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The field efficiency of silicon-based solar cells is dependent on various factors, including temperature. An increase
in temperature results in a reduced efficiency of a magnitude dependent on the solar cell’s temperature coefficient.
Furthermore, an increase in solar cell temperatures beyond levels specified by the manufacturer will result in a
reduced lifetime and an increased probability of potential induced degradation and even failure. A patented
Innovative Photovoltaic Cooling System (IPCoSy) is presented here. The full-scale prototypes are the same size as
commercially available photovoltaic modules, making them easier to integrate in the current market. Designs can
be commercially viable, especially when coupled with other systems such as reverse osmosis plants and water
heating.

solar energy photovoltaics cooling technology photovoltaic thermal thermal energy

| 1. Introduction

Photovoltaic (PV) power output is dependent on the absorbed incident solar radiation by solar cells, the efficiency
and temperature coefficient of the solar cell material, and the operating temperature of the photovoltaic module.
Various solutions have been proposed to optimize the absorbed incident solar radiation such as through the use of
tracking mechanisms and anti-reflective coatings. Similarly, materials research has advanced the efficiency and
temperature coefficients of solar cells. This research presents an innovative method to decrease the operating
temperature of photovoltaic modules, and, as a result, increase their efficiency. The dependence of the efficiency
on temperature is given in Equation (1) . Here, n, and ny are the solar cell conversion efficiencies at a particular
cell temperature and at reference temperature, respectively. By is the PV module’s temperature coefficient
(example: 0.48%/K) and T.~T,.r shows the temperature difference between the cell temperature and the reference

temperature 11,

Ny = NPyey [1 - By (T — Tfﬁf}]

An increase in temperature causes an increase in electron energy in the valence band. This results in a decrease
in the material's band gap since the energy gap between the conduction band and the valence band is narrowed
[, Furthermore, this leads to higher intrinsic carrier concentrations, which results in an increase in the dark
saturation current of the p-n junction . A study by Wen Cai et al. [2 showed that the temperature effect on the

short circuit current of a solar cell differs for single crystalline and polycrystalline silicon. In single crystalline silicon,
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the short circuit current decreases with temperature due to an increase in thermal lattice vibrations, which hinders
carrier mobility. Polycrystalline silicon solar cells exhibit a slight increase in short circuit current with an increase in
temperature. This effect arises partly from the decreasing band gap, which results in additional lower energy
photons being absorbed and converted to charge carriers. However, this effect can also be observed in single
crystalline silicon, and, in both cases, it plays a minor role. The major temperature effect in polycrystalline silicon is
attributed to the ratio of recombination area decreasing at a fast rate with increasing temperature. Therefore, this
leads to increased carrier mobility, which translates to an increase in the short circuit current (2. Although the short
circuit current in polycrystalline silicon solar cells can increase by 0.1% per °C, the reduction in open-circuit voltage
contributes to a net decrease in the maximum power that the solar cell can deliver B, Elevated PV operational
temperatures result in a faster degradation rate, which is even higher in open-circuit conditions 4. This is
especially true in hot climates, and, in tropical environments, PV temperatures can even exceed the maximum

temperature thresholds set by the manufacturer, possibly resulting in permanent damage to the PV module &I,

Hence, it is beneficial to find a solution to lower the PV operational temperature through cooling methods. This
study presents an innovative back-side water-cooling system due to its various benefits both offshore and on land.
The cooling system, termed IPCoSy, involves a water chamber fitted in the space conventionally available at the
back of PV modules, inside the aluminium frame, as shown in Figure 1. Whenever the controlled cooling flow is
initiated, the warm water inside the cooling chamber is replaced with cooler water, resulting in a drop in the PV
operating temperature. Furthermore, since the cooling water remains in contact with the back of the PV module
after the cooling flow is stopped, the added specific heat capacity results in the PV module taking longer to heat up.
Therefore, this cooling system requires a lower pump-switching frequency resulting in less power consumption and
a longer pump lifetime. This hypothesis and the cooling system feasibility were confirmed in a previous small-scale
study 8. The small-scale study concluded that IPCoSy could achieve gains in energy yield of up to 10% with a
controlled water flow and up to 3% without flow. However, this study utilised small-sized PV panels that had few
commercial applications. This article presents a study aimed at designing and testing commercial size prototypes
addressing challenges such as structural integrity, fluid dynamics, and the optimisation of the pump power to PV
power ratio. The IPCoSy designs can be commercially viable, especially when coupled with other systems such as
reverse osmosis plants and water heating. The designs and applications presented in this study are protected by
an international patent [,

Figure 1. Cross-section showing one of the IPCoSy designs.
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| 2. Innovative Photovoltaic Cooling System (IPCoSy)

The cooling of PV modules can be achieved through various methods such as forced air cooling, water cooling,
thermoelectric cooling modules (TEMs), natural cooling, Phase Change Materials (PCMs), and heat sinks [,
Passive air cooling is a cost-effective method to cool PV panels. However, the low density, thermal conductivity,
and volumetric heat capacity of air result in poor thermal performance, making passive air cooling insufficient (&,
Forced (active) air cooling shows an improvement in thermal performance when compared to natural (passive) air
cooling Bl. Teo et al. & designed an active PV air cooling system which increased solar cell operating efficiency by
3% to 6%. A well-designed PV/PCM system enables the PVs to operate in near-optimum temperatures while
heating buildings at night by releasing the thermal energy stored in the PCM 29, For a material to be adequate for
use as a PCM, it must have a high thermal conductivity and a large latent heat (111, The increase in annual energy
output with the introduction of PCM with solar modules was investigated 12, This study also identified the optimal
PCM melting temperatures for different locations globally. It was found that PCM is viable mainly in places with very
high insolation and little variability. Using PCM would thus increase the annual PV energy output by more than 6%
in Mexico and Eastern Africa, 2-5% in Europe, and over 5% in most other locations 2. Other systems combine
PV panels, heatsinks, and TEMs 131124 These systems use thermoelectric modules to dissipate heat from the PV
modules. Furthermore, heatsinks are used to dissipate heat from thermoelectric modules. This creates a
temperature difference across the TEM, which results in the diffusion of charge carriers within the TEM materials.
This results in the TEM producing power in addition to increased PV module efficiency. This setup reported a
maximum decrease in PV temperature of 8.29 °C.

Water cooling is one of the most viable solutions for controlling the temperature of PV modules because of the high
specific heat capacity of water. Furthermore, a water cooling technology is ideal to implement on offshore or
floating PV installations due to the very large water resources available. However, when adopting a forced
convection PV cooling system, one must strike a balance between increased PV efficiency due to lower
temperatures and power consumed by a pump, fan, or any other device used to force convection. A study 22!
determined that the ideal temperature to start cooling PVs is 45 °C, and cooling should continue until the PV
module reaches a temperature of 35 °C. Water cooling can either be applied to the front or the back side of a PV
module. A water film on the front side of a PV module is sometimes used to create the desired cooling effect.
Furthermore, the water film helps to maintain a clean surface while also creating an anti-reflective coating, thus
contributing further to an increase in solar cell operating efficiency. However, when such cooling systems are
employed, one must consider power consumption by the pump and water consumption due to evaporative losses
8l S, Nizeti¢ et al. presented a study 28! on cooling PVs using front- and back-water spraying in a Mediterranean
climate. PV temperature was reduced from 52 °C to 24 °C, with the lower temperature being limited by the
temperature of the water. When considering electricity usage to pump water, a maximum of 7.7% effective increase
in power output and 5.9% effective increase in efficiency were achieved. An essential improvement in this setup is
eliminating the shading caused by the water sprinklers. Shading a PV module with a cooling setup may result in a
power loss equal to or greater than the power gained by cooling. Furthermore, shading may cause mismatch
issues on larger PV plants. Another study 221 examined the performance of a PV water pumping system with the

PV module cooled by front water spraying. A maximum temperature reduction of 23 °C was achieved due to water
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spray and evaporative cooling. This cooling methodology increased the mean PV cell efficiency by 3.26%, and an
increase in the measured short circuit current implied an improved optical performance due to the water spray on
the front surface.

One of the challenges of front-side water cooling is that the water can evaporate and stain the front glass with
limescale or salt if utilising seawater. Limescale build-up occurs due to the formation of calcium and magnesium
carbonates. Besides being difficult to clean, this deposit can also block some of the transmission of solar radiation
to the solar cells, decreasing the efficiency of the photovoltaic module. Farrugia et al. 18 quantified the loss due to
limescale build-up, which amounted to an average decrease of 2.38% in daily energy yield. Furthermore, front-side
water cooling can lead to a high evaporation rate 12, Therefore, cooling water must be replenished frequently,

especially in locations where rainfall is scarce.

Various studies investigate the use of heat exchangers installed at the back of the PV module to create what is
referred to as photovoltaic thermal (PVT) systems. A PVT collector consists of a PV module with fluid flowing
through structures underneath the PV to absorb heat from this module 29, The driving factor for research in PVTs
is that approximately 78% of the incident solar radiation on a PV module is transformed to heat energy and not
electrical energy [&l. There are two main types of PVT configurations, namely open-loop and closed-loop L. In an
open-loop configuration, the fluid is passed once underneath the PV at a set flow rate, and the heat absorbed by
the fluid is utilised instantly. An application of an open-loop PVT system is in residential direct space heating 21,
On the other hand, a closed-loop PVT system incorporates a circulating pump, which passes the fluid several times
underneath the PV module to increase the amount of heat absorbed by the fluid 2. A typical application of a
closed-loop PVT system is in residential water heating. When opting to maximise PV output efficiency, open-loop
PVT systems are preferred since a closed-loop system favours water heating, which would lead to the PV module
reaching very high temperatures. This leads to a decrease in PV efficiency and possible delamination. A closed-
loop PVT solar collector in thermosiphon mode was studied 22, achieving an electrical power enhancement of
1.56% and a thermal efficiency of 10.73%. The negligible electrical power enhancement shows that a closed-loop
system does not favour PV temperature and PV electrical efficiency. Cooling channels installed at the back of PV
modules can be made of various materials. However, although plastic materials are easy to use, they have poor
thermal conductivity, resulting in a low heat loss coefficient. Hence, metal ducts are preferred, and, in a particular
study, these yielded a heat transfer coefficient of 45.09 W/m?2 [23], |n addition to metallic ducts, this study installed a
metal sheet on the back-side of the PV panel to cool the back of the PV module uniformly. Zondag et al. 24
compared four groups of combined PVT systems. The two-absorber PVT collector yielded the highest thermal
efficiency of 65-66%, while the sheet and tube PVT collector yielded the highest electrical efficiency. A feasibility
study by Rebollo et al. 28] gives PV module temperature and efficiency priority over hot water generation. In this
study, rectangular aluminium channels were installed at the back of the PV module, resulting in a 2% increase in
electrical efficiency. However, the author argues that the most significant limiting factor for heat transfer was the
poor contact between the aluminium channels and the PV module. Another study 28! utilised a Solar Nor collector
made from Poly(p-phenylene oxide) (PPO) plastic channels filled with ceramic granulates to cool a combination of
solar cells pasted on an absorber plate. A high heat-transfer resistance was identified as one of the key factors

contributing to reduced thermal efficiency compared to a conventional thermal absorber. H. Bahaidarah et al. 27
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constructed a numerical model and verified it experimentally by installing a solar-thermal collector at the back of
the PV module. This active cooling experiment achieved a 20% temperature drop and a 9% increase in PV panel
efficiency. In another study 2! ice was also used to keep a continuous flow of water cool on the front of a PV

module. This setup observed a maximum instantaneous power improvement of 24%.

Most existing cooling systems do not address the issue of a rapidly increasing PV temperature as soon as the
forced cooling flow is stopped. This will lead to a high pump-switching frequency and increased power
consumption, making it difficult for the cooling system to become financially viable while decreasing the lifetime of
the water pump. The state-of-the-art research has a gap when it comes to finding a feasible cooling system that
does not impact incident solar radiation and does not require a high pump-switching frequency, resulting in an

efficient cooling flow.

This research presents the outcomes of testing a patented photovoltaic back-side cooling technology. The results
showed that when a controlled flow is applied to the IPCoSy photovoltaic modules, energy yield gains of up to
9.02% are possible. Furthermore, this research showed that energy gains are also possible when simply filling the
cooling chamber with water without any further controlled flow. Under these conditions, IPCoSy achieved energy
yield gains of up to 4% when compared to a standard PV module. Furthermore, IPCoSy can be coupled with
existing water heating systems in order to feed water at a higher temperature. This study showed that maximum

thermal efficiencies of 55.88% are possible.
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