in NOCT conditions [21]:

tpy =14 + (tpv,NOCT — tA,NOCT) (L) @)
Gr NocT
where: fpy nocT — temperature of the photovoltaic cell in NOCT conditions, 4 nocT — ambient
temperature in NOCT conditions, Gt noct — solar radiation intensity in NOCT conditions.
Equation (7) does not take into account the temperature power factor and temperature under
standard test conditions. For the most accurate results of simulation, there was used a relationship
proposed by Homer, who uses the given parameters in NOCT and STC conditions [22]:

Gr ) [1 _ USTC(I*(UPV,STC):I

A+ (fPV,NOCT - lA,NOCT) (

Gt NoCcT Tapy
tpy = )]
1 _ Gr Y1ISTC ’
+ (tpv,NoCT — fA,NOCT) Grrnoor N Zamy
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where: fpy st — cell temperature in standard test conditions, y — temperature coefficient of power,
nstc — efficiency of PV module in STC conditions, Tapy — product of transmittance and absorp-
tivity. In the mathematical analysis, there should be included the parameters that characterize
a particular PV module. This is important to obtain reliable results.

3. Experimental setup

The temperature of photovoltaic cell has a significant impact on the amount of electricity
produced. PV modules placed on a tracking system reach a temperature of 52-54°C on a cloudless,
sunny day. According to datasheet of the PV module [16], the output power of the PV system
should be 7.6 percentage points less than the nominal output power. The measurement results made
with the SOFAR inverter (Fig. 2) indicate that the maximum output power on a sunny, cloudless
day was 2.8 kW, instead of the theoretical 3.3 kW. On the next day, the output power was measured
during the day with temporary overcast. Cloudiness lowered the temperature of the photovoltaic
modules, which temporarily increased the output power to the nominal value after the cloud has
passed. The increase of PV module temperature on sunny, cloudless day caused a decrease in
produced power at the level of 13.4% in relation to the nominal value output power.

- = = = cloudy day

sunny day

w

—————————

SET=TSTT

i,
- -
a=s o

OUTPUT POWER [kW]
L]

y

6 8 10 12 14 16 18 20
TIME [hour]

Fig. 2. Output power of the experimental setup on a temporary overcast and sunny day.

The experimental setup was made to study the effect of cooling on the output power of photo-
voltaic modules. The experimental setup consists of two-axis tracking system adapted to photo-
voltaic installation comprising 10 modules with the total power equal to 3.5 kWp and combined
with a SOFAR inverter with an output power of 3.3 kW (Table 1). The tracking system allows
to change the position of PV modules from 0° to 235° in the horizontal direction, and 0°~75° in
the vertical direction. The apparent position of the Sun on the celestial sphere is determined by
the developed tracking controller [23].

The cooling system consists of spray nozzles, an electronic driver and a high-pressure water
pump with a tank. The block diagram of the presented solution is shown in Fig. 3.
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Table 1. Electrical and physical characteristics of the applied photovoltaic module.

Electrical characteristics Temperature coefficients
Model no. Q.PEAK DUO-G8 Temperature coefficient of current @ +0.04% - °C~!
Power at maximum power point Pyjpp 350 W Temperature coefficient of voltage 8 -0.27% - °C~!
Open circuit voltage Voc 40.7V Temperature coefficient of power y -0.35% - °C~!
Short circuit current Isc 10.74 A Physical characteristics
Voltage at maximum power point Vipp 3424V Cell type Monocrystalline silicon
Current at maximum power point Iyipp 10.22 A Photovoltaic system 10 modules
Panel efficiency n 19.5% Inverter SOFAR 3300 W

Fig. 3. Elements of the cooling system.

The cooling system uses 150 nozzles located on the tracker frame. The nozzles spray a thin
layer of water onto the bottom layer of PV modules. Each of them cooled by 15 nozzles arranged in
3 rows of 5 pieces. The power of water stream of each nozzle is regulated by changing the opening
angle in the range from 10° to 140°. The distance between the photovoltaic module and the nozzles
is adjustable in the range of 10-50 cm, which allows for 94% coverage of the photovoltaic surface.
The cooling system uses an underground tank with the capacity of 7 m>, to which rainwater is
directed. A high-pressure pump with a power of 1320 W, a water flow of 120 I/min and a water
stream height of 78 m is used to ensure adequate water pressure in the cooling system.

The cooling system is controlled by an electronic driver which processes data from temperature
sensors resulting in turning on and off the spray nozzles. The temperature measurement is
performed for the four outermost photovoltaic panels which are located on the left and right side
of the tracking system. The temperature of each solar module is measured at four points. It is
not necessary to measure the temperature of each module because the tracking system eliminates
the shading effect. The driver of the cooling system allows to control the spraying with a fixed
time period or temperature hysteresis. In the first case, the user specifies the time to turn on and
off the nozzles of the cooling system. In the second, the electronic driver automatically controls
the nozzles based on the temperature value of the photovoltaic modules. It is also possible to
trigger the system manually, but the most effective solution is to work in a specific temperature
range. The measuring system starts with measuring the temperature of the photovoltaic panels.
If their temperature is higher than the set maximum value (#n,x), the water jets cool down
the PV module until the temperature reaches the set minimum value (#ni,). If the temperature
of the photovoltaic module is lower than the set value 7,,;,, the device is deactivated.
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4. Energy balance model and experimental results

The temperature value of the PV module was calculated with the energy balance of the cooling
medium (Qcy ) and the thermal energy of the photovoltaic panel (Qqpv ):

Qgcw =QupPv, &)
Ty < t-Cy - ATy, =mg - cg - AT, (10)

where: m,, — mass of flow water, + — cooling time, c,, — specific heat capacity of water,
AT, — rise of water temperature, m, — mass of the glass, ¢, — specific heat capacity of glass,
AT, — temperature change of the glass due to water cooling. The mass of the flow water (m,,)
and the mass of glass (m,) can be calculated as:

My = pw -V, (11
Mg = pg - Apv - Xg (12)

where: p,, — water density, V — volume of flow rate, p, — glass density, Apy — surface area
of the PV module, x, — thickness of the glass covering the photovoltaic module. By transforming
(10) and using (11) and (12), the cooling time of PV module is equal to:

:pg'Ag'xg'cg’ATg

t T
pw - V-cw - ATy,

13)

Photovoltaic panels should operate at a temperature close to temperature in standard test
conditions. Sudden and permanent changes of temperature amplitude may affect the lifetime
of the PV module. The temperature change was measured after turning on the cooling system
(Fig. 4) and after turning it off (Fig. 5). The aim of the study was to determine the dynamics
of the temperature change in order to select the appropriate operating range of the photovoltaic
module. The test was performed under the following conditions: external temperature 32.4°C,
wind speed not exceeding 4 m/s, temperature of water: 16.2°C. The results of average temperature
measurements for four measuring points are presented in the figures below.
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Fig. 4. Temperature change of the PV module after Fig. 5. The temperature change of the PV module after
turning on the cooling system. turning off the cooling system.

The obtained results show high efficiency of the presented cooling system. Ninety seconds
after starting the cooling system (Fig. 4), the temperature of the PV modules dropped from
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51.3°C to 35.1°C. During the next 5 minutes, the rate of decline decreased, and the module
temperature reached 25°C. This value corresponds to the STC conditions in which the solar
modules are tested. After 7 minutes from the start, the temperature change becomes slower
— during the next 23 minutes of measurements the temperature decreased by 3°C. Taking into
account the obtained results, the cooling system should operate in the temperature range from 25°C
to 35°C. It is a compromise between the consumption of water and high temperature amplitude
of the photovoltaic cell. Also, the temperature change of the photovoltaic module was measured
after the cooling system was turned off. The measurement was performed at the temperature
of 31.3°C and the water temperature 17.1°C. The cooling system was turned off (Fig. 5) one
minute after the start of the measurements — the temperature of photovoltaic module remained in
the range of 27-29°C. Turning off the cooling system caused a sharp increase in the temperature
of the PV module. After 5 minutes the temperature increased by 10°C. After another 6 minutes,
the solar module has reached a temperature equal to 49°C. Next, the temperature increase slowed
down and after another 10 minutes, the photovoltaic module reached its nominal value.

5. Cooling system efficiency

The output power was measured on a sunny, cloudless day. The experimental setup of 10 PV
modules has been divided and half of them worked with a cooling system which kept the module
temperature in the range of 27°C to 29°C (solid line), while the other half did not use the cooling
system (dotted line). All tested modules used a two-axis tracking system.

output power of the PV modules with cooling system

= = = = output power of the PV modules without cooling system

2.00

0.75

0.50

OUTPUT POWER [kW]
S

0.25

0.00
6 8 10 12 14 16 18 20
TIME [hours]

Fig. 6. Output power of the PV modules with and without the cooling system.

The measurement results showed that the photovoltaic panels merged with the cooling system
worked at the maximum output power. In the case of photovoltaic modules that did not use
the cooling system, the output power reached the highest value of 1.45 kW, which is 83% of its
maximum value. To better compare the results of both solutions, there was used the efficiency
factor npy, which can be calculated as:

Pmax
= ———— - 100%, 14
MV = o 14
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where: Ppax — maximum power generated from the photovoltaic modules, I — solar irradiance
incident on photovoltaic surface and Apy — surface area of the panels. The factor ¢ determines
the value of nominal efficiency of photovoltaic module:

_ ey
n

The results presented in the diagram (Figs. 7 and 8) show the value of nominal efficiency
of the PV module. The measurements were taken in the time period (11 am-2 pm), which
is characterized by an average value of solar radiation intensity equal to 981 W/m?, average
ambient temperature of 34.8°C and a clear sky.

¢ - 100%. (15)

PV modules with cooling system  sssessees PY modules without cooling system
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Fig. 7. Value of the nominal efficiency of PV modules with the cooling system (tpy = 27-29°C)
and without the cooling system (tpy = 51-53°C).
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Fig. 8. Value of the nominal efficiency of PV modules with the cooling system (tpy = 27-29°C)
and without the cooling system (tpy = 33-35°C).

Using a cooling system provides 97.9-99.0% value of nominal efficiency of PV the module
on a sunny cloudless day (Fig. 7). The horizontal lines mark the theoretical range in which
coefficient ¢ should be placed. The use of the cooling system ensures the output power of the PV
modules comparable to that achieved in STC conditions. In the case of the photovoltaic panels
that did not use the cooling system, their output power was lower than theoretical. The largest
difference was 15.9% and the lowest 6.2%, while the average value in the measured range was
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lower by 9.9%. Then, the nominal efficiency of the photovoltaic panels, whose temperature
was maintained in the range of 27-29°C and 33-35°C by the cooling system (Fig. 8), was
measured. The measurements were taken between 11 am—2 pm, with an average value of solar
radiation intensity of 965 W/m?, average ambient temperature equal to 33.2°C and clear sky.
Thew application of the cooling system reduces the value of the change in the temperature
amplitude of the photovoltaic panels. In the case of temperature in the range of 27-29°C (Fig. 7),
the results are comparable with those presented in Fig. 8. The smallest value of coefficient &
is equal to 97.5% and the highest is 99.2%, (average 98.6%). These values are in accordance
with the temperature range determined on the basis of the PV module datasheet. In the case
of the operating temperature of the PV modules in the range of 33-35°C, the average value
of the ¢ is 92.4%, which is 1.9 percentage points below the lower theoretical range. Whereas
the maximum value of ¢ factor is 93.7%, the minimum is equal to 90.8%. The use of the cooling
system maintains the temperature of the PV modules in a set range, which is comparable with
the datain STC. The absence of the cooling system causes the PV panels to operate more than 10%
below the conditions specified in the standard test conditions. It is worth noting that measurements
were made on PV modules that were not located on the roof. In that case, the difference between
measured and theoretical value would be even greater.

The analysis of energy produced by photovoltaic system (10 PV modules cooperating with
a 3.3 kW inverter) in various meteorological conditions was performed for three configurations:

1. Stationary (steel frame inclined at angle of 37°and facing south).

2. A two-axis tracking system (tracks the apparent position of the Sun on the celestial sphere).

3. A two-axis tracking and a cooling system (tracks the apparent Sun position and maintains

the PV module temperature at a set level).

The analysis of energy production was performed on the basis of the measurement results

obtained in the twelve-month period from January to December (Fig. 9).

W stationary installation M tracking system M tracking system with cooling system
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Fig. 9. Monthly energy production [kWh] by photovoltaic installation in stationary, tracking and tracking
with cooling systems.
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The stationary PV installation facing south and inclined at angle of 37° produced 3.28 MWh
in 12 months. At the same time, the application of the tracking system increased the production
to 4.75 MWh. It is an average increase of 45% compared to a stationary PV system. The use
of the cooling system with tracking system provided energy production of 4.99 MWh in tested
period, which is a 5% increase compared to the tracking system alone. The tracking system
in the winter months (November-March) provided a 26.4% increase, whereas in the summer
months (May — September) energy production was increased by 57.5% compared to stationary
PV modules. The application of the cooling system increased energy produced by 5% compared to
the modules using the tracking system only. During the five warmest months (May — September),
the cooling system increased the amount of energy produced by 209.5 kWh, compared to the
standard tracking system, which is equal to a 6.9% increase. Whereas, in the months with
the highest value of solar radiation intensity and average ambient temperature (July — August),
an increase in energy production equalled 7.7%.

Water consumption by the cooling system is proportional to the value of solar radiation
intensity in a tested month. The cooling system was not used during the winter months with low
ambient temperatures. In months with the highest average ambient temperature (July, August),
the cooling system used almost twice as much water as compared to June and September. Detailed
water consumption for each month is presented in Table 2.

Table 2. Water consumption by the cooling system depending on the month.

Month April May June July August | September | October Total
Water [dm?] | 6075 | 10725 | 33263 | 56115 61950 35288 2150 205566
consumption | [3) 6 11 33 56 62 35 22 206

Despite the high water consumption (206 m®), the operating costs of the cooling system
is insignificant. The use of a water recovery system with an external tank (7 m?) allowed for
recovery of almost 90% of water. Moreover, the water tank is supplied with rainwater, which
further reduces the cost of operation the cooling system.

6. Conclusions

The presented cooling system increases the efficiency of the photovoltaic system, ensures
the energy production with a power comparable to that in STC conditions. The analysis of tem-
perature change of photovoltaic modules cooperating with the cooling system showed that the PV
module temperature should be maintained in the range of 25°C to 27°C.

The photovoltaic installation with an output power of 3.5 kWp (3.3 kW inverter) cooperating
with a two-axis tracking system and a cooling system produced 4.99 MWh in 12 months. This
is a 5% increase in energy production compared to PV modules without a cooling system which
produced 4.75 MWh. The cooling system works effectively in the summer months with high
solar irradiance and ambient temperatures. In the research period, the cooling system increased
the amount of energy produced by 236.1 kWh. Whereas, considering the four warmest months
(June-September), the increase is equal to 180.6 kWh, which corresponds to a 7.3% increase
in energy production.

The application of the two-axis tracking system (change of spatial orientation) and the cooling
system (temperature coeflicient of power y) eliminated the most important factors causing reduced
efficiency of the photovoltaic installation. The first solution tracks the apparent position of the Sun
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on the celestial sphere which ensures appropriate incidence angle of solar radiation. The second
solution reduces the influence of temperature coefficient of power PV module on its efficiency.
The presented solutions can be merged a with solar concentrator system of a low concentration
ratio (CR). The measurements, performed for CR equal to 1.5 and 2.0, showed that the cooling
system kept the temperature of PV modules within the set range.
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