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Abstract

Concentrator photovoltaic (CPV) systems have proven the capability of competing with
traditional photovoltaic (PV) systems due to their high efficiency and low area occupancy.
Such CPV systems require efficient heat removal auxiliary systems, especially for medium
and high optical concentration ratios. Operating a CPV system under a high optical
concentration (ratio >200 X) might require active cooling techniques, which have high
operating costs and maintenance. On the other hand, heat pipes (HPs) are widely used in
electronic devices for cooling purposes. This work discusses the possibility of operating a
CPV system coupled with HPs as a passive cooling technique. Two different HPs with
different lengths are used to compare cooling efficiency. Each HP length was tested either
in a single or double configuration. Long HPs showed better heat removal compared to a
traditional fin-cooling system. CVP cooling with HP systems enhanced the entire electrical
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output of the cell, mainly at high optical concentration ratios.

1. Introduction
1.1. Concentrator photovoltaics

Reliability, durability, and availability, in addition to
the green impact on the environment, are among the main
characteristics of photovoltaics [1]. As a way to reduce
solar cell area, hence cost, concentrator photovoltaic (CPV)
systems are used to increase the solar radiation intensity
incident on the solar cell area by using mirrors or lenses,
depending on the solar concentration ratio required [2—4].
However, CPV technology has its own challenges such as
sun tracking and PV cooling [5].

The concentrated solar radiation elevates the operating
temperature of the solar cells, resulting in reducing its
output voltage, hence its output power [6].

The majority of the characteristics of the solar cell
parameters are impacted by temperature increase. An
increase in temperature causes the band gap to shrink, what
negatively impacts the open-circuit voltage. On the other
hand, as the band gap energy decreases, more photons have
enough energy to create electron-hole pairs, resulting in a
slight increase of the short-circuit current. PV power
generally experiences a drop with increasing temperature.
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Reducing the CPV system temperature is also important
in order to avoid solar cell failure due to different expansion
coefficients between the solar cell interconnecting materials
and the substrate. Moreover, the number of thermal cycles
and the magnitude of thermal excursion affect the receiver
reliability. The solar cell temperature uniformity also has
some influence on conversion efficiency [7].

To overcome such temperature drawbacks, a proper
cooling system must be combined with such CPV system
for decreasing the cell temperature and, hence improving
PV efficiency. Although active cooling may be used to
overcome this temperature increase, it adds to the total
system cost and maintenance requirements.

Passive cooling, on the other hand, may represent a
better solution for such problems.

Cooling methods differ from one CPV system to
another [8, 9]: for a single cell, passive cooling might be
effective; for a single 1 cm? cell, passive cooling using a
heat sink has proven to be a good choice for optical concen-
tration ratios of up to 500 X [6]. In comparison, active
cooling is effective for densely packed cells and linear
concentrators [6].

GalnP/GaAs/Ge multi-junction CPV devices have high
efficiency under high optical concentration (~500 X or
higher) provided that their operating temperatures do not
exceed 100-120 °C [10, 11]. The characteristics of the
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multi-junction CPV system could be described mathemati-
cally by the one-diode model (1)

q(V+IRs) l] V + IR,

1=1L—10-[e nkT Ro (1)
S

where I, is the photo-generated current, I, is the reverse
saturation current, T is the absolute temperature, q is the
elementary charge, k is the Boltzmann’s constant, n is the
diode ideality factor, and R, Ry, are the series and shunt
resistances of the solar cell, respectively.

Degradation of open-circuit voltage with increasing cell
temperature is expressed mathematically in (2) [12]
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where Ej; is the absorber band gap and J, is the open-circuit
current density. Parameter y is the constant to incorporate
the temperature dependence of other material parameters.
The fill factor (FF) of a solar cell is the ratio of the maxi-
mum power extracted to the product of the open-circuit
voltage and short-circuit current, as expressed in (3) [13, 14]
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where [, and V,, are the current and voltage at the
maximum power point and Iy is the short-circuit current.
Efficiency of the solar cell (7) is the ratio between the
maximum output power obtained from the cell and the input
power; this is mathematically expressed in 4 [13, 14] as

“

where P;, is the input power, and A is the area of the solar
cell. Solar cells performance is very sensitive to the
operating temperature because it reduces the cell band gap.
Therefore, all cell parameters are closely related to its
operating temperature. While the cell current increases
slightly, the cell voltage, and thus its output power, are
significantly reduced.

The CPV cells mentioned in this work are three-junction
devices (C1MJ) manufactured by Spectrolab [6, 15-17],
which have a recorded efficiency of 37 % under 500 W/m?
of illumination at a temperature of 25 °C. Temperature
coefficients of the CPV device used here are —4.3 mV/°C
and —0.06%/°C corresponding to open-circuit voltage and
efficiency, respectively [17].

1.2. Heat pipes

The heat pipe (HP) shown in Fig. 1 is a tool that
facilitates the quick and effective extraction of heat. A
closed, deflated tube with a solid outer surface is the first
layer of the HP which is followed by a layer of a porous
metal (wick). The interior portion of the HP has pores that
are partially filled with a working fluid that repeatedly
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Fig. 1. Circulation of the liquid and vapour inside the heat pipe.

switches between the liquid and vapour phases to transmit
heat [18, 19].

One end of the tube, the evaporator, is brought into
thermal contact with a heated object to be cooled and the
other end, the condenser, is connected to a heat sink or fins
to disperse heat. Since there are no heat exchanges taking
place in this region, the tube body between the evaporator
and the condenser is referred to as the adiabatic section [20].

Heat is taken in the evaporator part of the HPs, which
causes the liquid in the wick layer to change into the vapour
phase. Due to the pressure differential between the two
ends, the vapour moves toward the cold part of the
condenser at the other end where it releases heat and
condenses to the liquid phase before returning to the
evaporator section within the wick layer. As long as there
is a temperature differential between the condenser and
evaporator, this two-phase circulation will continue [21].

1.3. CPV/HP-coupled system

Different methods have been used for the passive
cooling of the concentrator solar cells. Fins could be used
by attaching them directly to the back of the CPV system
[22]. Micro-finned heat sinks were also used for the same
purpose [23]. In the authors' previous work, a coupled
passive CPV/TEG system was used to remove heat from a
solar cell, and additional power generation using thermos-
electric generators was recorded [24]. HPs have been used
as cooling solutions for PV applications. For example, a
proposed design of HP cooling for CPV system has been
presented and analysed in Ref. 25. In addition, PV panel
cooling under non-concentrated incident solar radiation
using HP has been tested [26] and a reduction of panel
temperature of 15-30% has been recorded.

Given the advantages of a stationary, silent, and power-
free cooling system, this work investigates the possibility
of using HPs to passively reduce the CPV system
temperature for maintaining its efficiency at acceptable
levels. Different configurations have been used and their
performances have been compared to that of a simple fin-
cooled CPV system.

2.  Experimental setup

Experimental setup is shown in Fig. 2. The CPV cell has
been thermally attached to a copper block using a thermal
wax with high thermal conductivity: (> 1.829 Wm™'K™).

The evaporator ends of two HPs have been fitted in two
suitable holes in the copper block using thermal wax. The
other ends of the HPs were attached to two sets of fins
attached on both sides of another copper block. The CPV
system and the thermally attached cooling system including
the HPs were kept horizontal during all phases of the
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Fig. 2. Schematic diagram of the experimental setup (a) and
experimental setup photo (b): two HPs are attached to the
copper blocks (evaporator and condenser). CPV cell is fixed
on the top of the evaporator. Heat fins are attached on either
side of the condenser.

experiment. Controlled concentrated light falls only on the
CPYV cell surface using a diaphragm to avoid irradiating the
copper block directly. Table 1 lists the properties of the
high concentration solar simulator used where the light
intensity is varied from 70 to 260 kW/m?, and the perfor-
mance of the system is tested accordingly.

The I-V characteristics of the CPV system were meas-
ured by connecting the two CPV terminals to the source
meter. At the same time, temperatures of the evaporator, as
well as the fin-cooled condenser are measured simultane-
ously using thermocouples attached to them. All measure-
ments are recorded after the steady state is reached.

Table 1.
Properties of the high concentration solar simulator used.

Parameter Value

Area illuminated Square area of side length of 0.1 m
<+2.5% over the illuminated area
<+2.5°
Class A

Class B for ASTM AM1.5G

Spatial uniformity
Collimation half angle
Temporal instability
Spectral match

3. Results and discussion

Four different configurations of HPs have been tested:
(i) one long HP, (ii) one short HP, (iii) two long HPs, and
(iv) two short HPs. The performance of all these configura-
tions is also compared to that of the traditional static fin-
cooling system (i.e., the cell is attached directly on top of
the fins).

Figure 3 shows a comparison of cell temperature of all
cooling configurations tested. Using HPs in all configura-
tions showed a significant reduction in cell temperature
compared to that of the traditional fin-cooled system.

150
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o 110
=
£ 100
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g— 90
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g 80 m Fins Only
© 4 One Short HP+Fins
o 70 )
© One Long HP+Fins
60 A Two Short HP+Fins
® Two Long HP+Fins
50
70 120 170 220 270

Light concentration (X)

Fig. 3. Cell temperature as a function of concentrated illuminations
using various cooling configurations: traditional fins, fins
with one short HP, fins with one long HP, fins with two
short HPs, and fins with two long HPs.

At an illumination concentration of about 250 X, the
traditional fin-cooled cell was at a temperature over
140 °C. However, the temperature was reduced to about
122 °C and 114 °C for the short and the long single HP-
cooled systems, respectively. The two HP-based systems
showed further temperature reduction. At an optical
concentration ratio of 260 X, the cell temperatures further
decreased to 115 °C and 108 °C with two short and two
long HPs, respectively, compared to about 140 °C for the
fin-only system as mentioned previously. Under the
illumination range investigated in this work, starting from
about 90 X up to 250-260 X, the absolute maximum
increase in temperature for each cooling configuration
(including the fin-only system) was around 50 °C or more.
However, the two long HPs-based system is the only
exception with its absolute maximum increase in the cell
temperature being around 39 °C, which demonstrates the
high heat extraction capability of this configuration.

Due to such improved cooling, the PV working
parameters of the solar cell have been enhanced. Moreover,
the performance of the HP-based cooling systems becomes
superior at higher illumination intensity (as discussed
later), which makes such systems more preferable in actual
applications of CPV. Although each working parameter of
the CPV cell improved by each HP-based system has been
tested in this work, the discussion below focuses on the
comparison between the two long HPs-based configuration
and the control because this configuration showed the best
overall results among all other configurations, especially at
high illumination intensity.

In Fig. 4, the change in the cell open-circuit voltage
(V) is shown as a function of illumination intensity for all
cooling configurations. At the lowest illumination intensity
investigated (90 X), using the two long HPs system, V.
showed an increase by 4.8% compared to that of the fin-
only cooled system. However, this improvement in V, is
more pronounced at the highest illumination where the
ratio increased to 14.3%. The improvement in the V.
values is indeed expected as the cell is cooled down.
However, this result demonstrates the gain in the output
voltage by using the two long HPs system. Having the
condenser ends of the HPs at a further distance from the hot
cell (i.e., in the case of the long HPs compared to that of the
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Fig. 4. Open-circuit voltage as a function of concentrated illumi-
nation using various cooling configurations: traditional fins,
fins with one and two short HPs, and fins with one and two
long HPs, long HP, fins with two short HPs, and fins with
two long HPs.

short HPs) could be the main reason for this superior
cooling performance. It is well known that HP cooling
efficiency depends on various factors, among which is the
temperature gradient between its ends. Thus, using the long
HPs in the present configuration could create a more
preferable temperature gradient across the long HPs
compared to the temperature gradient of the short ones.
This effect is more pronounced under high light intensity,
which can be understood because high light intensity
creates a higher temperature at the cell (and thus alters the
temperature gradient, as well).

Figure 5 demonstrates the effect of illumination intensity
on the short-circuit current (I;.), which shows that all
cooling configurations did not have a noticeable effect on
I;.. Although the I, is supposed to increase with increasing
temperature, /. is known to be, arguably, the least affected
PV working parameter by the elevation of temperature.
Materials with high trap concentration would show a weak
dependence of I, on temperature. As mentioned above, the
device tested in this work is a three-junction cell consisting
of several layers. The mismatch in the lattice constant
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Fig. 5. Short-ciruit current I, as a function of concentrated illumi-
nation for four different HP cooling configurations, as well
as the only fin-cooled system.

between each two consecutive layers beside the grain
boundaries in each material in the device may create a high
density of traps in each band gap in the cell. Thus, the effect
of temperature on [, due to the increase of the illumination
intensity itself may have masked the effect of the tempera-
ture reduction due to the cooling systems tested in this work.

Cooling the cell using the HP systems also enhanced the
device electrical output, especially at higher optical
concentration ratios, as shown in Fig. 6. At low illu-
mination intensity, the maximum power point (MPP) of the
device has increased by 14.3% when two long HPs are used
in the cooling system in comparison with the fin-only
system. The increase in MPP jumped to around 28.3% at
high illumination intensity (comparing the same two
systems, i.e., two long HPs vs. fin-only systems). The
increase in the MPP is a direct result of the improvement in
the output voltage of the cell. The most striking result,
however, is the degree of increase in the MPP value.
Having more than 28% of extra output power by a simple
and passive cooling system is indeed significant.

To illustrate the effect of cooling enhancement due to
such HPs, Figure 7 shows the CPV system maximum
power as a function of cell temperature in the case of using
two short and two long HPs.
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Fig. 6. Maximum power output as a function of concentrated illumi-
nation for four different HP cooling configurations, as well
as the only fin-cooled system.
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Fig. 7. Maximum power output as a function of cell temperature in
case of using two short and two long HPs.
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FF and PV conversion efficiency vs. light optical concen-
tration ratio for four different HP cooling configurations
along with the fin-only cooling are shown in Fig. 8 and
Fig. 9, respectively. Comparing two long HPs system with
the fin-only system, FF improved by 5.8% and 8.6% under
low and high illuminating intensities, respectively. The FF
value of the device increases with increasing V., therefore,
it is expected that the FF values improve with efficient
cooling as shown here. Moreover, the FF value depends on
various other factors such as parasitic resistances and
carrier recombination in the cell, which are themselves
sensitive factors in temperature. The exact change in these
factors as functions of cell temperature is out of the scope
of this article. However, the heat dissipation achieved by
using the cooling systems in this work has an overall positive
effect on all these factors, which, therefore, improved the
FF value itself as demonstrated in Fig. 8.

As a consequence of all the improvements mentioned
above, the PV conversion efficiency of the cell also showed
a significant improvement due to the applications of the
HPs-based cooling systems compared to the fin-only system.
This improvement is maximized when two long HPs are
used under high illumination intensity, as expected. The PV
conversion efficiency increased by 6.9% at low illumination
intensity, whereas it was 8.1% under high intensity.
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Fig. 8. FF as a function of concentrated illumination for four different
HPs cooling configurations, as well as the fin-cooled CPV
system.
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Fig. 9. Efficiency as a function of concentrated illumination for four

different HPs cooling configurations, as well as the fin-cooled
CPV system.

4. Conclusions

Passive cooling of CPV systems using HPs has been
investigated. Four different arrangements were examined
using either: one or two (short or long) HPs. Another
configuration based on a traditional fin-only cooling
system was used as a control in this study. The cooling
systems implementing HPs can reduce the cell temperature
significantly. Such a temperature reduction enhances all the
PV working parameters of the cell and increases the overall
PV performance. The improvement in the cell performance
in each working parameter was systematic over the
illumination range investigated in this work. This implies
that using the proposed cooling configuration is indeed
effective and beneficial. Although each HP-based system
tested in this work outperformed the fin-only cooling
system, the configuration with two long HPs shows the best
performance among all other configurations. The results of
this work show that implementing HPs in the passive
cooling systems for CPV is very promising. The HPs
may provide new affordable, unsophisticated, and low-
maintenance solution for reducing the deleterious effect of
high temperature on CPV systems.
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