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Abstract: This work aims at analyzing and architecting natural and artificial parameters to model
a water-film cooling system for photovoltaic modules for some months under warm conditions.
Methodologically, the theoretical and technical aspects were structured to develop, implement,
monitor, and assess the cooling system at an on-grid, outdoor testing unit, considering the following:
(i) the criteria to select and to approve the implementation site (infrastructure and climatologic
and solarimetric conditions); (ii) the types, frequency and qualities of the monitored data; (iii) the
system measurement, monitoring and control equipment; (iv) the commissioning of the system as
a whole; and (v) the tests and results empirically obtained. The water-film cooling system reduces
the temperature by 15–19%, on average, and up to a maximum of 24–35%. In terms of electric
power, there was an average gain of 5–9% at the time of day with the highest solar radiation, and
maximum gains of 12% on days with solar radiation above average. Regarding gross energy, average
gains of 2.3–6%, and maximum gains of 6.3–12%, were obtained. It was concluded that the test
unit helps understand the natural phenomena and the development, operation, and maintenance of
performance gain systems of on-grid PV modules for construction on a commercial scale.

Keywords: solar energy; photovoltaic; photovoltaic cooling system; performance analysis

1. Introduction

The availability and use of energy are fundamental requirements for the social and
economic development of any region or country [1], so much so that for a country, energy
planning has as priorities the increase in energy supply in the short term and possibly in the
medium term to provide these fundamental needs [2]. Solar energy is one of the renewable
energy sources that has potential for applications to replace non-renewable sources of
a power system [3]. Current technologies convert solar energy into electricity and heat,
respectively [4]. One of the types of solar conversion technologies are photovoltaic (PV)
modules. PV module heating is mainly caused by solar irradiance and ambient temperature,
i.e. the periods when they are generating, reaching temperatures above 90 ◦C [5]. The
difference in temperature between the top and bottom surface of the module can reach
levels above 8.0 ◦C. Moreover, the junction box region concentrates the highest temperature,
37 ◦C, while the other areas are about 24–28 ◦C [6]. As for the PV cell temperature, it mainly
heats on the main bus region. Therefore, the cooling system must be tilted to these regions.

Conventional PV modules [6] only produce low electricity efficiency in solar-to-electric
conversion (5–22%) [7]. There are natural exogenous climatic conditions that also influence
the temperature of the photovoltaic module, such as wind speed, relative humidity, solar
radiation, ambient temperature and accumulated dust [8]. The increase in temperature
decreases the electric efficiency of the PV module, ~0.1%/◦C, with losses both by tempera-
ture (~11%) and by dirt on the surface (~7%), [9–11]. Power loss caused by temperature
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increase varies in intensity, depending on the type of technology [12]. The crystalline
cells suffer the highest reductions in electric power, 0.4–0.5%, [13,14]. Hence, due to the
increase in temperature, not all the solar energy absorbed by the PV cells is converted into
electrical energy [15].

To improve the performance of PV technologies, a wide range of technical solutions
are proposed and developed in the international literature that are systematically organized
and classified [15–19]. Some cooling and PV/T systems produce electricity while capturing
heat [6,20]; they consist of a fluid that permeates the heat exchanger connected to the
PV module, cooling the PV module and increasing its performance by 4–18% [20–22].
Depending on the type of technology, it is possible to simultaneously cool and clean the PV
module [23]; this result can be obtained by open-circuit cooling systems [23–25].

There are several systems that increase the performance of electric energy generation
in PV modules; the simplest one consists in directing the air stream to the bottom surface of
the PV module to cool it [26–29], and the heated air can be recovered and used for internal
heating [30]. Another system consists in using a heat absorber attached to the bottom
surface of the PV module: through a circulating fluid, usually water, the heat is transferred
from the PV module to the fluid, and can be later used—in a domestic environment—in
baths and faucets [31–33]. Water is the most commonly used fluid, although other types of
cooling fluid have also been used [34], such as nanofluid cooled [35–38] used in two ways
(i) coolant and (ii) spectral filter [39]. However, it requires the use of specific equipment to
guarantee a thermal cooling cycle, such as the Rankine cycle, which compromises electricity
production gains with the reduction of the PV module temperature caused by the operation
of the equipment attached to the thermodynamic cycle [40].

There are currently several types of cooling systems for PV modules, classified accord-
ing to the author and level of development of the technologies [41–43], but they are mainly
distributed into two major groups: (i) closed-circuit cooling system, in which the fluid
circulates in a thermal collector, exchanging heat with the PV module, that is, in a confined
environment [44–46]; and (ii) open-circuit cooling system, in which the fluid is directed
at the PV module, running through its area in an unconfined manner, without the aid of
pipes, ducts, chambers, etc., that is, in direct contact com with the environment [47–53].

In this regard, it is important that mechanisms that decrease the operating temperature
of the PV modules are used to increase their electric power generation performance. To that
end, there must be instruments and mechanisms that allow studying and developing these
technologies on a small scale for further empiric tests on scale, to reduce the development
costs throughout the production and destination process of these technologies in the
market. In addition, it is important to develop and to evaluate a real test unit and its
empirical experiments, because although there are many works on the cooling system of
PV modules, there are relatively few studies based on experimental research [54]. The
literature survey revealed that, although many studies have investigated the PV/T system,
there are relatively few works based on experimental research, and which demonstrate
the effects and the impact of the control of its thermal and electrical parameters [26]. In
addition, these experimental surveys yield results based on a few hours of measurements
on a single day, and there is virtually no work showing these systems operating for weeks
or months [55,56], as seen in Table A1, Appendix A.

Therefore, this work aims at systemizing and analyzing the theoretical and techni-
cal aspects for developing, implementing, monitoring, and assessing on-grid water-film
cooling systems for commercial PV modules for a long period in warm conditions.

This work primarily contributes by providing a detailed empirical analysis, based on
data collected in an outdoor test unit (ODTU), of the performance of cooled photovoltaic
systems for a long period, using the equipment, methods and data acquisition of parameters
recommended by IEC 61724. Second, it consolidates results and data, both quantitatively
and qualitatively, from several works that evaluate different types of cooling systems for
PV modules, demonstrating that the analysis periods are based mainly on a single day and
there are practically no tests in different seasons.
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The work is organized into five sections: Section 2 presents the premises for choosing
the implementation site, the schematic arrangement, equipment, and components of ODTU,
as well as its commissioning. Section 3 provides the results and discussions of the pre-
operation and operation of the water-film, its operational characteristics, and its impact on
decreasing the temperature and increasing the power generation of the PV modules over
the hours, days, and months. Section 4 compares the results of the work with the results
consolidated in the bibliographic review. The discussions and comparisons are presented
in Tables A1 and A2. Finally, Section 5 gives the conclusions of this work.

2. Development of the ODTU
2.1. Basic Premises for the Implementation of the ODTU

The site use policies should be evaluated by the institution that will receive the ODTU,
to make it easier for researchers to access the location, to go on guided tours and for the
safety of the equipment and installations. In addition, it is essential to assess the existing
infrastructure and the surrounding area. Thus, the following criteria were considered.

2.1.1. Accessibility

Researchers must have full access to the site, regardless of hour, day of the week or
time of the year, for preventive maintenance, adjustments, and data collection and recovery.
The need for urgent corrective maintenance because of occasional accidents caused by
weather conditions, or any other miscellaneous accidents, must also be considered. It is
recommended to determine a qualitative scale for each site, varying from difficult access to
easy access, for this aspect.

2.1.2. Safety

Safety in the installations and equipment, assessing the possibility of vandalism, theft
or even vulnerability to unintentional curiosity.

2.1.3. Minimum Area for Physical Installation

The outdoor test unit (ODTU) is built with structural elements that protect and support
its components, such as fences, base structure and, alternatively, stays. The worst-case
scenario must be considered, such as the security factor of the site that will be used,
considering the hydraulic pipeline installation, electric wiring and the infrastructure of the
panels and supports, besides the area for the technicians, researchers and accompanied
academic visitors to move around.

2.1.4. Access to Water

The availability of a water intake channel to supply the cooling systems must be
checked. A qualitative scale between easy, moderate, and hard access, was adopted.

2.1.5. Shading

The presence of buildings, walls, trees, towers, etc. that can cause shading at some
hours of the day—especially to the east and west of the analyzed spot—must be checked.
Barriers must be avoided; however, in case any of them are close, their position must be
observed. Due to the Sun path, barriers to the south and north of the analyzed spot cause
less shades than to the east and the west.

2.1.6. Grounding

The ODTU must have a lightning rod and grounding system, making it mandatory
to check whether the location allows grounding of copper rods and interlinking with the
lightning protection system (LPS) of the chosen site.

It is recommended to designate a qualitative scale for each location, listing whether
it has LPS and grounding installations; in case it does not have them if they can be easily
installed; and if it does not have them and there are technical difficulties to install them.
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2.1.7. Access to the Power Grid

The main purpose of the ODTU is to test the concept of the components to increase
electric power yield in PV modules. For this, the ODTU must be connected to the internal
distribution grid through solar microinverters.

Therefore, it must be observed if the implementation site has access to the power grid.
For each location visited, the following items are checked: (i) are there sockets? (ii) how
close are the switchboards? (iii) in case there are no sockets, can they easily be installed?
(iv) in case there are no switchboards, can they easily be installed? and (v) are there no
sockets, making it necessary to install conduits, wires, etc.?

2.2. Shading Analysis of the Chosen Site

Figure 1 shows the disposition of the PV modules on the roof of the building, a place
that minimizes the effects of shading. It also presents the location and height of 12 trees
that were considered relevant for shading analysis purposes. Since the 3D modelling
of the trees are uncertain, that is, they cannot be estimated with precision due to the
height and excessive amount of leaves, the shading analysis was carried out in two stages:
(i) considering just the buildings (where it is less uncertain); and (ii) considering every
obstacle (buildings and trees). It was thus possible to assess the influence of the tree on PV
modules shading, which, in a one-year period, are shaded at the beginning and end of the
day (between 6:00−9:00 a.m. and 4:30−6:30 p.m.).

Figure 1. Representation of the ODTU implementation site—on the roof of the building and its sur-
roundings.

2.3. ODTU Implementation

The specific-purpose ODTU is placed in the coordinates: 23◦33′24.53′ ′ S; 46◦43′45.47′ ′ W;
Datum WGS84. It has an area of 45 m2, installed electric power of 1.65 kWp; it is composed
of six (06) 275 Wp mi-Si PV modules, and it is connected to the grid in 220V/127 VAC
(three-phase system). Each PV module is independently connected to a solar microinverter
equipped with a Maximum Power Point Tracking (MPPT) algorithm. Two are equipped
with water-film cooling system, identified as cooled PV module one (PV1) and two (PV2),
two with reflective film (PV5 and PV6) [57]—not used in this work—, and two uncooled
PV modules (PV3 and PV4) are used as reference PV modules, see Figure 2a.

The ODTU has: (i) one peripheric 0.5 hp pump with speed control by frequency
variation [58]; (ii) one “Y” filter to remove fragments and avoid clogging the distributer;
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(iii) two water tanks: one 0.1 m3 to feed the pump and to store the water after the PV
modules cooling; and one 1.0 m3 tank to store a water volume that allows the operation
of the system for long periods of time without having to replace the grid; (iv) two fluid
supply lines: one main line with heat exchanger; and one secondary or by-pass; (v) one heat
exchanger (coil) in the main line and immerse in the 1.0 m3 tank; (vi) one flushing/collection
line that returns the water to the 0.1 m3 tank; (vii) one distributer to inject water on the
top surface of the PV modules (water-film cooling system); (viii) one gutter for water
collection, after it runs on the top surface of the PV; (ix) one panel to hold the generation
and monitoring system; and (x) one panel to hold the control system of the PV modules
water-film cooling system.

Figure 2. ODTU system (a) Disposition of the six PV modules; (b) Schematic arrangement of the
cooling system [59].

These operating units are described in the following subitems. The schematic arrange-
ment of the ODTU cooling system can be observed in Figure 2b.

2.4. Supervision and Monitoring System

Reliable supervision and monitoring systems are essential to guarantee the maximum
performance of commercial PV plants. The detailed monitoring system is one of the
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differentials between a commercial PV installation and an ODTU. The system implemented
makes it possible to monitor and to store (in a local and/or remote manner) the main
electric measures of the system, with a one-second sampling period, and the main thermal
measures and solar radiation on a tilted surface, with a one-minute sampling period, by
using individual monitoring for each of the six PV modules. It is worth highlighting that
these sampling and storage rates are in accordance with the IEC Standard [60] and they
also ensure a commitment between precision and cost, considering the transference and
interconnection speeds of the different components of the monitoring system. Table 1
presents the parameters monitored by the monitoring system.

Table 1. Parameters monitored by the monitoring system.

Parameter Sampling Rate Integration Period No. of Sensors

Solar irradiance on the inclination of the PV modules ≤1.0 min 1.0 min 01
Direct current voltage ≤1.0 s 1.0 min 06

Direct current (DC) ≤1.0 s 1.0 min 06
Active/reactive electric power in alternating current (AC) in the

exit of each inverter ≤1.0 s 1.0 min 06

Neutral-phase voltage of the AC phases in the coupling point ≤1.0 s 1.0 min 03
Temperature of the PV modules ≤1.0 min 1.0 min 18

Temperature of the water in the tanks ≤1.0 min 1.0 min 02
Temperature of the water at the entrance of the flushing line ≤1.0 min 1.0 min 01

Water flow ≤1.0 min 1.0 min 01
Active electric power consumed by the water pump ≤1.0 min 1.0 min 01

2.4.1. Thermal and Electric Sensing and Monitoring

(1) Three PT100 resistance thermometer sensors (TS) with screwable head [61]: one
connected to the 1.0 m3 tank; one connected to the beginning of the flushing line
(right after the gutter); and one connected to the distributer line.

(2) 18 TS with exposed bulb type A [61], fixated on the bottom surface of the PV module.
Three TS are fixed in each module, one for each arrangement of cells in series of the
PV module.

(3) Three dataloggers to obtain and to register the measured temperatures [62].
(4) 06 DC voltage transductors [63] and 06 DC current transductors [64] to measure each

PV module individually;
(5) Two active/reactive electric power transductors (three-phase) [65] to measure the

power in unbalanced charges;
(6) One flow sensor [66] installed on the supply line to measure the instant flow of water

used in the system.

2.4.2. Meteorological Sensing and Monitoring

(1) One pyrometer [67] installed on the same tilted surface of the PV modules, in order to
measure the real global solar irradiance received by the PV modules. It is a part of the
ODTU, and it is connected to one of the dataloggers.

(2) One anemometer to measure the wind speed on the location [68];
(3) One ambient temperature sensor [69];
(4) One barometer used to measure the local atmospheric pressure [70];
(5) One humidity sensor installed at the ESPEL, 200 m away from the ODTU [71,72].

2.5. ODTU Commissioning
2.5.1. Visual Inspection

Before the beginning of the tests and/or assays in the specific-purpose ODTU, a visual
inspection was carried out to check the implementation of the precautions and safety
measures [6]. The presence of breakers, surge protection devices (SPD), residual current
devices (RCD), ground conductor, etc., were confirmed. The physical integrity of the
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installation components was also checked by visual inspection. None of the equipment
had missing parts, signs of overheating, or any other sign that would make the integrity of
each component questionable. The integrity of the connections on the electric panel, as well
as the presence of durable tags to identify the circuits, was also checked. The accessibility
of the ODTU facilities was also part of the visual inspection, especially regarding the
generation and monitoring panel. No accessibility issues were found.

2.5.2. Operation Tests

After the previous tests and confirmations, the ODTU generation system was operated.
Measurements of voltage, current and electric power were carried out on the exits of the PV
modules and solar microinverters using voltmeters, ammeters and energy quality analyzers
calibrated by the GEPEA-EPUSP renewable energies indoor laboratory. No issues were
found during the operation tests in the generation system. Based on the voltage and current
data obtained during this stage of the commissioning, it was possible to determine the
proper functioning of the solar microinverters MPPT algorithms. Table 2 shows the MPPT
voltage and current values, measured and estimated through the mathematical model of
the PV cell, obtained on 7 June 2017, at 12:04 p.m., for the radiation values on the tilted
surface of 862 W/m2 and PV cell temperature of 59.7 ◦C. More than 3.28% difference
in generated, theoretical, and measured electric power is observed. This difference is
within the efficiency range of the MPPT algorithms of the commercial solar inverters. The
thermographic inspection of the PV modules and electric panels was also carried out on
7 June 2017. No issues were found by this inspection.

Table 2. Theoretical and measured voltage and current values on the PV modules of ODTU.

Vmp [V] Imp [A] Pmp [W]

Theoretical value 26.18 7.45 195.0
Measured value 26.56 7.10 188.6

2.5.3. Calibration of the DC Voltage, DC Current and AC Electric Power Sensors

Differently from the other sensors, the DC voltage and current, and AC electric power
transductors were not provided with a calibration certificate. Therefore, the calibration
of these sensors was made using voltmeters, ammeters and energy quality analyzers
calibrated by the GEPEA-EPUSP renewable energies indoor laboratory. Due to the inter-
mittence of the solar radiation, it was impractical to carry out the calibration of the sensors
directly from the solar energy production by the PV modules. Therefore, two controllable
DC voltage sources were used as “replacement” for the PV modules. It was thus possible
to control the voltage and current levels applied to the entrance of the solar microinverters,
and to raise the “operation curve” of each of the 06 voltage sensors, 06 current sensors and
02 electric power sensors composing the ODTU.

3. Results and Discussion
3.1. Pre-Operation of the ODTU Water-Film

The performance analysis of the ODTU electric power generation before the beginning
of the cooling system operation means that, throughout this period, the cooling system is
off, to understand the regular operating conditions of the PV modules, solar inverters and
monitoring system. This process is important to determine the generation differences of
each module, which can present differences in the outlet electric power of ±5%, and cause
an overestimated gain of the cooling system, or even underestimate its performance once
the reference module can present a generation different from the cooled PV modules.

The pre-operating analysis of the ODTU consists of seven consecutive days of opera-
tion between 3 and 9 September 2017 and, for the period between 9:30 a.m. and 3:30 p.m.
These consecutive days were chosen because they have a high frequency of temperature
and radiation. This condition occurs because the month of September, mainly the first
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fortnight, in this region presents high insolation rate, small cloud cover, low humidity, low
precipitation, and average daily temperatures above 23 ◦C [73]. In addition, the average
amount of clouds at the site decreased from sunrise until around 11 a.m., subsequently
presenting a monotonic increase until sunset, when it reaches the highest cloud cover [74],
positively affecting the incidence of solar radiation in the PV modules. Regarding the
weather conditions, the period is between 6:00 a.m. and 6:00 p.m. On these days, the
variation of the solar radiation on the tilted surface of the modules [W/m2] and the am-
bient temperature [◦C] varied, with the highest levels for both parameters happening at
noon (see Figure 3). The daily maximum values overlap, reaching values over 1000 W/m2

and 28.0 ◦C. Regarding the daily averages, the solar radiation varies between 792.7 and
892.7 W/m2, and the ambient temperature is 26.4 ◦C.

Figure 3. Variation of solar radiation and ambient temperature.

While high levels of solar radiations are beneficial for electric power production by
the PV modules, these environmental conditions increase the operating temperature of the
PV modules. The temperatures vary throughout the day, with the highest temperatures
occurring between 11:00 a.m. and 2:00 p.m., reaching levels over 60 ◦C—a value found in
the international literature [12,20,37,75,76] and involves the worsening of the degradation
of the solar cells causing significant energy yield losses (kWh) [77]—in some periods
(see Figure 4). The three modules—PV1, PV2, and PV4—present a small difference in
temperature, once the temperature lines do not overlap. Regarding their averages, the
difference between PV1 and PV2 in comparison to PV4 is lower at 1.0 ◦C. It can be observed
that PV2 presents a slightly higher temperature than modules PV1 and PV4, although it is
not recurrent in the period (see Table 3).

As occurs with the variation in temperature of the PV module throughout the day,
the output electric powers of the system overlap and suffer variation with minimum
values occurring at the beginning and end of the day, and maximum values between
11 a.m. and 2 p.m. at levels above 200 W (see Figure 5). It is evident that PV4 has a better
performance than PV1 and PV2, with average and maximum electric powers of 186.56
and 220.59 W, followed by PV2, with 184.17 and 220.25 W, and the PV1, with 178.29 and
219.18 W. Regarding electric power generation, PV1 and PV2 and PV4 generate 7.79, 7.74
and 7.84 kWh/week, respectively. As expected, PV4 presents the highest yield among
the modules, as it is 4.43% higher than PV1, and 1.28% higher than PV2 (see Table 4).
These numbers show that PV1 and PV2 present lower performance than PV4, which is an
important finding, once the cooling system will incisively act on PV1 and PV2, that is, the
yield gain from cooling will be positive, in case it surpasses the natural performance of
PV4. Another important point is that the generation of gross energy of the systems is the
same as the net energy, once there is no cooling system operating and, thus, there is no
energy used with pumping.
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Figure 4. Temperature of PV1 and PV2 (with cooling system off) and PV4 (a) 4 September 2017; (b)
9 September 2017.

Table 3. Daily average temperature of PV1 and PV2 (with cooling system off) and PV4, for the period
between 9:30 a.m. and 3:30 p.m.

Day PV1 [◦C] PV2 [◦C] PV4 [◦C] PV1/PV4 [%] PV2/PV4 [%]

3 September 2017 52.30 52.58 52.02 100.54 101.07
4 September 2017 54.11 54.96 54.78 98.77 100.33
5 September 2017 53.66 54.94 54.95 97.65 99.98
6 September 2017 50.05 49.60 49.22 101.68 100.77
7 September 2017 52.60 52.3 51.74 101.66 101.07
8 September 2017 53.35 53.63 53.26 100.17 100.69
9 September 2017 52.88 53.32 53.04 99.69 100.52

Figure 5. Output electric power of PV1 and PV2 (with cooling system off) and PV4 throughout the
day 4 September 2017.
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Table 4. Generation of gross AC energy and electric power between 9:30 a.m. and 3:30 p.m.

Parameter PV1 Module PV2 Module PV4 Module

Total energy [kWh/week] 7.49 7.74 7.84
Average energy [kWh/day] 1.07 1.11 1.12

Maximum electric power [W] 219.18 220.25 220.59
Average electric power [W] 178.29 184.17 186.56
Total energy [%/Mod. PV4] 95.57 98.72 100

Average electric power [%/Mod. PV4] 95.57 98.72 100

3.2. Operation of the ODTU Water-Film

The energy performance analyses of the PV modules with the water-film cooling system
operating consists of the days between 31 December 2017 and 4 August 2018, see Table 5, and
the period between 9:30 a.m. and 3:30 p.m., when there is no shading on the PV modules of
the ODTU at this time of the year. Note that the pump used in the cooling system is oversized
to meet the requirements of the research conducted at ODTU; its energy consumption was
not computed for calculating the net power generation gain of the PV modules.

Table 5. Period of analysis of the functioning of the water-film.

Month Period Average Daily Temperature [◦C]

01 31 December 2017–27 January 2018
17–2802 28 January 2018–24 February 2018

03 25 February 2018–31 March 2018
04 1 April 2018–28 April 2018

14–2405 29 April 2018–26 May 2018
06 27 May 2018–30 June 2018
07 1 July 2018–4 August 2018 10–28

Figure 6 shows the temperatures of PV1 and PV2 in relation to PV4 for the first quarter
of the year (Summer), the average temperature reduction was approximately 18% or 8.0 ◦C
for PV1 and PV2, with a difference of less than 2 ◦C in the daily average. This result was
expected due to the flow sequence and consequent heating of the coolant. In this period, the
average minimum and maximum daily temperatures were between 17–28 ◦C, see Table 5.
The highest temperatures for the analyzed period were above 60 ◦C.

Figure 6. Relative temperature of the cooled modules in comparison to the reference module.



Energies 2021, 14, 1515 11 of 29

The best performance of the system from the point of view of reducing the temperature
was verified on 23 January 2018, with a reduction of about 35% (21 ◦C). On the week
between 21 January 2018 and 28 January 2018, the behavior found in the pre-operation
period, in which there is a variation in the solar radiation on the tilted surface of the
modules, and the ambient temperature throughout the days, with the highest values for
both parameters occurring at noon (see Figure 7), the daily maximum values overlap,
reaching levels over 1200 W/m2 and 33.0 ◦C. Regarding the daily averages, the solar
radiation varies between 407–803 W/m2, and the average ambient temperature varies
between 23–32 ◦C. In this period, the average and maximum temperatures were higher
than the previous period, which is a result of the change of the season of the year: in the
first period, it was spring and, in the second one, it was summer. The solar radiation
averages on the tilted surface of the second period are lower than the first one, even with
maximum values up to 200 W/m2 higher than the first period. This happens because of
the longer period of cloud cover and rains on the site.

Figure 7. Variation of solar radiation [W/m2] and ambient temperature [◦C].

Figure 8 presents the temperature of PV1 and PV2 and PV4 on the days with the
highest and lowest solar radiation average on the tilted surface. On these days, the
operation of the cooling system greatly reduces the temperature of the PV1 and PV2,
which reach temperatures of 40 ◦C, while PV4 operates above 65 ◦C—higher than the
Pre-operation period; a 25 ◦C difference (see Figure 8a). On a day with low rates of solar
radiation, PV1 and PV2, in comparison to PV4, have little difference in temperature; in
some periods, the temperature is the same (see Figure 8b).

The difference in daily average temperatures of PV1 and PV2, in comparison to PV4,
reach 32.7% and 35.6%, respectively, on 23 January 2018, showing that the cooling system
greatly reduces the temperature of the modules. The difference in temperature between
PV1 and PV2 is subtle—less than 2.0 ◦C on the daily average, lower than systems by
closed-circuit cooling system (>2 ◦C) [12,78]. This result is expected, due to the following
flow and consequent heating of the fluid. The maximum drop in operating temperature of
the cooled modules occurred on 23 January 2018, with a 35.6% reduction—or −21 ◦C—in
comparison to PV4.

The difference in average temperature of the inlet and outlet water of the cooling
system is over 6.0 ◦C for some days of the analyzed period. On 23 January 2018, the day
with the longest period of pump operation (262 min/day), when it had to be started the
most (25 times), and had the highest energy consumption (855.9 Wh/day), the difference
in mean temperature between inlet and outlet is 3.2 ◦C. This is the smallest difference
registered in the period, caused by the highest daily mean temperature of the 1.0 m3 tank,
which heats throughout the day during the operation of the cooling system (see Table 6).

Figure 9 shows that on the days when the water-film was not operating, energy
generation in PV1 and PV2 was naturally lower than the generation in module PV4, as
presented in the operating period of the ODTU with the cooling system off. PV1 and PV2
present a 2.6% and 2.1% decrease in generation, respectively, in comparison to PV4, during
the days when the water-film is not operating.
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Figure 8. Temperature of PV1 and PV2 and PV4 (a) 23 January 2018; (b) 27 January 2018.

Table 6. Data measured from pump and water operation (2018).

Day Energy
[Wh/day]

Operation
[min/day]

No. of
Starts

Average
Flow [L/min]

Average
Inlet Water
Temp. [◦C]

Average
Outlet Water
Temp. [◦C]

Average Water
Temp. 1.0 m3

Tank [◦C]

21 January 2018 277.27 145 40 2.42 31.80 36.81 28.24
22 January 2018 322.22 160 37 2.45 31.64 37.22 28.35
23 January 2018 855.86 262 25 3.18 34.22 37.38 30.74
24 January 2018 553.14 177 15 3.08 34.28 37.50 30.87
25 January 2018 173.98 105 35 2.54 31.86 35.37 29.32
26 January 2018 25.13 19 7 1.96 27.71 31.77 26.26
27 January 2018 22.29 19 7 2.23 26.64 32.48 24.15

When the cooling system is operating intensively, it can be observed that the PV1 and
PV2 generate, on average, 3.4% and 1.9% of the energy of PV4, respectively. Compensating
the natural generation deficit of the cooled modules, it can be estimated that the water-film
increases the generation of PV1 and PV2, on average, by 6% and 4%, respectively. Even
though the operating temperatures of PV2 is lower than that of PV1, the gain obtained
in PV2 is lower than in module PV1. This is caused by the degradation observed in the
glass of module PV2 during the operating period of the cooling system, the continuous
operation of the water-film was observed to cause incrustation of a thin white crust on the
top surface of the module, causing a 2.5% decrease in the performance of PV2.

The maximum gain in energy generation of PV1 and PV2 in relation to PV4 in this
period occurred on 23 January 2018, when 9.3% and 8.1% more energy were generated by
PV1 and PV2, respectively. This compensated the natural generation deficit in the cooled
modules and ensured performance peaks of 12% and 10% for PV1 and PV2, respectively.
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Figure 9. Gross AC energy of the cooled PV modules in comparison to the reference module.

The electric power profile linked to PV1 and PV2 and PV4, as well as the one presented
previously, suffers variation, with minimum values at the beginning and end of the day, and
maximum values between 11:00 a.m. and 2:00 p.m., and in levels over 200 W (Figure 10).
On the days when the cooling system is operating, the outlet electric power of PV1 and
PV2 is about 4.0% and 2.6% higher than PV4, respectively. Even though module PV2 is
cooled before module PV1, it presents lower average electric power in 1.9 W, reinforcing
that module PV2 presents a naturally lower performance than module PV1. There is a
small difference between the maximum electric powers obtained by the three modules;
however, the average electric power of the cooled modules is higher by more than 10.0 W.

Figure 10. Outlet electric power of PV1 and PV2 and PV4 (a) 23 January 2018; (b) 27 January 2018.
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The best weekly performance, in terms of energy, was seen in the week between
21 January 2018 and 27 January 2018, with an average gain of 6% (Figure 11a,b).

Figure 11. Week between 21 January 2018 and 27 January 2018 (a): PV temperature (b): Gross
AC energy.

Considering the second quarter (autumn), the average temperature reduction was ap-
proximately 15% (7 ◦C) for PV1 and PV2, with a difference of less than 2 ◦C in the daily
average. The best performance was verified on 6 January 2018, with a reduction of about 27%
(13 ◦C), see Figure 12a. However, it is lower than that recorded in the first quarter, mainly due
to the lower ambient temperatures that were in the range of 10–24 ◦C, see Table 5.

In the period of greatest solar radiation, the power gains of PV1 and PV2 in relation to
PV4 were about 3% and 7%, respectively. On days with ambient temperatures above the
average, for the period, the gains were 8–12% for PV1 and PV2. Such power gains reflect
the increase in generation, which in the second quarter had an average increase of 3% and
5% for PV1 and PV2, with a maximum gain of 8.0% and 10.4%, recorded on 31 May 2018,
for PV1 and PV2, see Figure 12b.

The best weekly performance of the second quarter, in terms of generation, was seen in
the week between 29 April 2018 and 5 May 2018, in which the daily average temperatures
of PV1 and PV2 were lower than that of PV4, see Figure 13a, which is also an indication
that the water slide operated every day, as confirmed by flow measurements. As a result,
the gross energy generated by PV1 and PV2 was always greater than or equal to that of
PV4, see Figure 13b.

Analyzing the last test period (winter), July 2018, the average temperature reduction
was approximately 19% (9 ◦C) for PV1 and PV2, with a difference of less than 0.6 ◦C in the
daily average. The best performance being verified on 28 July 2018, with a reduction of
about 31% (15.5 ◦C), see Figure 14a. However, it is lower than that recorded in the first
quarter, mainly due to the lower ambient temperatures that were in the range of 10–28 ◦C,
see Table 5.
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Figure 12. Second quarter of the year (a): Relative temperature of the cooled PV modules in
comparison to the reference module. (b): Gross AC energy of the cooled PV modules in comparison
to the reference module.

Figure 13. Week between 29 April 2018 and 5 May 2018 (a): PV temperature (b): Gross AC energy.
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Figure 14. Second quarter of the year (a): Relative temperature of the PV modules in comparison
to the reference module. (b): Gross AC energy of the cooled PV modules in comparison to the
reference module.

As in the last two periods, in the period of greatest solar radiation, the power gains of
PV1 and PV2 in relation to PV4 were about 4% and 9%, respectively. Such power gains
reflect the increase in generation, which had an average increase of 1.5% and 5.2% for PV1
and PV2, with a maximum gain of 12%, recorded on 28 July 2018, for PV2, see Figure 14b.
In addition, all the weekly averages of generation of the cooled PV modules were above
the reference PV module, with an average weekly gain of 2% and 4%. There is a significant
difference between the generation of PV1 and PV2, which did not occur in the first and
second quarters of 2018. This is due to the partial degradation of the upper surface of PV1,
observed only in this module in the period under study. The water on its surface was
observed to take longer to evaporate after the end of the water circulation.

The best weekly performance of the last test period was observed in the week between
8 July 2018 and 14 July 2018, when the average temperatures of PV1 and PV2 on most of
the days were lower than that of PV4, see Figure 15a. As a result, except for two days, the
gross energy generated by PV1 and PV2 was greater than PV4, see Figure 15b.
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Figure 15. Week between 8 July 2018 and 14 July 2018 (a): PV temperature (b): Gross AC energy.

4. Comparative Analysis

Analyzing the literature review and comparing it with the results obtained in this
work, it is possible to verify that the period of analysis was longer than other works.
Empirical tests took place over three seasons (summer, autumn and winter) for low latitude
and hot climates, see Table 3. On average the empirical tests found in the literature are a
few days, usually one or two days, see Table A1. In addition, even in winter, the cooling
system improves the net efficiency of power generation.

Comparing ODTU results with the systems presented in Tables A1 and A2, we can
demonstrate that:

• It is evident that cooling systems increase the power generation of the PV modules;
• Most of the systems analyzed are in the northern hemisphere and mainly concentrated

in Asia;
• In general, the average annual temperature of these locations is above 20 ◦C;
• Warm condition locations present the highest performance gains in power generation,

while presenting the greatest reductions in the operating temperature of the PV
modules when using a cooling system;

• Open cooling systems perform better than closed cooling systems;
• Except for this work and [31], all the cooling systems analyzed with more than a

month of testing period are of the closed type.
• ODTU tests showed a longer execution time and better performance evaluation than

the works analyzed in the literature review and systematized in Tables A1 and A2.
In the case of [31,79,80], with three months of testing period with cooling system
operating. However, there was no comprehensive presentation of the results over the
period. The results are concentrated on specific days when the performance indexes
of the PV modules were higher.

• Due to the short testing period linked to open cooling systems, it was not possible to
compare the possible degradations that can occur in the PV module due to the direct
contact of the water with its surface;

• During the summer, the cooling system reduced the temperature by 15–19% on aver-
age, with a maximum of 35%; this is similar to the values found in [51], tested in the
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summer in a place with a cold semi-arid climate and an average annual temperature
of 17.4 ◦C, and [81], tested in the spring in a place with hot semi-arid climate and
average annual temperature of 25.2 ◦C;

• Regarding the gross generation, the average gains during the summer were of 2.3–6%,
with maximum gains of 12%, as in [25], with a gain of 6.9% tested in the summer in a
place with hot-summer-Mediterranean climate and average annual temperature of
16.1 ◦C, and [47], with a gain of 7.4% tested in the summer in a place with humid-
subtropical climate and average annual temperature of 22 ◦C.

• During the winter, the average temperature reduction was approximately 19%, with
a maximum reduction of about 31%. Only two other works were tested during that
season. Ref. [6] with maximum reduction of 43.1% in a place with tropical savanna
climate and average annual temperature of 23.5 ◦C, and [79], in a place with tropical
rainforest climate and average annual temperature of 27.1 ◦C, did not simultaneously
compare a cooled and an uncooled PV module.

5. Conclusions

The ODTU made it possible to carry out experiments, several measurements, and
data analyses, and to visualize and to understand the operation of the water-film cooling
system. The experiments allowed observing that the cooling system promotes temperature
reduction of the PV modules with a consequent increase in electric power and, hence,
higher energy generation. Therefore, this technique was observed to improve the energy
performance of the commercial PV modules.

The water-film cooling system produced a significant decrease in the temperature of
the cooled modules, with 15–19% average reduction, and 24–35% maximum reduction. In
terms of electric power, the cooling system promoted 5–9% average gains in the periods
with higher solar radiation, and 12% maximum gains on days with solar radiation above
average. Regarding gross energy generation, a 2.3–6.0% average gain and a 6.3–12.0% max-
imum gain were obtained. It can be concluded that ODTU assists in: (i) understanding the
natural phenomena that cause an impact on energy generation in commercial PV modules
with and without a cooling system; (ii) developing a cooling system to increase the perfor-
mance of PV modules, and identifying and assessing the processes and stages of operation
and maintenance of this type of system for further construction and implementation, even
on a commercial scale.

Over the six months of operation of the water-film, it was found that the temperature
of the modules and generation vary with environmental conditions. In the summer, with
high average daily temperatures, the effect of reducing the temperature of the cooled
PV modules was higher than in autumn and winter months. Even in the latter two
seasons, in which the average daily temperatures were between 10–28 ◦C, there was a
gain in energy generation. This evidenced that cooling systems for PV modules in warm
conditions increase energy generation, even in winter periods when temperatures are mild,
as demonstrated in the work.

Another finding was that the PV module showed degradation over time, possibly
caused by the late effect of water evaporation on its surface. This degradation has substan-
tially reduced the energy generation performance of the PV module. Therefore, in cases
in which an open cooling system at the top side of PV module are used, it is important to
analyze the quality of the water and the effects of its use over the long term.
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Appendix A

Table A1. Consolidation of the characteristic of the theorical and experimental research.

Ref/
Year

Local
(City/Country)

Köppen Climate
[80] Season

Average Annual
Temperature

(◦C)

N◦ PV
Modules

Tilt
Angle Cooling System Fluid Pump Flow Rate

Fluid
Temperature

(◦C)
Test Period

[51]
2009

Zarqa
Jordan

Cold semi-arid
(BSk) Summer 17.4

01 PV
Cooled or
uncooled

32◦ Open system
Top side of PV Water Submersible

pump 4 L/min Inlet:
~25

1

[81]
2011

Chuncheon
Korea

Hot humid
continental (Dwa) Spring 10.9

02 PV
01 cooled

01 uncooled
23◦ Open system

Top side of PV Water Pump 10 L/min 03 days
13−15 May 2010

[48]
2011

Cambridge
USA

Humid continental
(Dfa) Autumn 9.7 01 cooled - Close system

Bottom side of PV Water Pump
17W - Inlet vs.

outlet: ~4
01 day

Mid-November

[24]
2013

Cairo
Egypt Hot desert (BWh) Summer 21.3

14 PV
06 cooled

08 uncooled
- Open system

Top side of PV Water Pump
746 W. 29 L/min Assumed:

25

02 days
One in June and
one in July 2012

[31]
2014

Portland
USA

Warm-summer
Mediterranean
climate (Csb)

Spring
and

Summer
11.9

08 PV
01 cooled

07 uncooled
30◦ Open system

Top side of PV Water Pump
7W 7 L/min With Ice:

Inlet 8
03 months April

to June, 2012

[82]
2014

Wysall
UK Oceanic (Cfb) Summer 9.6 84 PV cooled 10◦ Close system

Bottom side of PV Water Pump 0.017 kg/s - 01 day
19th July

[6]
2015

Ilha Solteira
Brazil

Tropical savanna
(Aw) Winter 23.5

88 PV
44 cooled

44 uncooled
23◦ Close system

Bottom side of PV Water
No pump
potential
energy

1.5–3 L/s - 14 days

[49]
2015

Alexandria
Egypt Hot desert (BWh) Spring 20.6

03 PV
01 cooled

02 uncooled
30◦ Open system

Top side of PV Water Pump 1.2 L/h - 01 day of April
2014

[53]
2015

Perlis
Malaysia

Tropical monsoon
(Am) Spring 27.3

02 PV
02 cooled or

uncooled
-

Open system
Top and Bottom

side of PV

Water
and air Pump - - 01 day

31 March 2014

[52]
2015

Kerman
Iran Cold desert (BWk) Summer 16 03 cooled 30◦ Open system

Top side of PV Water Pump - - 03 days
June and July

[20]
2016

Abu Dhabi
UAE Hot desert (BWh) 1 26.8 01 cooled 60◦ Close system

Bottom side of PV Water Pump 0.063 kg/s Inlet: 30 01 month

[25]
2016

Split
Croatia

Hot-summer
Mediterranean

(Csa)
Summer 16.1 01 cooled 17◦

Open system
Top and Bottom

side of PV
Water Pump

4.2 W 225 L/h Inlet: 17 01 day
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Table A1. Cont.

Ref/
Year

Local
(City/Country)

Köppen Climate
[80] Season

Average Annual
Temperature

(◦C)

N◦ PV
Modules

Tilt
Angle Cooling System Fluid Pump Flow Rate

Fluid
Temperature

(◦C)
Test Period

[83]
2017

São Paulo
Brazil Oceanic (Cfb)

Summer
and

Autumn
18.5

05 PV
02 cooled

03 uncooled
23◦ Close system

Bottom side of PV Water Pump 0.07−0.48 L/s Inlet:
20.5−21.5

11 months
(03 months with
cooling system)

[84]
2017

Kuala Lumpur
Malaysia

Tropical rainforest
(Af) Winter 27.1 01 cooled 0◦ Close system

Bottom side of PV Water Pump 30−180 L/h -
03 months

January to March
2015

[12]
2018

São Paulo
Brazil Oceanic (Cfb) Summer 18.5

05 PV
02 cooled

03 uncooled
23◦ Close system

Bottom side of PV Water Pump - - 21 days

[22]
2018

Kuala Lumpur
Malaysia

Tropical rainforest
(Af) Winter 27.1 01 cooled 0◦ Close system

Bottom side of PV Water Pump 30−180 L/h Inlet: 30 01 months
February

[44]
2018

Lodz
Poland

Warm humid
continental (Dfb) Autumn 6.7 02 cooled 30◦ Close system

Bottom side of PV Water Solar
Pump 1.3 kg/min - 01 day

01 October 2015

[46]
2018

Hefei
China

Humid subtropical
(Cfa) Summer 16

03 PV
02 cooled

01 uncooled
32◦ Close system

Bottom side of PV Water Pump 0.06 L/s - June and July
2017

[47]
2018

Taiwan
China

Humid subtropical
(Cfa) Summer 22 01 cooled 23.5◦ Open system

Bottom side of PV Water Pump 0.57 L/min - Maybe July

[54]
2018

Catania
Italy

Hot-summer
Mediterranean

(Csa)
Spring 17.8 02 cooled 25◦ Close system

Bottom side of PV Water Pump
3–45 W 55 L/min - 07 days

3 to 9 May 2017

[79]
2018

New Delhi
India Hot semi-arid (BSh) Spring 25.2 05 cooled 28◦ Open system

Top side of PV Water 1 - - 02 days
April 2017

[85]
2019

Bucaramanga
Colombia

Tropical rainforest
(Af)

1 23.4
10 PV

03 cooled
07 uncooled

Open system
Top side of PV Water Submergible

pump

1.75 L/min
3.75 L/min
4.75 L/min
9.50 L/min

- 1

[86]
2019

Elche
Spain

Cold semi-arid
(BSk) Summer 17.8

02 PV
01 cooled

01 uncooled
45◦

Open system
Top and Bottom

side of PV
Water Pump 0–80 L/h - 01 day

July 26. 2016

1 Not specified.
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Table A2. Consolidation of the results of the theorical and experimental research.

Ref/
Year Theorical Research Experimental Research Thermal Results Electric Results

[51]
2009

Thermoelectric model for hourly
solar radiation data for different

locations in Australia:

Test of system performance under different
radiation conditions, but does not compare the

cooled with uncooled PV module at the same time

PV temperature (◦C):
Uncooled: ~58

Cooled: decreases about 26

The increase in cell temperature above the standard operating
temperature (45 ◦C) caused a drop of 5% in output power.

Power gain with cooling system: about 15%

[81]
2011

Thermal model of the surface
cooling system

Compare and validate the thermal model results
with the results of the empirical tests.

Compare the cooled with uncooled PV module

PV temperature:
Deviation between measured and predicted

model is <4 ◦C.
Maximum deviation between the cooled and

uncooled was 20 ◦C

Average voltage gains with cooling system were 1.2/2.2/1.4 V
for each test day.

Maximum voltage gain was 3.2 V.
Maximum power gain with cooling system was 11.6%

[48]
2011

Thermal model to determine the
production of clean water based on

the increase of the cooling water
temperature of the PV modules

Compare the measured with the predicted model.
Determine the PV temperature with and without
cooling system, but does not compare the cooled

with uncooled PV module

PV temperature:
Cooled: decreases by 10 ◦C

With thermal management, additional gain of
about 10 ◦C

With thermal management there is a gain of about 50 W

[24]
2013

Thermal model to determine how
long it will take to cool the PV

modules to the normal operating
temperature minimizing the amount

of water and energy needed
for cooling

Determine the influence of cooling and overheating
on the performance of the PV cells, but does not
compare the cooled with uncooled PV module at

the same time

PV temperature:
Simulated 46 and measured 42.5.

Temperature reduction of 10 ◦C after the
cooling system has operated for 5 min

Theorical: The output power is 790 W for 35 ◦C and 640 W
for 65 ◦C.

Experimental: determines that the efficiency of operating at
45 ◦C is 10.5% and for 35 ◦C, 12.5%

[31]
2014 -

Explored various applications of the surface water
cooling system:

(i) open rack modules;
(ii) insulated PV modules,

(iii) ice water in the cooling system; and
(iv) combining cooling system with

concentrating methods

PV temperature (◦C):
(i) cooled 20−35/uncooled 40−60
(ii) cooled 20−40/uncooled 20−50
(iii) cooled 20−35/uncooled 20−55
(iv) cooled 20−40/uncooled 40−55

(i) 12% average energy gain; after accounting for pump power
consumption, 6%; the total power output gain over the course

of the day was 9.4% and the total net energy gain was 4.6%
(ii) gain in relation to the isolated modules was 14%,

discounting the pumping energy, the net energy gain was 8.3%
(iii) the inlet water temperature was 8 ◦C, minimum module
temperature 16 ◦ C, with instantaneous power gain of 24%

(iv) it reached the maximum power of the inverter; it was not
possible to determine the gain of both systems operating on the

module, reaching 200W, with a power gain of 43%

[82]
2014

Thermal model to determine
conversion of solar radiation into

thermal energy by PV module
absorbers and transporting absorbed

thermal energy towards
polyethylene heat exchangers

Examine the effectiveness of a cooling system in
the improvement of the PV cell efficiency and

compare the measured with the predicted model
cumulative water produced

PV temperature:
Experimental values indicate that water

temperature difference could reach up to 16 ◦C.
Simulated 62 ◦C and measured 57 ◦C

-

[6]
2015 -

Determine the increase in electrical performance of
a PV plant with cooling system and compare the

cooled with uncooled PV module

PV temperature (◦C):
uncooled 60
cooled 34.1

Maximum power gain was 6.5%
Daily generation gain of 5.9%
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Table A2. Cont.

Ref/
Year Theorical Research Experimental Research Thermal Results Electric Results

[49]
2015 -

Explore the automatic cooling and cleaning system
in the performance of PV modules and compare

the cooled with uncooled PV module

PV temperature (◦C):
Top side: uncooled 44/cooled 24.

Bottom side: uncooled 51/cooled 31

Maximum power:
cooled 89.4 W/uncooled 68.4 W.

Power gain 26%
Efficiency: cooled 11.7%/uncooled 9%

[53]
2015 -

Compare two open systems:
01 DC brushless fan at the bottom side of the

PV module
01 DC water pump with inlet/outlet manifold at

the top side of the PV module
Compare the cooled with uncooled PV module

PV temperature (◦C):
Water pump: cooled 37.6 ◦C/uncooled 45.7 ◦C.
The temperature variation of the PV module

without a cooling system increased 6.4 ◦C with
and without DC brushless fan.

The average temperature of PV module along
with the cooling system can be 44.8 ◦C, while

the average temperature of PV without a
cooling system seems to be 50.9 ◦C.

The temperature variant of the PV module
without a cooling system seemed to rise

6.1 ◦C reviews.

Gain of output voltage/output current/output power:
Water pump: 3.5%/36.3%/39%

Brushless fan: 3.5%/29.6%/32.2%

[52]
2015 -

Investigate how the booster reflector and water
film over the PV modules affect their performance.

Compare the cooled with uncooled PV module

PV temperature/Maximum temperature:
(i) without reflector 59 ◦C/65 ◦C; (ii) with
water film 36 ◦C/41 ◦C; (iii) with reflector

71 ◦C/84 ◦C; (iv) with reflector and water film
simultaneously 39 ◦C/48 ◦C

Mean Daily Power:
(i) without reflector 51.6W; (ii) with reflector 58.8 W; (iii) with

water film 60.8 W; (iv) reflector and water film 77.6 W
Power gain in relation to a conventional module: (i) -; (ii) 14%;

(iii) 17.8%; (iv) 50.4%

[20]
2016

Thermoelectric model to determine
the PVT module transient

temperature and the to increase the
overall PV effectiveness

Analyze the performance of each series-connected
PV cell in PVT modules.

Compare and validate the measured with the
predicted model

PV temperature:
Difference between the measured and the

modelled is 8–12%
The measured difference between cooled and

uncooled is 5−10 ◦C

Recommended for environments with high ambient
temperature and solar radiation

[25]
2016

Thermal model to evaluate the
energy efficiency

Analyze the cooling effect impact on the power
output and electrical efficiency.

Analyze four applied cooling options: (i) Without
cooling; (ii) Back surface cooling; (iii) Top surface

cooling; (iv) Simultaneous surfaces cooling

Average PV temperature:
(i) 56 ◦C

(ii) 33.7 ◦C
(iii) 29.6 ◦C
(iv) 24.1 ◦C

Maximal power output/Relative increase in power output:
(i) 35 W/-; (ii) 39.9 W/14%; (iii) 40.1 W/14.6%; and (iv)

40.7 W/16.3%
Electrical efficiency/Effective increase:

(i) 13.9%/-; (ii) 15.6%/3.6%; (iii) 15.4%/2.5%; and (iv) 15.9/5.9%

[83]
2017

Thermal model to evaluate the
energy produced

Analyze the thermal and electrical performance of
two different models of cooling systems for PV

modules and compare cooled and uncooled
PV modules

PV temperature:
Maximum 68◦C uncooled and minimum at the

same time cooled 42.5 ◦C.
The measured temperature difference between

cooled and uncooled PV is 25.6◦C

-
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Table A2. Cont.

Ref/
Year Theorical Research Experimental Research Thermal Results Electric Results

[84]
2017

Thermal model to evaluate the
energy efficiency

Investigate the effects of the PV module operating
parameters on the output power and efficiency.
Does not compare the cooled with uncooled PV

module at the same time

-

Electrical efficiency decreases by 5.82% as the temperature
increases by 26.1 ◦C.

Electrical efficiency decreases by approximately 0.22% as the
temperature increases by 1.0 ◦C.

When the irradiation intensity increases by 100 W/m2 the
temperature increases by 3.8 ◦C and the output power increases

by 3.14 W

[12]
2018 -

Present the development, production, installation,
and performance testing of three cooling

system models.
Compare the cooled with uncooled PV modules

Temperature reduction: average of 20.5 ◦C and
maximum 25.6 ◦C -

[22]
2018

Thermal model to evaluate the effect
of high irradiation on PV power

generation, due to a lens
concentrator, to optimize the flow

rate of the cooling fluid and thermal
energy conversion

Compare and validate the measured with the
predicted model.

Does not compare the cooled with uncooled PV
module at the same time

PV temperature:
For every 100 W/m2 in solar radiation, the

temperature increases about 0.9 ◦C
The temperature difference between the
measured and the modelled is 3.3–4.2%

For every 100 W/m2 increase in solar radiation the electrical
power and electrical efficiency increase about 19.65 W and

0.06%, respectively.
For every 10 L/h increment of fluid flow rate, the electrical

efficiency increases about 0.43%

[44]
2018

Thermal model and simulation
using specialized computer program

Analyze the relationship between orientation of
PVT collectors and their thermal and electric power
generation, but does not compare the cooled with

uncooled PV module

- The efficiency of the PV module increases with the altitude
angle, both in laboratory and field experiments

[46]
2018

Experimental evaluation of the
performance of two PV/T system: (i)

pipe-based PV/T; (ii) PV/T with
MHPA; (iii) conventional PV module

at high ambient temperature.

-

The temperature could be up to (◦C):
(i) 90; (ii) 70; (iii) 100

Ambient temperature between 36–40 ◦C and
solar radiation >800 W/m2

Electrical efficiency decreased:
(i) pipe-based PV/T: 9.6% to 7.7%

(ii) PV/T with MHPA: 11.2% to 10%
(iii) Conventional: 8.6% to 7%.

[47]
2018

A mathematical model is built for
predicting the system performance

Spray water on the bottom side of the PV. The
pump was switched on once the PV temperature

reached 45 ◦C and was switched off when it cooled
to 35 ◦C

-

Experimental (875.9 W/m2)
Average power output (W): 33.0; 37.4; 37.5

Average net power output (W): 33.0; 33.4; 35.8
Conversion efficiency (%): 6.77 6.87 7.38

Theoretical (800 W/m2)
Average power output (W): 38.8; 43.5; 44.0

Average net power output (W): 38.8; 40.6; 42.4
Conversion efficiency (%): 8.72 9.13 9.52

Efficiency increment (%): -; 4.70; 9.17
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Year Theorical Research Experimental Research Thermal Results Electric Results

[54]
2018

Mathematical model is built for
predicting the system performance -

Maximum difference in the bottom side
temperatures between two modules are

3.0−4.0 ◦C

Cooling system increased the electrical power generated
by 1.5%.

Average errors of 12.1% and 5.3%, respectively, for the thermal
and electrical energy produced

[79]
2018

Thermal model (analytical) to
evaluate the influence of

temperature on the performance of
building integrated

photovoltaic-thermal system

Compare and validate the measured with
predicted model for five technologies: (i) m-Si; (ii)

p-Si; (iii) a-Si; (iv) CdTe; (v) CIGS

Maximum daily average temperature (◦C):
Cooled: ~36

Uncooled (i) 49.8; (ii) 50; (iii) 53; (iv) 54; (v) 58
Maximum fluctuation is observed in CIGS

Daily average electrical energy output (%):
Cooled: (i) 12.3; (ii) 11; (iii) 6.1; (iv) %, 6.6; (v) 7.7

Uncooled: (i) 11.4; (ii) 10.3; (iii) 5.9; (iv) 6.3; (v) 7.0

[85]
2019 -

Experimental characterization of the operating
temperature and output power from irrigated,

255 W PV modules, considered twelve irrigation
regimes with four flow rates (L/min): 1.75; 3.75;
4.75; 9.50 and four operating cycles (1’:29’, 5’:25’,

15’:15’, and continuous.

PV continues its cooling process for 1–5 min
after irrigation ends due to the evaporation of

the residual water film that formed over its
front surface; the temperature decreases

between 0−15 ◦C.

Irrigation can enhance daily energy production by 10%.
A flow rate equal to or greater than 3.75 L/min

(2.34 L/min/m2) produces similar effects.
Generated power increase:

0.5−2% for 400 W/m2; 2−5% for 400–800 W/m2; 5−10% for
800 W/m2

[86]
2019 -

Experimental evaluation of the improvement in
efficiency of a PV module cooled by water sliding

on its upper face and on its back side using a
solar chimney.

The evaporative cooling efficiency has an
average value of 33.9%.

The electrical efficiency:
50 L/h improvement to 6−7%; 250 L/h maintained about 10%

with a peak of 11%
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