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Abstract: Crystalline silicon photovoltaics are a cardinal and well-consolidated technology for
the achievement of energy efficiency goals, being installed worldwide for the production of clean
electrical energy. However, their performance is strongly penalized by the thermal drift, mostly
in periods of high solar radiation where solar cells reach considerably high temperatures. To limit
this aspect, the employment of cooling systems appears a promising and viable solution. For this
purpose, four different cooling systems, working on the photovoltaic (PV) panel back surface, were
proposed and investigated in an experimental set-up located at the University of Calabria (Italy).
Hourly electrical output power and efficiency were provided accounting for different meteorological
conditions in several months of the experimental campaign. The results demonstrated that a simple
spray cooling technique can provide an absolute increment of electrical efficiency of up to 1.6% and
an average percentage increment of daily energy of up to 8% in hot months. More complex systems,
based on ventilation or combining spray cooling and ventilation, were demonstrated not to be a
viable option for PV performance improvement.

Keywords: PV cooling; experimental analysis; PV efficiency improvement; water cooling; spray cooling

1. Introduction

The importance of developing a sustainable society and future has become a well-
consolidate commitment [1–3]. Several efforts have been placed in the last few decades
to limit the impact of human development on nature [4–9]. The production of cleaner
energy from non-fossil sources has nowadays become a cardinal leading mission in sev-
eral industrialized countries [10]. To improve solar conversion and usage [11], different
technologies, ranging from simple to more complex systems, have been proposed [12–25].
Still one of the major player in actual installations and in the share of produced renewable
energy remains the photovoltaic technology, that presents a high degree of flexibility for
installation [26]. Photovoltaic systems (PV) are a quite a well-consolidated technology,
where PV cells and modules have undergone a significant technological development in
the last few decades with several new materials proposed in the literature, providing some
advantages compared to the first generation of photovoltaic systems [27–34]. However, for
their proven stability and reliability in time, monocrystalline and polycrystalline silicon
modules are still the most widely used: it is indeed estimated that 66% of the global PV
production comes from Poly-Si cells, whereas 24% comes from Mono-Si cells [35]. A strong
limitation of PV technologies lies in the relatively low conversion efficiencies, that is further
penalized in high solar radiation conditions by the thermal drift that reduces the modules’
performances when the photovoltaic cells reach high operating temperatures.

In the attempt to increase the electrical performance of photovoltaic modules, different
strategies [36] involving several active and passive cooling systems have been proposed
and investigated [37–40]. Several configurations proposed a combination of PV panels
and an extraction system [41,42]. Manasrah et al. [43] investigated different cooling paths
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on the backside of a PV panel, implementing forced ventilation by means of DC fans.
They were able to improve the temperature uniformity and reduce by 27.5% the surface
temperature in outdoor conditions. Four different absorber types have been simulated
and compared in Ref. [44]: aluminum with fin, aluminum without fin, Tedlar, and black
painted glazing absorbers obtaining the highest efficiencies for the aluminum with fin
absorber. A novel photovoltaic/thermal solar-assisted heat pump (PV/T-SAHP) system
designed to use a direct-expansion evaporator (PV evaporator), that laminates PV cells on
the front surface, has been proposed in Ref. [45], to simultaneously produce thermal energy
and electricity. A thin metal sheet, suspended in an air channel was used to improve heat
extraction from the panels and tested in natural and forced convection [46]. Fins attached
to the back wall of an air-channel have been proposed [47] to improve heat extraction from
the module. A solar system composed of a parallel array of ducts with inlet and outlet
manifold designed for uniform airflow distribution, attached to the back of the PV panel
was proposed by Teo et al. [48]. The electrical and thermal performance of an air-based
PV/T collector with a mono-crystalline PV module was analyzed in [49]. The module had
an air layer of 60 mm with 10 cm diameter exhaust air pipes to cool the rear the of PV
laminate. A PV/T system with a bifacial module was investigated in [50], that was capable
of exploiting both faces thanks to a water-heating planar collector and a set of reflecting
planes were employed, obtaining an electrical efficiency of 16.4%. Evola and Marletta [51]
performed an exergy analysis of a photovoltaic/thermal collector demonstrating that for
any operating conditions a proper inlet temperature maximizes the exergy generated. A
double-pass PV/T solar air heater with fins was investigated in [52]. The extended fin area
was able to reduce considerably the cell temperature. Furthermore, the use of phase change
material to absorb and store the heat produce by a PV system was also investigated [53–56].
An unconventional unglazed PV module with a layer made of alveolar polycarbonate
ducts was proposed for water cooling in [57]. They found experimentally that the Standard
Test Conditions can be reasonably reproduced in the field in clear sky conditions thanks to
suitable cooling. Nevertheless, such discussed systems appear complex and are difficult to
apply in operating conditions of a real PV plant with more than just a single module.

In this regard, cooling methods exploiting fluids appear more attractive [58,59]. Small
crystalline solar cells were immersed in different liquids, including the polarethanol and
glycerin, the non-polar benzene and silicon oil, and the inorganic distilled water and
tap water, with a liquid thickness of 3, 6 and 9 mm [60]. The results indicated that solar
cells immersed in the non-polar silicon oil showed the best performance, even though
the implications of this study are more useful for the concentrated photovoltaic (CPV)
system rather than simple PV plant. The direct liquid-immersion for improving CPV cells’
electrical performance was also addressed in [61], where improvements of the electrical
performance have been found. The performance of solar cells immersed in water was
studied obtaining an efficiency increase of about 17.8% at water depth 1 cm [62]. Rosa-Clot
et al. [63] studied the behavior of a photovoltaic (PV) panel submerged under 4 cm and
40 cm of water finding an average efficiency increase of about 11% at 4 cm of depth but a
23% reduction at 40 cm of depth. Similarly, in [64] a photovoltaic (PV) panel submerged
in distilled water was studied obtaining an increase of electric power output for shallow
water with an efficiency of about 22% at a water depth of 6 cm. Although promising results
have been shown by these studies, feasibility in real conditions appears still a critical issue.

More interesting, because of the simplicity of the application and the importance of
the results that they can produce, are the systems using water as a cooling fluid. Several
studies have adopted techniques operating over the module front [65,66]. The increase of
cells’ power with spraying water over the front surface for a photovoltaic water pumping
system was investigated in [67]. In the study, an increase of the mean PV cell efficiency by
3.26% was found. The cooling effect of water trickling on the upper surface of a PV panel
was investigated in [68], where an increase of about 15% in system output was achieved at
peak radiation conditions. A spraying system for the front cooling of a PV module was
used for a single day in [69]. A temperature decrease of 11% was found by the authors.
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In a laboratory test, a water flow over the front surface of PV panel was investigated [70].
The results indicated an increase in the power output by 9–22%. A water spray cooling
system working on both sides of a 50 W PV module was investigated in the city of Split
(Croatia) [71], with high solar irradiation in June, obtaining a maximum power increase of
16.3% and 5.9% of the relative increase in panel electrical efficiency. An economic analysis
was conducted considering installation and operation expenses related to the system with
the aim to evaluate the economic convenience of PV cooling. The results showed that
is possible to achieve a positive energy balance but water consumption and installation
cost must be properly optimized [72], because high pump consumption can lead to a
negative energy balance. In Ref. [58] it was shown that a more complex cooling system
may determine poor economic payback when installation costs are high compared to the
additional energy produced. Furthermore, few cases of cooling solutions operating on the
back surfaces can be found in the literature [73,74], where the importance of the backside
convective cooling mechanism on photovoltaic panels were stressed in [75].

Nevertheless, cooling systems that work on the glass surface, even though being
more efficient in increasing the performance of the system, present evident limitations and
drawbacks related to the deterioration of the glass optical properties, especially if unclean
cooling fluids are used, and to the possibility of generating thermal shock in the glass, due
to very high-temperature gradients induced by the cooling fluid, with possible crack and
disruption of the module cover.

In order to avoid this drawback, this study addresses and investigates different cooling
systems that operate the back surface of the photovoltaic module. Differently from most
of the studies reported in the literature, the research reports an analysis conducted on
an hourly-basis, for several months in real operating conditions with different weather
scenarios to provide a more comprehensive and robust assessment of the efficiency of the
proposed cooling systems. A data acquisition campaign on the experimental set-up located
on the roof of the Department of Mechanical Engineering of University of Calabria (Italy)
was performed for eight consecutive months. The four different systems work on the basis
of different physics mechanisms, including spray cooling and forced convection, and were
specifically designed trying to limit as much as possible the auxiliary energy consumption.
The monitoring of external climatic conditions, along with all the electric variables of the PV
modules allowed us to determine the improvement of electric efficiency and the increment
of electric energy produced by each module for the entire monitoring period.

2. Materials and Methods
2.1. Experimental Site

The experimental set-up is located on the roof of a building of the department of
Mechanical Engineering of the University of Calabria and it is composed of six PV modules
installed with a 30◦ inclination with south orientation (Figure 1). The PV modules are dis-
posed in a way to avoid mutual shading and be subjected to the same irradiance condition.
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The 1663 mm × 998 mm polycrystalline silicon modules are made of 60 cells, with a
total area of 1.46 m2 and a nominal efficiency of 14.5%. Each module is equipped with a
micro-inverter with maximum-power point tracking for the conversion to alternate current.
The electrical characteristics of the modules and micro-inverters are reported in Table 1.

Table 1. Electric characteristics of the photovoltaic systems (PV) modules and Micro-inverter.

PV Modules Micro-Inverter

Nominal power (W) 245 Maximum DC power (W) 265

Output tolerance (%) +5/−0 Operative DC input voltage (V) 18 . . . 58

Rated voltage (V) 29.9 MPPT DC voltage range (V) 20 . . . 50

Rated current (A) 8.20 Maximum DC input voltage (A) 65

Open circuit voltage (V) 37.41 Maximum DC input current (A) 10

Short circuit current (A) 8.80 Start voltage DC input (V) 25

Temperature coefficient—Pmpp (%/◦C) −0.43 Nominal outlet AC power (W) 250

Temperature coefficient—Isc (%/◦C) +0.06 Nominal outlet AC voltage (V) 230

Temperature coefficient—Uoc (%/◦C) −0.31 AC output voltage range (V) 180 . . . 264
Normal Operating Cell Temperature (◦C) 43 ± 2 Maximum AC output current (A) 1.2

The modules were chosen in order to minimize the power output deviances. For
this purpose, a preliminary analysis was carried out on a monthly basis in an initial
period of consistent production (May 2015). After the installation of the cooling devices,
the mentioned preliminary tests allowed to attribute electric efficiency and production
deviances mainly to the cells cooling effect.

On the building roof, a weather station continuously monitored meteorological ex-
ternal climatic conditions, and in particular: air temperature, relative humidity and wind
speed and direction. The specifications of sensors are reported in Table 2. The solar ir-
radiance was measured on the plane of the modules with a Secondary Standard Eppley
Laboratory pyranometer with spectral range 295–2800 nm, sensitivity of 8 µV/Wm-2, a
95% response time of 5 s, a non-stability and non-linearity of 0.5%, and uncertainty at an
hourly average of 2%.

Table 2. Sensors specifications.

Temperature Relative Humidity Wind Speed Wind Direction

Sensor Pt 100 1/3 Sensor Capacitive Range (m/s) 0 . . . 75 Sensor No contact hall

Range (◦C) −50 . . . 70 Range (%) 0 . . . 100 Accuracy 2.5 % Range (◦) 0 . . . 360

Accuracy (◦C) 0.1 (0 ◦C) Accuracy ±1.5 (RH5–95%) Threshold (m/s) 0.5 Accuracy (◦) 5

The experimental site is located in Rende (Italy), defined as subtype Csa according
to the Köppen climatic classification, with hot and dry summer and humid winter. The
daily and yearly temperature excursion is very high and precipitation is intense during
colder periods.

2.2. The Cooling Systems

The experimental set-up was built to perform experiments with different types of
cooling systems to assess the validity of each proposed solution in terms of energy efficiency.
One module was kept as a reference, without any cooling system. On the other modules
different cooling systems were installed. Two systems realized a water spray cooling and
the other two exploited the forced air convection to increase the thermal exchange with the
external environment. More in detail:
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• Module PV1 had no cooling system and was left as a reference system for comparison
in terms of temperature, power and efficiency;

• Module PV3 was equipped with two wide cone water spray nozzles positioned at
roughly 50 cm from the back surface in order to have a perpendicular spray that covers
the greatest rear area. A nominal water flow rate of 8.55 L/min is associated with a
pressure of 3 bar.

• Module PV4 was equipped with the same nozzles as PV3, distant approximately
50 cm from the module but with the addition of a thin metallic panel fixed on the
back surface (Figure 2) in the attempt to improve temperature uniformity of the rear
surface.

• Module PV5 was equipped with a ventilation system that produced forced convection
on the module back surface. A proper thin metallic cover installed on the rear part of
the module creates a closed cavity in which a small mechanical fan operates expelling
an air flow rate that has before extracted thermal energy from the rear surface. The
air renewal is guaranteed by a series of small peripheral openings on the metallic
structure that induce inside the cavity the same air flow extracted by the fan (Figure 3).
The fan was selected to minimize energy consumption with a nominal power of 2 W.

• Module PV6 is equipped with the same ventilation system as PV5 with additional
four spray nozzles installed at the four external corners of the metallic closed cavity.
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The spray nozzles work with a water pressure compatible with the building supply
network, so they were directly connected to the water piping without any pumping systems.

The monitoring of the global solar radiation (G [W/m2]), measured on the PV modules
tilted plane, and of the DC electric power (Pel [W]) produced by the modules allows the
calculation of the instantaneous electric conversion efficiency, as:

η =
Pel

Amod G
(1)
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An experimental campaign of data monitoring was performed from August 2016 to
March 2017. All the variables were acquired with a one-minute time step, and then data
were analyzed on hourly-average basis. Figure 4 reports a final schematic representation of
the whole experimental set-up. The cooling systems activated from dawn to sunset; the
spray was activate for 1 s and a pause time of 5 min was set before the activation of the next
spray. The daily trend of the output electric power produced by the five cooled modules
and the reference module, along with the electric efficiency evaluated on an hourly basis,
are reported. The results are shown for three selected days of each month, from August
2016 to November 2016 and from December 2016 to March 2017. The days represent three
interesting meteorological conditions: sunny, cloudy and windy day.
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3. Results
3.1. Preliminary Test for Base Case Comparison

When dealing with real PV modules it is inevitable that one will face issues related to
small differences between panels caused by the manufacturing process, which translate
into the so-called tolerance of the output power that can deviates from the nominal refer-
enced peak values of small percentages. The modules employed in the research have a
positive tolerance (0÷5%). A base case comparison between the modules was preliminarily
conducted, before the installation of the cooling systems, with the aim to evaluate the
energy production deviances because of the intrinsic manufacturing differences. A pre-
liminary experimental campaign was conducted in May 2015 before the installation of the
proposed cooling systems. Table 3 reports the percentage difference of the produced daily
electric energy and the absolute difference in daily average efficiency. The comparison was
performed with module PV1.

Discrepancies in the range −0.42% ÷ 1.01% for PV3, 0.54% ÷ 1.95% for PV4 were
detected, whereas PV5 and PV6 showed smaller variation. Considering the entire month,
the resulting average deviances were: 0.47% for PV3, 1.38% for PV4, 0.69% for PV5 and
−0.29% for PV6. It is worth noting that the measurements refer to daily cumulative
errors, since they consider energy produced and not the output power that instead is
characterized by a tolerance defined at an instantaneous level. Finally, the comparison
showed also deviances lower than 2% in terms of power output.
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Table 3. Percentage difference in daily electric energy produced by the analyzed module with reference to PV1 and absolute
daily average efficiency difference with module PV1.

Data ∆PV3–1 ∆PV4–1 ∆PV5–1 ∆PV6–1 η3-η1 η4-η1 η5-η1 η6-η1

01/05/2015 0.57% 1.29% 0.88% 0.00% 0.08% 0.19% 0.13% 0.00%
02/05/2015 0.27% 1.45% 0.92% 0.11% 0.04% 0.21% 0.14% 0.02%
03/05/2015 0.73% 1.26% 0.63% −0.28% 0.10% 0.18% 0.09% −0.04%
04/05/2015 0.94% 1.16% 0.31% −0.61% 0.13% 0.16% 0.04% −0.08%
05/05/2015 0.82% 1.25% 0.38% −0.61% 0.11% 0.17% 0.05% −0.08%
06/05/2015 0.86% 1.28% 0.63% −0.38% 0.12% 0.17% 0.09% −0.05%
07/05/2015 0.52% 1.43% 0.89% −0.03% 0.08% 0.20% 0.13% 0.00%
08/05/2015 0.79% 1.31% 0.74% −0.19% 0.11% 0.18% 0.10% −0.03%
09/05/2015 0.65% 1.35% 0.88% −0.08% 0.09% 0.20% 0.13% −0.01%
10/05/2015 - - - - - - - -
11/05/2015 0.68% 1.26% 0.37% −0.70% 0.10% 0.18% 0.05% −0.10%
12/05/2015 0.75% 1.08% 0.20% −0.95% 0.11% 0.16% 0.03% −0.14%
13/05/2015 0.56% 1.39% 0.86% −0.03% 0.08% 0.20% 0.12% 0.00%
14/05/2015 0.41% 1.44% 0.95% 0.06% 0.06% 0.21% 0.14% 0.01%
15/05/2015 0.64% 1.34% 0.78% −0.18% 0.09% 0.19% 0.11% −0.02%
16/05/2015 0.12% 1.52% 0.57% −0.68% 0.02% 0.23% 0.08% −0.10%
17/05/2015 -0.42% 1.95% 0.76% −0.44% -0.07% 0.31% 0.12% −0.07%
18/05/2015 0.16% 1.38% 0.43% −0.86% 0.02% 0.21% 0.06% −0.13%
19/05/2015 0.26% 1.48% 0.50% −0.45% 0.04% 0.22% 0.07% −0.06%
20/05/2015 0.78% 1.33% 0.65% −0.25% 0.11% 0.18% 0.09% −0.04%
21/05/2015 -0.18% 1.85% 0.65% −0.41% -0.03% 0.28% 0.10% −0.06%
22/05/2015 0.40% 1.47% 0.96% 0.23% 0.06% 0.22% 0.14% 0.03%
23/05/2015 0.07% 1.61% 0.86% −0.07% 0.01% 0.24% 0.13% −0.01%
24/05/2015 0.34% 1.63% 0.92% 0.05% 0.05% 0.24% 0.14% 0.01%
25/05/2015 0.46% 1.49% 0.97% 0.18% 0.07% 0.22% 0.14% 0.03%
26/05/2015 0.58% 1.46% 0.75% −0.39% 0.09% 0.22% 0.11% −0.06%
27/05/2015 0.18% 1.58% 0.70% −0.37% 0.03% 0.24% 0.11% −0.06%
28/05/2015 0.20% 1.54% 0.73% −0.34% 0.03% 0.23% 0.11% −0.05%
29/05/2015 - - - - - - - -
30/05/2015 1.01% 0.54% 0.64% −0.31% 0.14% 0.08% 0.09% −0.04%
31/05/2015 0.50% 1.01% 0.57% −0.50% 0.07% 0.15% 0.08% −0.07%

Average 0.47% 1.38% 0.69% −0.29% 0.07% 0.20% 0.10% −0.04%

3.2. Electric Efficiency Analysis

In summer sunny days (Figure 5), the efficiency curves showed a typical pattern with
a consistent drop during the hottest hours and a minimum reached around 13:00. The
shape of the curves is mainly determined by the trends of solar radiation and external
air temperature. In fact, the efficiency decreases with solar radiation increase, to reach
its minimum around noon. The higher the solar radiation the higher the thermal power
generated from the PV panel determining an increment in cells temperature with a conse-
quent degradation of the conversion efficiency. In August, the greatest efficiency increment
was found for PV3 system that was capable to maintain higher efficiency than the other
systems, with a value, in the most critical hour of the day, of 14.4% when the reference
module showed an efficiency of 12.8%. At the same hour, the other systems provided an
efficiency respectively of: 14.0% for PV4, 13.3% for PV3, 13.0% for PV5, and 12.8% for
PV6. The presence of the ventilation fan in PV5 systems generated a slight cooling effect,
but the advantage is of the same magnitude of the deviances found in the preliminary
analysis, so indicating no appreciable differences. In the PV6 module, evidently the forced
ventilation was not able to induce a sufficient cooling flow rate, probably because of the
interference of the spray cooling that hindered the formation of a proper flow, resulting
in major stagnation of the air layer inside the metallic box and therefore determining a
behavior almost equal to that of the reference system. On an August cloudy day there was
a strongly discontinuous solar radiation that did not allow it to reach high output powers.
The efficiency, on the other hand, showed high values for few hours after sunrise with low
level of solar radiation and air temperature below 25 ◦C, because of the lower temperatures
reached by the photovoltaic cells. The PV4 system determined, for the most part of the day,
the higher efficiency curve with a value of 18.2% registered at 10:00 while at the same time
PV1 showed the lowest value of all the systems, being 17.1%. When solar radiation and air
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temperature increased, the efficiency fell consistently to lower values, and the system PV3
was able to provide better performance than PV4. On the windy day, also characterized
by adequate solar radiation, the best performance was obtained by the PV4 system. In the
central part of the day (from 11:00 to 14:00) the electric efficiency increment, with respect to
the reference module, was about 0.9%. The particular shape of the metallic plate allowed,
in this meteorological condition, to provide a more adequate cooling of the back surface,
whereas the simple spray cooling on PV3 could be compromised by the strong action of
the wind that produced a dispersion of the water droplets that, instead, remain trapped in
the metallic plate. The worst performances were achieved again by the PV6 system with a
curve equal to that of PV1 for almost the whole day.
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Results for the sunny day of September (Figure 5) substantially reflect those obtained
in August both in terms of electric power and efficiency. The efficiency curves retrace the
trends of August, except for the lower air temperature that determined a global shift toward
slightly higher efficiencies. The PV3 system confirmed the best performance, followed by
the PV4 and PV5 system. Again, the worst performance was achieved by the PV6 module
that substantially overlapped the reference module curve and, in the last part of the day,
declined even to lower values. On the cloudy day, the difference between PV3 and PV4
with other cooling systems stood out substantially during the course of the day. As already
observed for results in August the PV4 efficiency was for most part of the day superior
to PV3 one, except for few hours at noon where the PV3 efficiency prevailed. Again, this
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behavior is partly attributed to the slightly higher production of PV4 as observed in the
base case test of the modules without cooling systems. In windy conditions the solar
radiation was discontinuous, and the efficiency curves, because of the high wind speed,
did not suffer an excessive drop when the air temperature and solar radiation were high,
with a stable pattern from 12:00 onward.

On an October sunny day, the difference between the cooling systems was more
limited. It is to be noticed that the performance of the PV6 module became worse than
the reference system for almost the entire day, for the same reason exposed before. The
PV3 cooling system was able to guarantee a small increase of efficiency during the hottest
hour of the day, even though the differences between all the curves were not accentuated
as in the previous months. At noon, the values registered were: 13.9% for module PV3,
13.5% for module PV1, and 13.4% for module PV6. In cloudy conditions the PV4 system
prevailed again with an efficiency that overhung all the others curves. Generally, for all the
systems, the efficiency registered in this day was higher, with values, aside from the early
morning hours, always greater than 16%. In the windy day a consistent solar radiation
is found from 12:00 forward, with an increase of air temperature and, as a consequence,
the efficiency dropped from the high values assumed in the morning. However, because
of the important convective heat transfer caused by the wind, the curves tended to align
and showed a fairly stable trend during almost the whole day. Again, the PV4 system was
confirmed to be the most performant in windy conditions, being markedly detached form
the other curves that, instead, tended to overlap.

In the sunny day of November, the PV3 cooling system reached a value of 16.0% at
the point of maximum insolation, compared to the value of 14.9% of the reference module.
The efficiency curve of PV6 curve lied below that of PV1 until 12:00 highlighting the scarce
results provided by this solution. On cloudy and windy days, the curve appears fairly
stable, with a flat trend and the PV3 system showing the best solution with an efficiency
almost always close to 17% in windy conditions.

On a sunny day of December (Figure 6) the efficiency curve of the PV3 system was
markedly detached from the others maintaining a higher trend and a value of 16.4% at
12:00 compared to 15.5% of PV1, whereas the PV6 was able to produce an efficiency of
15.3%. On sunny days, the spray cooling system (PV3) was more effective in reducing the
module back surface temperature and this is particularly evident from the shape of the
efficiency curve that rises in the central part of the day, compared to the other systems,
demonstrating its efficacy in presence of solar radiation. The presence of a metallic plate
(PV4) increased the thermal resistance of the module limiting the heat dissipation of the
back section, determining an increase of cell temperature and consequently a penalization
of the efficiency. Still, the effect is positive with respect to the reference module, but
with the already discussed consideration on deviances of the base case comparison in the
previous paragraph. In cloudy conditions, the curves did not present the typical drop
around midday, and again the best performance was obtained by the PV4 system with
an efficiency of 18.0% at 11:00 against the value of 16.9% of the module PV1. In windy
conditions, the module PV3 overturned the situation providing the best performance while
PV5 and PV6 generally showed efficiencies lower than or comparable to the reference
module. At the time of maximum power production, the efficiency registered values of
16.5% for PV3 and 15.5% for PV1. On January and February sunny days, no consistent
differences between the cooling systems were appreciated. On cloudy days of the same
months, the low solar radiation on the tilted plane of the panels determined a low module
power production; however, an appreciable difference can be found between the efficiency
curves. Both in January and February, the PV4 reported higher conversion efficiency with
curves that appeared fairly stable during the central part of the day mainly because of
the low external air temperature that did not exhibit significant oscillations. The PV4
system guaranteed efficiency always higher than 17.0% for the entire day in both months.
In overcast conditions, with lower solar radiation levels, the heating rate of the PV cells
is lower and, in this condition, the metallic plate can dissipate better the heat from the
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cells improving the convective heat transfer to the air, especially when the external air
temperature is low. It has, however, to be kept into consideration the deviance due to
manufacturing differences quantified in the previous section. Nevertheless, the positive
effect of the cooling systems can be appreciated.
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The consistent solar radiation registered in the march sunny day (Figure 6) deter-
mined higher output power profiles where the effect of the cooling systems, can be clearly
appreciated. The efficiency curves showed significant differences, especially in the central
part of the day. From 10:00 to 14:00 the efficiency of the PV3 module stayied over 15.2%
whereas the reference system registered the value of 13.9% at 12:00. Again, the PV6 system
reported the worst performance of all the analyzed systems with efficiencies even lower
than the reference module. In cloudy conditions, as already observed in other months, the
PV4 system performed better than the PV3 that was also surpassed by the forced ventila-
tion system PV5 which determined an efficiency curve slightly higher. The differences in
efficiency were less accentuated than the sunny day but still, aside from PV6 module, the
cooling systems guaranteed an improvement of electric performances.

Finally, Table 4 reports the daily minimum and average efficiency registered for the
different modules for the selected sunny days of each month.
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Table 4. Values of daily minimum and daily average efficiency of the different cooled modules for
the sunny days selected for the analysis.

Minimum Hourly Efficiency Average Hourly Efficiency

PV1 PV3 PV4 PV5 PV6 PV1 PV3 PV4 PV5 PV6
August 12.8% 14.4% 14.0% 13.0% 12.8% 13.7% 14.8% 14.7% 14.0% 13.8%

September 13.4% 15.0% 14.4% 13.6% 13.3% 14.9% 16.0% 15.9% 15.2% 15.0%
October 13.5% 13.9% 13.6% 13.7% 13.3% 14.7% 15.0% 15.0% 15.0% 14.7%

November 14.9% 16.0% 15.6% 15.0% 14.9% 16.3% 16.5% 16.9% 16.4% 16.3%
December 15.5% 16.4% 15.9% 15.3% 15.3% 16.2% 16.3% 16.7% 16.2% 16.2%

January 14.9% 15.2% 15.0% 15.0% 14.7% 15.4% 15.7% 15.8% 15.8% 15.6%
February 13.9% 14.2% 14.0% 14.1% 13.8% 15.2% 15.8% 15.7% 15.7% 15.5%

March 13.9% 15.2% 14.6% 13.8% 13.7% 14.4% 15.3% 15.1% 14.6% 14.4%

It can be appreciated how the reference panel always showed the lowest daily min-
imum efficiency expect for the PV6 system, which, as also highlighted by the previous
results, led to a worsening of the performances. On average the cooling systems on sunny
days were able to improve the conversion efficiency with evident greater advantages in
summer and spring days, where the increment was even 1% higher, rather than fall and
winter days where the highest detected increment was lower than 0.5%, to a minimum of
0.3% in February. It is also interesting to note the overall effect of air temperature on PV
efficiency. In colder winter months the registered daily average efficiency was noticeably
higher, reaching values even higher than 16.0% in November and December.

3.3. Energy Production and Average Efficiency

The average daily electric production and the average daily efficiency of the five PV
modules are reported in Table 5 for each month. Generally, the average daily efficiency
of PV3 and PV4 systems was very similar and sometimes equal. As already observed,
according to the meteorological condition, the best performances were obtained alterna-
tively by PV3 and PV4 systems, with PV3 being more performant on sunny days, while
PV4 was on cloudy and windy days. The cooling system applied on the PV6 module
often provided the same efficiency as the reference one, if not even worse. PV5 showed
intermediate performances.

Table 5. Daily average electric energy, monthly electric energy, and daily average efficiencies of the
six modules equipped with cooling systems.

Daily Average Energy (Wh) Daily Average Efficiency (-)

PV1 PV3 PV4 PV5 PV6 PV1 PV3 PV4 PV5 PV6
August 1338.8 1425.1 1423.0 1358.0 1341.5 0.135 0.143 0.143 0.137 0.135

September 938.8 1014.1 996.3 954.6 941.6 0.121 0.130 0.128 0.123 0.122
October * 464.9 482.6 480.3 472.9 464.8 0.127 0.131 0.132 0.130 0.128

November * 664.9 695.8 689.6 671.6 664.3 0.151 0.157 0.157 0.153 0.152
December 866.4 904.5 894.8 870.1 868.9 0.160 0.167 0.166 0.162 0.161

January 619.3 628.0 633.0 626.7 622.0 0.164 0.167 0.169 0.167 0.166
February 830.6 843.5 845.0 843.0 829.7 0.157 0.160 0.161 0.161 0.158

March 1272.7 1323.1 1310.9 1287.3 1266.3 0.151 0.157 0.156 0.153 0.151
* Some days are missing.

The reference module showed a variable efficiency with a minimum daily average
value of 12.1% reached in September and a maximum of 16.4% in January. It is possible to
appreciate that all the proposed systems were able to increase the conversion efficiency;
the highest absolute increment of 0.93% was found in September for the PV3 system
(conversion efficiency of 13.0%). The PV4 system provided comparable performance
with the PV5 system that settled just below, showing smaller increments from August to
November and March, but with slightly better performance from December to February.
Lastly, the PV6 system did not provide significant variation of electric efficiency, with a
maximum efficiency increment of 0.2% in January and a decrement of 0.04% in March.
In terms of average daily energy production, the best performances were achieved by
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PV3 cooling systems, immediately followed by PV4, PV5, and PV6 systems. In hotter
months, such as August the PV3 and PV4 provided a monthly increment of 6.4% and 6.3%,
respectively. The increment provided by the PV5 module was quite moderate (1.4%). The
PV6 system did not provide a significant increment of the electric energy production (0.2%).
In September the PV3 system guaranteed the highest electric energy percentage increment
in the whole analyzed period (8.0%), followed by PV4 (6.1%) and the other systems with
restrained improvements. In colder months the performances globally dropped. The
best results were again achieved by the PV3 system in November (4.6%) and December
(4.4%) and PV4 system (3.7% and 3.3%, respectively, in the same months) with much
more contained improvements for the other systems (1.0 % for PV5 in November). The
months of January and February saw a further drop of the performances, even for PV3
and PV4. In these months the PV4 system was able to overcome PV3, mainly because
of the predominant cloudy conditions, providing an increment of 2.2% in January and
of 1.7% in February compared to 1.4% and 1.6%, respectively, reached by PV3. In March
the performances tended to rise again with a prevalence of PV3 (4.0%) on PV4 (3.0%).
The PV6 system performances were very substandard with energy production, in some
months, even lower than the reference system, such as −0.31% in November and −0.5% in
March. It is worth noting that the daily electricity consumption of the fan ranged between
a minimum value of 1.1 Wh (January and February) and a maximum value of 10.5 Wh in
August. Consequently, the PV5 system produced in every month an energy output growth
always greater than the fan consumption. Conversely, the PV6 system was able to produce
a positive energy balance only in December and January.

The monthly electric energy produced by the five modules is reported in Figure 7. It
is possible to appreciate that greater increments are found for the hottest months of August
and September and how the spray cooling system of module PV3 showed the best results
in most of the analyzed period.
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Figure 7. Monthly energy production of the reference module and the four PV modules equipped
with the cooling systems.
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Finally, the total energy produced by the six modules is reported in Figure 8.
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Figure 8. Total energy produced by the reference module and the four PV modules in the entire period of analysis.

The global performances of the different cooling techniques implemented in the
four photovoltaic modules, considering the whole period of analysis, resulted in a total
increment of energy produced of 4.6% for PV3, 4.0% for PV4, and 1.3% for PV5. The
increment detected for PV6 was lower than 0.1%.

3.4. Economic Implications of the Cooling Systems

The proposed cooling systems offer advantages in terms of greater energy electric
production but require as well some inputs to operate. A final assessment of the cost-
benefit of each solution is proposed to allow to identify the most convenient system from
an economic point of view. As already demonstrated by the previous results, the PV6
system was not able to provide any substantial improvement in the electricity productions,
so it will not be considered in the following analysis.

The cooling systems were designed to require low auxiliary energy and a low installa-
tion cost. In the following analysis the following costs, obtained as average on the national
territory, were considered:

• The cost of the electric energy is assumed 0.36 €/kWh;
• The cost of water for PV cooling is assumed 0.5 €/m3.

Considering the operation of the spray cooling in PV3 and PV4 systems, and the
nozzle flow rate reported in Section 2.2, the average daily water consumptions for the two
cooling systems are reported in Table 6.

Table 6. Average daily water consumption for the spray operation of PV3 and PV4 systems in the
considered monitoring period.

Month Number of Sprays per Day l/day €/day

August 153 21.8 0.34
September 146 20.7 0.31
* October 146 20.8 0.18

* November 105 15.0 0.07
* December 109 15.4 0.22

January 115 16.3 0.25
February 133 18.90 0.27

March 151 21.52 0.33
* some days are missing.
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Accordingly, considering the power employed by the DC fan of the PV5 system, the
average daily energy consumption for fan operation is reported in Table 7.

Table 7. Average daily and monthly energy consumption of the fan in the PV5 system.

Month Number of Hours per Day Wh/day Wh/month

August 12.8 25.5 790.5
* September 12.1 24.3 728.0

* October 12.2 24.4 414.2
* November 8.8 17.5 157.5
December 9.0 18.0 523.0

January 9.6 19.1 592.1
February 11.1 22.1 618.8

March 12.6 25.2 780.2
* some days are missing.

Finally, according to previous results, the monthly electric energy increments provided
by each cooling system can be quantified as the difference between the amount produced
by the different system and the reference module PV1, and assuming the above-mentioned
electric energy cost the results in Table 8 can be obtained.

Table 8. Monthly energy increments produced by the cooling systems and economic benefits generated.

Month ∆PV3–1
kWh/month

∆PV4–1
kWh/month

∆PV5–1
kWh/month

PV3
€/month

PV4
€/month

PV5
€/month

August 2674.4 2608.9 593.6 0.62 0.60 −0.07
September 2259.1 1726.6 475.8 0.50 0.31 −0.09
* October 549.2 479.5 250.1 0.02 0.00 −0.06

* November 277.8 222.3 60.0 0.03 0.01 −0.04
* December 1102.4 822.9 106.5 0.17 0.07 −0.15

January 268.7 423.6 228.0 −0.16 −0.10 −0.13
February 362.8 405.0 347.8 −0.13 −0.12 −0.10

March 1563.9 1183.7 452.7 0.23 0.09 −0.12
* Some days are missing.

Results of the economic analyses showed that economic advantage is achievable
for spray cooling-based systems, whereas the use of forced ventilation does not appear
profitable, providing in all the considered months an expense rather than a profit. It is
also interesting to note that in colder months of January and February, the employment of
spray cooling was inconvenient since it produced negative advantages. Evidently, the cost
of water for spray cooling does not compensate for the economic gain due because of the
overall low energy production in the winter months.

However, it has to be highlighted that the results refer to a basic cooling strategy and
to a preliminary investigation, where the spray cooling and the fan operation was provided
for the entire daylight every month without any sophisticated algorithms. It is foreseeable
that when a proper control strategy is applied, based on the temperature reached by the
module rear surface and contemplating the cooling operation in central hours of the day,
more evident economic advantages can be obtained.

4. Conclusions

Four different cooling systems operating on the back surface of PV modules, to
overcome the increase in cell temperatures, have been proposed and compared with a
reference module. The cooling devices were designed with the aim to improve the efficiency
of the module and limit the auxiliary energy requested and were based on the spray cooling
and forced convection phenomena. Although it is very difficult to achieve an increase
in PV performance avoiding any energy waste, some of the proposed cooling systems
demonstrated satisfactory results. The data presented, on an hourly level, results obtained
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in different meteorological conditions of a long experimental campaign of data acquisition
conducted in several months.

The average daily efficiency in sunny days in the whole monitored period reached
the maximum increment in September with values of 16.0% and 15.9% for PV3 and PV4,
respectively, while the reference module exhibited a value of 14.9%. The fan-based system
showed in the same days more contained results that did not overcome an increase of
0.5%. On a monthly average basis, lower increments were detected with the PV3 system
performing better in hotter months with an efficiency of 14.3% in August and 13.0% in
September, compared to 13.5% and 12.1% of the reference module, while the PV4 system
provided the best performance in the colder months of January and February with an
efficiency of 16.9% and 16.1% compared to 16.4% and 15.7% of the reference PV1.

In terms of daily energy, the highest performances were found for the same system
in the summer months, with a production augment of 8.0% in September and 6.4% in
August. The system with the additional metallic plate (PV4) was able to provide in the
same months, increments of 6.1% and 6.3%. The scarcest performances were obtained
by the two modules equipped with forced ventilation systems that in the whole analysis
period with increments of daily electric energy less than 1.7% (PV5) and 0.4% (PV6).

We concluded that:

• The use of the metallic surface placed under the module is not recommended, since
it improves the module efficiency on cloudy days where the electric production is
already limited by the low available solar radiation;

• More complex systems based on forced ventilation or combined spray cooling and
forced ventilation did not result as a promising and viable option, with very scarce
energy performance and negative economic revenue;

• The most cost-effective solution appears to be the use of spray cooling, with simple
installation and a rather low cost, that guaranteed a consistent increment of the electric
performance of the PV module.

The economic analysis confirmed the positive results achieved by the spray cooling
systems that were able to generate economic profits in hotter months, whereas the forced
ventilation system was not able, in its present configuration, to determine economic advan-
tages. It is worth noting that the proposed cooling systems can be programmed with more
sophisticated and optimized control strategies that can generate greater positive economic
scenarios and that in a future perspective of a more volatile electricity price, the power
growth can be planned when the electricity sell price is favorable, in order to augment the
economic convenience.
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