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Abstract

Concentrating photovoltaic technology is one of the most promising solar energy
utilization technologies which can directly transform sunlight into electricity with
high conversion efficiency up to 46%. Nevertheless, the concentrator brings a
large amount of heat to the solar cell and temperature of the solar cell significantly
affects its performance by reducing the efficiency and lifespan. Therefore, it is
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necessary to use proper cooling technology to dissipate the excess heat and
maintain the solar cell temperature in an acceptable range. This work presents
an overview of various cooling technologies available for concentrating photo-
voltaic systems in terms of passive and active methods. In passive cooling, natural
convection heat sink cooling, heat pipe cooling, and phase change material
cooling have been summarized. Inactive cooling, jet impingement cooling, liquid
immersion cooling, and microchannel heat sink cooling have been evaluated. At
last, discussions of these cooling techniques were reviewed.

9.1 Introduction

The photovoltaic (PV) cell is one of the most widespread renewable energy
power generation technologies which can directly transform sunlight into elec-
tricity. The main challenge of PV cell commercialization is the high initial cost
compared to conventional fossil sources-based power generation technologies [1,
2]. In order to increase the efficiency of PV power generation and make it more
cost effective, concentrating photovoltaic (CPV) was proposed by using cheaper
concentrating mirrors or lenses to capture the incident solar irradiance on a
relatively large area and concentrate that energy onto small solar cell (SC) [3,
4]. The new world efficiency record of a CPV is up to 46% reported by Soitec and
French Commission for Atomic Energy and Alternative Energies (CEA) —
Laboratoire d’électronique des technologies de 1’information (Leti), together
with the Fraunhofer Institute for Solar Energy Systems (Fraunhofer ISE) and
confirmed by Association for Iron & Steel Technology (AIST) in Japan [5],
whereas non-concentrated photovoltaics (PVs), in general, have an efficiency
of less than 25% [6]. According to the concentration ratio (CR) of a solar
radiation incident, concentrating photovoltaic (CPV) systems can be classified
under CR varying from 1 to 40 Suns [2.3 kW] for low, 40 to 300 Suns for
medium, and 300 to 2000 Suns [100 kW] for high concentrating systems
[7]. The ratio in “Suns” indicates the number of times the solar radiation is
concentrated.

In a CPV system, only a fraction of incoming sunlight is converted into electric-
ity, and the remaining solar energy is converted into heat [8]. The temperature of the
PV cells can increase significantly without cooling. The cell efficiency is adversely
influenced by the increasing temperature. Moreover, the high temperature can cause
long-term degradation and irreversible structural damages to the cell such as defor-
mation on the cell surface, delamination of the transparent layer, and development of
micro-cracks on the cell [1, 9]. The temperature coefficient of conversion efficiency
for most silicon SCs with a base temperature of 25 °C has been summarized by
Skoplaki and Palyvos [10]. They reported that the average decrease in efficiency is
around 0.45%/°C rise in operating temperature. Multi-junction (MJ) SCs are recently
favored over single junction cells to be integrated into CPV systems as they are more
efficient, have a better response to high concentration, and lower temperature
coefficient [11]. Nashik et al. [12] reported the temperature coefficient of conversion
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efficiency for [indium gallium phosphide/indium gallium arsenide/gallium] InGaP/
In GaAs/Ge triple-junction SCs to be decreased by 0.248% at 1 Sun and 0.098% at
200 Suns for per degree rise in operating temperature. It is evident that thermal
management of CPV systems plays a key role to improve the efficiency and life span
of the SCs. Thus, it is necessary to introduce effective cooling technologies to
dissipate heat, attain the higher performance, and prolong the lifetime of cells.

The following two sections will present and summarize current works in CPV
cooling technologies in terms of passive cooling and active cooling. Passive cooling
requires neither maintenance nor use of energy consuming devices such as pumps or
fans, which are more reliable and cost-effective. In this section, natural convection
heat sink cooling, heat pipe cooling, and phase change material (PCM) cooling
methods will be summarized. Active cooling requires external energy to cool the
SCs but is independent of the ambient conditions, so is usually easily controllable
than passive cooling. In this section, it mainly evaluates the methods of jet impinge-
ment cooling, liquid immersion cooling, and microchannel heat sink cooling. Based
on these efforts, discussions of those cooling techniques were reviewed for CPV
cooling technologies.

9.2 Passive Cooling
9.2.1 Natural Convection Heat Sink Cooling

Heat sink with or without fins is one of the most common passive cooling solution
applied in CPV systems [8]. It utilizes the effects of natural convection and radiation
to dump waste heat for CPV by attaching the heat sink to the bottom of the cell
(or cells). Araki et al. [13] conducted the outdoor experiments of a heat sink cooling
for CPV systems at the concentration ratio of 500 Suns. They used an aluminum
plate as the heat sink with a heat conductive epoxy and copper sheet between the SCs
and metal plate. The results presented that the cell temperature only rose 18 °C under
500 Suns and 21 °C under 400 Suns to the ambient. Chou et al. [14] also numerically
investigated the thermal performance of a high CPV system using an aluminum plate
as the heat sink for cooling. The effects of the thickness of the heat sink, the thermal
conductivity of the test board and solder paste of SCs assembly were discussed. The
results showed that the thermal conductivity of the test board and solder paste had a
slight effect to reduce cell temperature. However, the thickness of the heat sink
played an important role in the thermal management of high CPV systems. The
maximum cell temperature decreased as the aluminum thickness increased and
became stable when the thickness was more than 20 mm. In order to predict the
practical limits of flat plate cooling systems in natural convection for high CPV
modules, Guladi et al. [15] proposed a thermal analytical model with the flat plate
made of aluminum and a thickness of 3 mm. They found that flat plate systems
cooled by natural convection of ambient air were sufficient to maintain the cell
temperature below 80 °C up to CR of a few thousand Suns in the case of SCs side
lengths of 2-4 mm and flat plate side lengths of 0-60 mm. Cui et al. [16] also
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proposed a thermal model based on the energy conservation principle for CPV cells
cooled by aluminum plates with a black coating as heat sinks. The heat sink area was
700 times larger than the area of SCs. According to the model, the cell temperature
reduced as the heat sink area increased for a fixed CR. And for a certain fixed cell
temperature, the heat sink area needed to increase linearly as a function of the
concentration ratio. This model was verified by an outdoor experiment which
measured the SCs temperature of 37 °C at the concentration ratio of 400 Suns.

Heat sink with fins can obviously increase the heat transfer surface area which
remarkably enhances the thermal performance. Natarajan et al. [17] numerically
studied the thermal performance of a CPV system cooling by a heat sink with and
without fins. A two-dimensional (2-D) thermal model was developed to predict the
SCs temperature. Based on the model, the SCs temperature with fins was signifi-
cantly decreased compared to without fins. And they found that four uniform fins of
1 mm thickness and 5 mm height could effectively reduce the SCs temperature to
49.6 °C for CPV system at the concentration ratio of 10 Suns and ambient temper-
ature of 20 °C. Aldossary et al. [11] also numerically investigated the feasibility of
heat sink for passive cooling to maintain a single MJ PV cell surface temperature and
electrical performance under high solar concentration in the harsh environment
where ambient temperature could reach 50 °C. Two heat sink designs (shown in
Fig. 9.1), namely, round pin heat sink (RPHS) and straight fins heat sink (SFHS),
were simulated with the concentration ratio of 500 Suns. The results showed that
SFHS had a better performance with the PV surface temperature of 21 °C lower than
RPHS in ambient temperatures of 25-50 °C. The round pin heat sink was unable to
keep the PV surface temperature below 80 °C at all test ambient temperatures and
SFHS only could maintain the maximum PV surface temperature within the oper-
ating limit at an ambient temperature lower than 35 °C.

Micheli et al. [18] first used the least-material approach to design a heat sink for
ultrahigh CPVs (concentration ratio over 2000 Suns). This method showed the
potential to handle the thermal management of ultrahigh CPV systems, meanwhile
limiting the costs and weight of the heat sink. The results showed that an 8-in x
Il cm wide x 6 cm high heat sink made of aluminum was able to keep a
3 mm X 3 mm MJ cell temperature below 80 °C at the concentration ratio of 4000

90

Fig. 9.1 Two heat sink structures investigated in Ref. [11], (a) RPHS, (b) SFHS
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Suns. And it was concluded that the normalized cost of 0.1-0.18 $/W, was expected
for production of optimized heat sinks for ultrahigh CPV systems at the concentra-
tion ratio from 1000 to 8000 Suns. Later, they optimized the least-material approach
by reducing the heat sink baseplate extension and developed a 7-in x 9.6 cm wide x
5.62 cm high heat sink maintaining the cell temperature below 80 °C with a drop in
weight and price of 61% [19]. Moreover, Micheli et al. [20] also investigated the
feasibility of silicon micro-finned heat sinks for passive cooling of 500 Suns CPV
systems by a simulation model. It was found that the SC temperature was lower than
80 °C by using a silicon wafer as a heat sink for both unfinned and finned conditions.
And the fins performed better. The results showed that the application of micro-fins
for passive cooling of CPV had the potential to reduce the material usage, the
installation costs, and the tracker’s energy consumptions, contributing to increasing
the cost competitiveness of CPV in the renewable energy market.

For the purpose of estimating the thermal performance of a natural convective
heat sink with fins for high CPV module cooling, Do et al. [21] proposed a general
correlation based on extensive experimental data. And comparing with the previous
studies [22, 23], the proposed correlation well predicted the effects of inclination
angle and fin spacing on the thermal performance of the heat sink with plate-fins.
They found that the optimal fin spacing strongly depended on the inclination angle
and temperature difference for a specific geometry. The major problem related to the
present natural convective heat sink cooling systems for heliostat concentrator
photovoltaic (HCPV) is their heat dissipation efficiencies highly rely on the ambient
temperature and wind speed. In order to solve this problem, Zou et al. [24] developed
anovel passive air cooling device to provide enough cooling for SCs under the worst
case scenario, i.e., high ambient temperature and no wind conditions (Fig. 9.2). The
air could be automatically sucked into the channels of aluminum pipes heat sink and
took away the waste heat of SCs. Then, the airflow leaving the pipes would be
further heated inside the solar collector until it reached the bottom of the chimney,
which was used to enhance the chimney effect. Numerical results showed that this
novel cooling system could keep cell temperature under 75 °C even as the concen-
tration ratio reached 700 Suns.

9.2.2 Heat Pipe Cooling

Heat pipes are hollow metal pipes consisting of a porous wick material and transport
heat by two-phase flow of a working fluid. The liquid working fluid inside the wick
is vaporized by the heat in the evaporator section and then flows toward the
condenser section carrying the latent heat of vaporization in the tube. The vapor
condenses and releases its latent heat in the condenser section, and then returns to the
evaporator section through the wick structure by capillary effect. The phase change
processes and two-phase flow circulation continue as long as the temperature
difference between the evaporator and condenser sections are maintained. Because
of the high thermal conductivity and heat transfer characteristics, heat pipe cooling
has been used on CPV systems.
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Fig. 9.3 Heat pipe cooling system proposed by Russell [25]

Russell [25] patented a heat pipe cooling system for CPV modules with linear
Fresnel lenses. A string of cells mounted along the length of a heat pipe with an internal
wick pulling the liquid up to the heated surface (Fig. 9.3). By ensuring a uniform
temperature along the pipe, the heat was removed from the heat pipe by an internal
coolant circuit. Akbarzadeh and Wadowski [26] experimentally investigated the perfor-
mance of a heat pipe cooling method for CPV systems at the concentration ratio of
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20 Suns. The cell was attached to the evaporator section of the heat pipe, and the upper
condenser section extended by fins was exposed to natural convection air cooling. The
cooling system was made of copper tube and charged with Freon R-11 [tri-
chloromonofluoromethane, CC1;F] as the working fluid. The CPV system was exposed
to solar radiation for a period of 4 h and it was found that the cell surface temperature did
not rise above 46 °C. However, the cell surface temperature rose to 84 °C and the output
power dropped to 10.6 W instead of 20.6 W if the cooling system was not filled with any
working fluid. Cheknane et al. [27] also conducted an experimental study regarding the
role of heat pipe cooling on silicon-based CPV performance operating up to 500 Suns.
The heat pipe cooling system was similar to that used in [26]. Water and acetone were
employed as working fluids, and the heat pipe was made of a sealed copper cylinder
with fins. The results showed that using acetone in heat pipe cooling improved the
performance of SCs at high CR than water. Anderson et al. [28] designed a cooling
system that uses a copper heat pipe with aluminum fins to cool a CPV cell by natural
convection. They first compared five working fluids (water, ammonia, methanol,
toluene, and pentane) for heat pipes and found that water heat pipe with three wraps
of 150 mesh screen could carry more than six times heat energy compared to the other
working fluids. Then, they determined the optimum fin size that minimized the temper-
ature difference (A7, °C) between the CPV cell and ambient air by computational fluid
dynamics (CFD) simulation. A copper heater block with cartridge heaters was used to
simulate the waste heat from the CPV cell in the experiments. The results showed that
the heat pipe rejected the heat with a heat flux of 40 W/cm? to the environment with a
ATrise of only 40 °C. Huang et al. [29] proposed and evaluated the performance of a
novel hybrid-structure flat plate heat pipe for a CPV (Fig. 9.4). The novel heat pipe was
composed of a flattened copper pipe and a sintered wick structure supported by a
coronary-stent-like rthombic copper mesh. Experiments presented that the novel heat
pipe had less thermal resistance compared to a traditional copper heat pipe. The results
also showed that the novel heat pipe provided better performance for a single SC, which
could increase the photoelectric conversion efficiency by approximately 3.1%, com-
pared to an aluminum substrate heat sink. Wang et al. [30] numerically and experimen-
tally conducted a comprehensive investigation of the heat pipe cooling for CPV cell
thermal management in a concentrator photovoltaics (CPV)/concentrated solar power
(CSP) hybrid solar system. The heat transfer performance of three different designs of a

Sintered wink
Heat source Coronary-stent-like structure
supporting structure

Sintered wick structure Working fluid Flattened copper pipe

Fig. 9.4 (a) Working mechanism and (b) supporting structure of the novel hybrid-structure flat
plate heat pipe in Ref. [29]
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single heat pipe with radial fins, double heat pipes with radial fins, and double heat pipes
with annular fins was evaluated under various heat rejection requirements. The results
showed that heat pipes with radial fins presented narrow capability of dumping the heat,
while heat pipes with annular fins had better performances under the same conditions.
The double heat pipes with annular fins could bring most of the PV cells to the limited
temperature or below under 50 W (13.0 W/em?) or lower heat load.

9.2.3 Phase Change Material (PCM) Cooling

Phase change material (PCM) which absorb a significant amount of thermal energy
as latent heat during the transition from solid to liquid phase are usually incorporated
within PV systems for thermal regulation. Appropriately used PCMs can reduce the
peak temperature which increases the electrical efficiency by preventing overheating
of the system during the daytime. Numerous studies of PV thermal regulation using
PCMs have been performed and comprehensively reviewed [31-35]. However, the
investigations of CPV systems using PCM are limited.

Sharma et al. [36] presented an experimental investigation of PCM to enhance the
thermal performance of very low-concentration building-integrated concentrated
photovoltaic (BICPV) systems. The effect of PCM on electrical parameters of the
BICPV systems was also discussed. An organic PCM of paraffin wax [(C,H,, + 2)
based (RubiTherm) RT42 (melting temperature 38-43 °C, specific heat capacity 0.2
kJ/kgeK, heat conductivity 0.2 W/mek] was used to fabricate PCM containment
integrated with an in-house manufactured BICPV module. Indoor experiments were
conducted with this BICPV-PCM system tested in naturally ventilated mode (with-
out PCM) and then with PCM using highly collimated continuous light source at
1000 W/m?. The results showed that stable BICPV temperature of 46.5 °C was
achieved with an average temperature reduction of 3.8 °C at the BICPV module
center and a relative electrical efficiency improvement of 7.7% with than without
PCM. Later, they integrated the micro-fins with PCM and nanomaterial enhanced
PCM (n-PCM) for cooling the BICPV systems [37]. In order to overcome PCM
leakage, high manufacturing turnaround time, and associated costs, the PCM con-
tainment was fabricated using 3-D print technology in this paper. The experimental
results showed that the average temperature in the center of the system was reduced
by 10.7 °C (15.9%) using micro-fins with PCM and 12.5 °C (18.5%) using micro-
fins with n-PCM as compared to using the micro-fins only. However, the n-PCM
showed visual signs of agglomeration and deposition of [copper oxide] nano-CuO
due to the difference in their densities after successive heating and melting cycles.
Emam et al. [38] investigated the performance of an inclined CPV-PCM system
using a comprehensive 2-D model comprising of the energy equations for CPV
layers and a transient melting-solidification thermo-fluid model for PCM. The effects
of inclination angle, concentration ratio, and PCM thickness on the thermal and
electrical behaviors of the CPV-PCM system were studied. The results indicated that
the system inclination angle had a significant effect on the time required to reach the
complete melting state, the transient average solar cell temperature, and temperature
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Fig. 9.5 Four different configurations of a PCM heat sink in Ref. [39], (a) a single cavity, (b) three-
parallel cavity, (¢) five-parallel cavity, and (d) three-series cavity

uniformity. The system at an inclination angle of 45° could reach the minimum
average temperature with reasonable uniformity of local solar cell temperature which
achieved the highest solar cell electrical efficiency and helped to prevent the hot
spots in the solar cell. Later, they developed hybrid CPV-PCM systems to attain
rapid thermal dissipation by enhancing the typically low thermal conductivity of
PCM [39]. The systems included four different configurations of a PCM heat sink
(shown in Fig. 9.5) and nine different pattern arrangements of three PCM materials
(n-octadecane paraffin, CH;sCHj3; calcium chloride hexahydrate, CaCl,-6H,0; and
eutectic mixture of capric acid/palmitic acid, C;oH,00,/C;cH3,0,). Using the sim-
ilar 2-D model, the transient temperature variation at the concentration ratio of
10 and 20 Suns was numerically simulated. The results indicated that the SC
temperature decreased with the increasing number of parallel cavities of the PCM
heat sink. However, increasing the number of series cavities of PCM heat sink had an
unfavorable effect on the SC temperature. Moreover, optimal patterning of PCMs
would result in substantial enhancement of the thermal regulation of CPV-PCM
systems. Su et al. [40] designed an encapsulated PCM (paraffin wax) spheres
immersed in a water tank for a CPV/T system and performed the on-site experiments
with a dish concentrator to measure solar irradiance, an output power of SCs and
temperatures of the ambient air and water in the collector. The results showed that
the average increases of the electrical, thermal, and overall efficiencies for the
CPV/T system with PCM cooling were more than 10%, 5%, and 15%, respectively,
compared to the CPV/T system with water cooling.
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9.3 Active Cooling
9.3.1 Jet Impingement Cooling

Jet impingement is an attractive cooling technique due to its very low thermal
resistances (generally 107°-107° Kem?/W) [41]. The liquid coolant is forced
through a narrow hole or slot and impinged onto the heated surface in the normal
direction. A very thin thermal boundary layer can be formed in the stagnation zone
directly under the impingement and extends radially outward from the jet. As the
heat transfer coefficient decreases rapidly with distance from the jet, an array of jets
is usually used for cooling large surfaces [8].

Royne and Dey [42] proposed a jet impingement cooling technique for densely
packed PV cells under high concentration ratio. Six different jet configurations under
arrays of four and nine jets with side drainage normal to the impingement surface
(Fig. 9.6) were tested. A model was developed to predict the pumping power
required for a given average heat transfer coefficient for different device configura-
tions and found that a higher number of nozzles per unit area improved the
performance. They found that cell temperature decreased from 60 °C to 30 °C at
the concentration ratio of 200 Suns and from 110 °C to 40 °C for 500 Suns at the
maximum power point. Montorfano et al. [43] numerically and experimentally
investigated the cells mean temperatures and pressure drop of an impingement
water jet cooling system for a CPV cells module. The nozzle to plate distance, the
number of jets, the nozzle pitch, and the distance between adjacent jets were
optimized through literature and by means of accurate computational fluid dynamics
(CFD) simulations. The results showed that the system experienced a pressure drop
0f 44.03 mbar and the temperature of the cell varied from a minimum of48.3 °Cto a
maximum of 51.9 °C at a flow rate of 11 mL/s, a water inlet temperature of 27 °C,
and constant incoming power of 150 W.

In order to reduce the temperature nonuniformity inherently induced by the jet
impingement distribution, Barrau et al. [44, 45] designed a hybrid jet impingement/
microchannel cooling device for densely packed PV cells under high concentration
ratio. The device combined a slot jet impingement with a nonuniform distribution of
microchannels (Fig. 9.7) and was evaluated by experimental measurements. The
results showed that the hybrid device offered a minimum thermal resistance

Fig. 9.6 Schematic drawing
of jet configuration with side

drainage direction normal to
the impingement surface [42]

A
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Fig. 9.7 3-D view of the experimental module in Refs. [44, 45]

coefficient of 2.18 x 10~> K:m*/W with lower pressure drop and higher net PV
output compared to only microchannel cooling. Later, they experimentally tested the
efficiency of the hybrid device under real outdoor conditions [46]. A two-stage solar
concentrator was used to provide a nonuniform illumination profile on a dummy cell.
The results showed that the electrical output of the CPV receiver increased with the
water flow rate and concentration ratio. It was indicated that the hybrid device could
obtain a high-temperature uniformity of the whole PV receiver by modifying the
internal geometry at the design stage to adapt the distribution of the local heat
removal capacity.

9.3.2 Liquid Immersion Cooling

With liquid immersion cooling, SCs are directly immersed into the circulating liquid
which reduces the contact thermal resistance. The contact thermal resistance is
moved to the boundary layer between the bulk liquid and the CPV cell [47]. And
the heat can be absorbed by the circulating liquid from both the top and bottom
surfaces of the PV cells instead of just the bottom surface.

Zhu et al. [48] proposed a liquid immersion cooling method for densely packed
SCs under high concentration ratio. The heat transfer and electrical performances
were experimentally investigated under different concentration ratio, liquid temper-
atures, and flow velocities by using dimethyl-silicon oil as the dielectric fluid. The
results showed that the module temperature could be cooled to lower than 45 °C and
the convective heat transfer coefficient could be higher than 3000 W/(m?<K). A
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three-dimensional (3-D) simulation model was established to analyze the detailed
velocity and temperature distributions surrounding the cell module. The numerical
results indicated that the major heat transfer resistance was due to the laminar layers
surrounding the cell and copper substrate. Liu et al. [49] also experimentally
investigated the heat dissipation performance of a similar liquid immersion cooling
system for SCs module under the conditions of irradiance of 50 and 70 kW/m?. The
dimethyl-silicon oil was used as the dielectric fluid. The results showed that the
liquid inlet temperature had little effect on the module temperature distribution, but
had a linear relationship with the average module temperature. The module temper-
ature distribution in turbulent flow was found to be quite uniform, but with some
degradation of the electrical performance.

Zhu et al. [50] applied deionized water immersion cooling to a dish high CPV
system with a concentration ratio of 250 Suns. Time-dependent temperature distri-
bution and electrical performance of the cell module were experimentally measured.
The results showed that the module temperature was reduced to 45 °C at the direct
normal irradiance (DNI) of 940 W/m” and 17 °C ambient temperature with 30 °C
inlet water temperature. The overall convective heat transfer coefficient was approx-
imately 6000 W/(m?+K). However, the electrical performance of the cell module
obviously degraded after a long-time immersion in the deionized water even though
its resistivity was kept constant. In order to understand the degradation mechanism,
Han et al. [51] conducted the long-term deionized water immersion tests of bare
cells, lead based-soldered tabbed cells, and epoxy tabbed cells, respectively. The
results showed that the presence of lead oxides (PbO) and tin black oxides (SnO) on
the lead based-soldered tabbed cells and red deposition on the epoxy [C,1H,5C105]
tabbed cells confirmed the occurrence of galvanic corrosion, which made the tabbed
cells immeasurable finally. However, particular cleaning for the lead based-soldered
tabbed cells could recover the (current-voltage) I-V performance toward its initial
values, and partial recovery can be obtained for the epoxy tabbed cells, which
indicated that the cells were not chemically damaged after long-time deionized
water immersion. Xiang et al. [52] used the assembled solar receiver and CPV
module prototype in [50] to establish a 3-D numerical simulation model for better
understanding the mechanism of the direct-contact heat transfer process. The 3-D
simulation model of the liquid-immersed solar receiver and the prototype of a CPV
module are shown in Fig. 9.8. The heat transfer performance of the CPV module
without and with fins under actual weather conditions was simulated and found that
the finned module made the average temperature 8—10 °C lower than the bare one
and reduced the temperature nonuniformity from 15 °C to below 10 °C. Sun et al.
[53] designed a narrow rectangular channel receiver (Fig. 9.9) to reduce the liquid
holdup at the concentration ratio of 9.1 Suns. The experimental results showed that
the cell temperature was maintained in the range of 20-31 °C at a direct normal solar
irradiance (DNI) of about 910 W/m?, silicon oil inlet temperature of 15 °C, and
Reynolds number (Re) ranging from 2720 to 13,602 (dimensionless). Long-term
stability of silicon CPV cells immersed in dimethyl silicon oil was conducted under
real climate conditions and found that the cells electrical performance had no
obvious efficiency degradation for 270 days of operation.
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(b)

Fig. 9.8 (a) 3-D simulation model of the liquid-immersed solar receiver and (b) prototype of a
CPV module in Ref. [52]
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Fig. 9.9 (a) Section view and (b) photo of the narrow rectangular channel receiver in [53]

For purpose of selecting the appropriate dielectric liquid as immersion cooling
liquid, Han et al. [47] conducted the optical transmittance measurements of
deionized water, isopropyl alcohol, ethyl acetate, and dimethyl silicone oil and
found that they all satisfied the optical requirements for silicon CPV applications
as immersion coolants. Test cell samples were fabricated by encapsulating between
two sheets of 100 mm x 100 mm and 3.3 mm thick Borofloat glass [81% silica,
Si0,; 13% boron oxide, B,O3; 4% sodium oxide/potassium oxide, Na,O/K,0; and
2% alumina, Al,Os], then sealing with silicone to provide a liquid cavity (Fig. 9.10).
The electrical performance of silicon CPV cells immersed in those four dielectric
liquids was experimental examined using the test cell samples with a constant
voltage I-V flash tester. The results showed that the electrical performance of CPV
cells improved in the candidate dielectric liquids at the concentration ratio of 10-30
Suns. The light reflection losses and cell surface recombination losses from surface
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Fig. 9.10 Silicon CPV cell test sample immersed in dimethyl silicon oil used by [47]

adsorption of polar molecules were both reduced. Then, the thermal performance of
a liquid immersion cooled solar receiver for a linear CPV system was investigated by
numerical simulations and found that the fluid inlet velocity and flow mode, along
with the fluid thermal properties, all had significant influences on the cell array
temperature. Later, Han et al. [54] investigated the effect of the liquid layer thickness
above the cell surface on the electrical performance of silicon CPV cells. The
experimental results showed that an increase in the silicon SCs efficiency of
8.5-15.2% was achieved with 1.5 mm liquid thickness immersion, while the degree
of the improvements to the efficiency decreased in 9 mm test due to more incident
light was absorbed by the thicker liquid layer. And the optimum liquid thickness
existed and depended on the liquid types. Long-term cell performance tests demon-
strated that the reliable output of the silicon CPV cells was achieved when operated
in isopropyl alcohol, ethyl acetate, and dimethyl silicone oil without silicone sealant
involved, respectively. However, the stable electrical performance of the cell was
difficult to be achieved when immersed in deionized water which was consistent
with the report in Ref. [50].

Xin et al. [55] applied the liquid immersion cooling method for GalnP/GalnAs/Ge
triple-junction SCs of high CPV systems. They presented that the silicone oil was quite
transparent in the wavelength range of both GalnP sub-cell and GalnAs sub-cell, but the
transmittances of silicon oil had slightly decreased in the wavelength range of Ge
sub-cell. Flash testing showed that the silicon oil immersion could indeed improve the
electrical performance of Ge-based MJ cell when the thickness was less than 6.3 mm
under 500 Suns and 25 °C. Then, CFD simulation analysis showed that the silicon oil
immersion thickness should not be less than 2.5 mm and the cell average temperature
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was kept less than 67 °C when the silicon oil mass flow rate was not less than 20 kg/h.
Han et al. [56] proposed a theoretical model for the direct liquid-immersed solar receiver
with Ge-based MJ CPV cells to investigate the temperature of the receiver and the
system electrical efficiency. The results showed that the CR, mass flow rate, and inlet
liquid temperature had significant effects on the cell temperature and, by extension,
system output power. The flow rate selection should match CR to maintain the cell
temperature lower and increase the system electrical efficiency. Kang et al. [57]
numerically investigated the heat transfer performance of silicon oil immersion cooling
for the densely packed MJ SCs with fins at 500 Suns. The results showed that the cell
temperature decreased and the heat transfer coefficient and pressure drop increased with
the increasing inlet flow velocity. The cells average temperature was 63 °C, the heat
transfer coefficient was 750 W/(m*+K), and the pressure drop was lower than 10 kPa/m
when inlet flow velocity and temperature of silicon oil was 1 m/s and 25 °C under the
optimized parameters of liquid immersion cooling receiver.

In all immersion cooling systems described above, a high flow rate is usually
required to obtain a higher single-phase convective heat transfer due to the high CR
and cells temperature, which results in higher parasitic energy consumption. In order to
enhance the economic and heat transfer performances, Kang et al. [58] developed a
direct-contact phase-change liquid immersion cooling method for dense-array SCs in
high CPV system. Ethanol was used as a phase-change immersion cooling liquid. The
cooling system could be self-regulating without consuming extra energy with ethanol
mass flow rate of 158.3-180.6 kg/(m?ss) under the concentration ratio of 219.8-398.4
Suns. The experimental results showed that the electrical performance of MJ SCs could
decline due to the light loss at the interface between ethanol and bubbles. Later, Wang
et al. [59] optimized the liquid filling ratio of this cooling system and found that the
optimal liquid filling ratio was 30% with the heat transfer coefficient of 9726.21
W/(m?K).

As the phase-change liquid immersion cooling method generates bubbles which can
reduce the cell efficiency and requires higher sealing quality, Wang et al. [60] firstly
proposed a direct-contact liquid film cooling system for dense-array SCs in high CPV
system. An electric heating plate was designed to simulate the dense-array SCs and
water was used as a working fluid. The experimental results showed that the average
temperature of simulated SCs and heat transfer coefficient of falling film vaporization
both increased with the increasing concentration ratio. Higher water inlet flow rate was
found to result in lower average temperature and higher heat transfer coefficient
underwater inlet temperature of 30 °C. However, the water inlet flow rate had little
impact on average temperature and heat transfer coefficient underwater inlet temperature
of 75 °C, which implied that the latent heat transfer became the dominant way of heat
transfer. Later, they derived a 2-D model of the direct-contact liquid film cooling system
for dense-array SCs to present the temperature distribution on the SCs surface and flow
characteristic of the liquid film [61]. The numerical results showed that inlet width had a
significant effect on the liquid film thickness. And the subcooled boiling state was a
necessary condition to ensure the cooling effect. The optimum inlet parameters at the
concentration ratio of 500 Suns were inlet velocity of 1.06 m/s, inlet width of 0.75 mm,
and inlet temperature of 75 °C.
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9.3.3 Microchannel Heat Sink Cooling

The application of a microchannel heat sink is a potential way to attain extremely
high heat transfer rate because of the high surface-area-to-volume ratio of micro-
channels. Phillips et al. [62] indicated that the use of microchannel cooling system
can dissipate heat load as high as 1000 W/cm?>. Moreover, Royne et al. [8] presented
that the microchannel heat sink was a particularly promising cooling technology for
high CPV systems. A recent overview of the thermal and hydrodynamic analysis of
microchannel heat sinks showed that laminar was the prevailing flow condition and
the use of liquid coolants was preferable over gaseous coolants [63].

Ortegon et al. [64] analyzed a microchannel heat sink used for cooling a high
CPV cell at the CR of 500 Suns by theoretical and numerical methods. The results
indicated that microchannel heat sink cooling was an effective thermal management
method for high CPV systems, which improved the cell efficiency to compensate for
the higher pressure drop compared to a single rectangular channel heat sink. Capua
et al. [65] integrated forward triangular ribs on the inner sidewalls of microchannels
to enhance the cooling capability of microchannel heat sinks for a high CPV system.
Two structures of aligned and offset distributions along the microchannel walls were
considered and investigated in laminar flows by numerical analysis. The results
showed that, compared to smooth microchannels, microchannels with aligned and
offset rib distributions increased 1.8 and 1.6 times on average Nusselt number (Nuy,
dimensionless), respectively, as well as 3.9 and 2.3 times on average friction factors,
respectively. As a relatively high pumping power demand, the microchannel heat
sink with forwarding triangular ribs loses its advantage as an effective and efficient
cooling system for high CPV application as Re increases, especially at Re > 200.

In the conventional microchannel heat sink, liquid coolant temperature can
increase along the flow direction resulting in a temperature gradient between the
inlet and outlet of the microchannels [66]. To minimize the temperature gradient, a
higher coolant flow rate is necessary, which causes higher power consumption.
Multi-layer microchannel heat sinks are considered to achieve more efficient cooling
in terms of pumping power and heat removal capability [67]. Radwan and Ahmed
[68] investigated the influence of microchannel heat sink configurations on the
cooling performance of low CPV systems. The numerical results showed that the
consumed pumping powers of the double-layer configurations were obviously lower
than that of single-layer configurations and achieved a higher net power gain,
especially for higher coolant mass flow rates. Siyabi et al. [69] used a 3-D incom-
pressible laminar steady flow model to evaluate the performance of a multi-layer
microchannel heat sink for cooling CPV cells. The numerical results showed that an
increase in the number of microchannel layers exhibited a significant improvement
in terms of SC temperature, the thermal resistance, and the fluid pumping power.
Moreover, the channel height and width had no effect on the maximum SC temper-
ature, while increasing channel height resulted in less fluid pumping power.

Another way to decrease the pressure drop and increase the uniformity of
temperature distribution of microchannel heat sinks is to use manifold microchannel
heat sinks. In a manifold microchannel, the fluid flows in an alternate way through
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Fig. 9.11 Schematic of a —
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the direction perpendicular to the heat sink as depicted in Fig. 9.11. As the fluid has a
shorter residence time in contact with the base, the uniform temperature distribution
across the cooled surface can be obtained [70]. Kermani et al. [71] fabricated and
tested a manifold microchannel heat sink for cooling CPV cells under CR of 1000
Suns and used water as the working fluid. The experimental results indicated that the
manifold microchannel heat sink could provide high heat transfer coefficient with
only moderate pressure drops. Yang and Zuo [72] designed a multi-layer manifold
microchannel heat sink to effectively cool the cell surface temperature and improve
the uniformity of surface temperature distribution for silicon SC module at CR lower
than 100 Suns. The combined use of the multiple inlet/outlet manifolds and plenum
chambers increased the fluid flow rate in the inlet area of the microchannels to
produce the fluid turbulence which enhanced the heat transfer coefficient. The
experimental results showed that the surface temperature difference of the CPV
cells was below 6.3 °C. And the multi-layer manifold microchannel had a heat
transfer coefficient up to 8235.84 W/(m?+K) and its pressure drop was lower than
3 kPa. Dong et al. [73] proposed a novel mini channel manifold heat sink for densely
packed CPVs under CR of 500 Suns by numerical simulations. Two groups of
T-shape minichannels were arranged in a manifold heat sink as shown in
Fig. 9.12. It was found that the temperature of the maximum cell was lower than
80 °C and the difference between the maximum and minimum temperatures of
100 MJ cells was 26.49 °C when the water inlet velocity was 0.64 m/s.

In addition, two-phase coolants are considered to be used to enhance the cooling
performance for microchannel heat sink by increasing the fluid thermal conductivity
through using nanofluids or operated under forced convective boiling conditions.
Radwan et al. [74] used aluminum oxide (Al,Oz)-water and silicon carbide (SiC)-
water nanofluids with different volume fractions as cooling mediums in a micro-
channel heat sink for cooling CPV systems. A comprehensive model was developed
to estimate the electrical and thermal performances of the CPV systems which
included a thermal model for the photovoltaic layers, coupled with thermo-fluid
dynamics of two-phase flow model of the microchannel heat sink. The results
showed that the use of nanofluids achieved a higher reduction in cell temperature
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Fig. 9.12 T-shape manifold with a minichannels heat sink in Ref. [73]

and higher cell electrical efficiency than the use of water, particularly at lower Re and
higher concentration ratio. The cell temperature decreased significantly with the
increasing volume fraction of nanoparticles. Moreover, using SiC-water nanofluid
with higher thermal conductivity had a relatively higher reduction in cell temperature
than using Al,Os-water. Later, they experimentally investigated a monolithic
double-layer microchannel heat sink used for cooling CPV cells under forced
convective boiling conditions [75]. Ethanol [C,HsOH] and acetone [C3H¢O] with
a boiling point of 78.4 °C and 56 °C were selected as the working fluids. The results
showed that there was an excellent uniform temperature around the coolant boiling
point over the entire heated wall in a wide range of flow rates. The temperature
uniformities were below 1.6 °C and 1.8 °C for ethanol and acetone, respectively,
under the counterflow operation of forced convective boiling at the CR of 11.5 Suns.

9.4 Discussion and Conclusion Remarks

A comprehensive summary of thermal management techniques for CPV systems has
been presented above. As the parameters and performances are quite different for
various cooling technologies, the six cooling methods were critically reviewed as
listed in Tables 9.1, 9.2, 9.3, 9.4, 9.5, and 9.6.

It can be seen that natural convection heat sink cooling is an effective technique of
passive cooling even for high CPV systems. The main drawback of this thermal
management technique is that the heat sink area needed to maintain the cell temper-
ature below the nominal operating value increases with the CR which makes the size
and weight of CPV modules increase. In tracked CPV system, the weight of heat
sink can sensibly affect the overall system performances. The heavier the system, the
more the energy consumed by the tracker, and thus, the lower the system’s efficiency
[20]. Therefore, a large heat sink required to release heat from CPV systems would
make the natural convection heat sink less realistic and attractive for cooling. Using
fins on the flat plate can significantly improve the cooling capacity so that reduces
the volume of a heat sink and also makes the system more compact. Another
drawback of this thermal management technique is that ambient conditions such as
air temperature and wind speed have major influences on the heat dissipation
performance of cooling systems. Even using a very large heat sink, it cannot
dissipate enough heat from the CPV module in high ambient temperature and no
wind conditions.
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Heat pipe cooling is another effective passive cooling technique to move and
reject heat from CPV modules, especially at low and medium concentration ratio
levels. Many investigated works used fins on the heat pipe to improve the cooling
capacity. Moreover, as heat pipe operates nearly isothermally, the portion of fins is
more effective which needs a smaller volume of fins. Thus, a heat pipe is a good
alternative to large natural convection heat sinks, especially when the available space
for the cooling system is constrained. However, the use of that technique in terms of
economic viability for high CPV systems needs further discussion.

In PCM cooling technology, it is evident from the literature that a limited amount
of work has been done for CPV modules in contrast with most of the work done for
non-concentrated PVs. The list of various PCMs and their thermal properties that
have been used in PV systems is presented in Table 9.7. It can be seen that most
PCMs have a low thermal conductivity, which slows their heat charging and
discharging rate. The main advantage of using PCM is the ability to regulate
temperature based on its latent heat which can result in uniform temperature cooling.
Another advantage is its versatility in the choice of melting temperature, and the
thickness of the PCM layer can determine the period of time that a relatively stable
PV temperature can be maintained. Moreover, using fin designs and optimal pat-
terning of multiple PCM components can also substantially enhance the thermal
regulation of CPV-PCM systems. The limitations of using PCM include that some of
them are toxic and corrosive, as well as the fire safety and disposal problem after the
completion of the life cycle. Further investigations into the applicability of PCM in
the thermal management of high CPV module should be conducted, especially in
long-term operation.

Jet impingement cooling is an attractive active cooling technique due to its high
extraction capability and low thermal resistance. However, as the distance from the
jet increases, the heat transfer coefficient decreases rapidly leading to inherent
nonuniform temperature distribution. An array of jets is usually used to partially
alleviate this problem. But another problem of the disturbance arising from the
interaction of the fountain of the jet to another jet can appear and has been shown
to decrease the overall heat transfer drastically [76, 77]. The heat transfer character-
istics of an array of impinging jets are highly dependent on a plate to nozzle pitch, a
number of nozzles, diameter spacing, and fluid velocity which should be well
optimized. Moreover, jet impingement with microchannels was shown to enhance
the temperature uniformity and can regulate temperature depending upon the local
heat removal capacity which makes it an attractive option for cooling CPV modules.
Another challenge in the design of such systems is to minimize the pumping power
consumption.

In the case of liquid immersion cooling technology, the heat transfer coefficient
can go up to 47 kW/(m?+K). The main applications for such type of cooling reported
in the literature are used in densely packed CPV systems with the SCs working under
medium and high concentration ratio levels. The common immersion liquid inves-
tigated in literature is dimethyl silicone oil, while deionized water was found to have
better thermal properties of higher thermal conductivity, heat capacity, and lower
viscosity. However, long-term stability tests of silicon CPV cells immersed in those
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two dielectric fluids present that the electrical performance of the cell had no obvious
degradation in dimethyl silicone oil, while obviously degraded in deionized water.
But after particular cleaning, the cell could recover. The applications of liquid
immersion cooling for Ge-based MJ cells in literature are mainly studied by numer-
ical and analytical methods with none long-term electrical stability test of Ge-based
M cells immersed in dielectric fluids. Furthermore, the phase-change liquid immer-
sion cooling method was found to have the highest heat transfer coefficient, while
the generating bubbles could reduce the cell electrical efficiency. The direct-contact
liquid film cooling technology can solve this problem and has a relatively high heat
transfer coefficient up to 12 kW/(m?+K). Stable performance of liquid immersion
cooling system for CPV cells under dielectric is a challenging task for future
researchers. Moreover, long-term electrical stability tests of Ge-based MJ cells
immersed in different dielectric fluids should be conducted to validate whether
performance degradation exists or not. And further investigation employing methods
such as conformal coating for minimizing the degradation of silicon SCs in
deionized water could be conducted.

Microchannel heat sink cooling is also an effective active cooling technique to
achieve low cells temperature and uniform temperature distribution of CPV systems.
However, it also requires a huge amount of pumping power consumption because of a
large pressure drop for the coolant to flow. The use of manifold in microchannel heat
sink was reported to enhance cooling capability and minimize the pressure drop due to
short microchannels length while allowing the redevelopment of the thermal boundary
layer in each channel to obtain high heat transfer coefficients. Moreover, using nanofluid
in microchannel heat sink can acquire a significant enhancement in the heat transfer
coefficient due to the increase of the mixture of thermal conductivity and the existence
of a relative slip/drift velocity between the two phases that eventually enhances the flow
mixing [78]. By allowing the coolant fluid in microchannels to boil, a significantly huge
heat flux can be dissipated by the latent heat capacity of the fluid and an almost
isothermal surface can be obtained. However, the operation temperature of the systems
can be slightly higher than the coolant saturation temperature corresponding to the
operating pressure [79, 80]. Therefore, the type of coolant should be carefully selected to
control the system operating temperature.
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