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Abstract

The study shows a detailed analysis of the thermal performance of concentrating solar panels and the
temperature increase due to concentrated solar radiation. This work proposes a configuration to reduce
temperature rise, maintain good panel efficiency, and increase output power. The configuration is
based on a sandwich structure including a phase change material (PCM), which absorbs the thermal
energy excess generated by the concentrated solar radiation onto the PV panel. The PCM incorporates
a heat exchanger consisting of metallic fins that distribute the absorbed heat into the PCM
homogeneously, avoiding thermal gradients and the hot point creation. This study examines the effects
of weather, materials, and cooling systems on their efficiency. It also covers new cooling methods that
help prevent overheating and increase the panels' lifespan. By analyzing both experimental data and
computer simulations, this paper provides insights for enhancing CSPs to improve energy output and
ensure long-term use. The new configuration shows promising results according to experimental tests
for solar radiation above the standard maximum value of 1000 W/m?. A carried-out modeling process
results in adjusting algorithms to the parameters involved in the study, which allows the prediction of
PV module performance under variable concentrated solar radiation.
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INTRODUCTION

Photovoltaic modules currently operate under solar radiation below the maximum standard value on
Earth's surface. The PV module temperature increase due to heat generation in the photoelectric
conversion reduces the panel efficiency and limits the output power. This effect increases if the PV
module operates under concentrated solar radiation because the panel cannot evacuate the heat
generation excess.

Many attempts to solve thermal energy evacuation appear in the literature, some inserting heat
exchangers [1, 2], others applying thermoelectric converters [3, 4], some others considering underground
installations or rapid heat evacuation techniques [5, 6] or using phase change materials [7-9].

Virtually all the works mentioned before regarding conventional PV panel operation under solar
radiation equal and below the maximum standard value on Earth’s surface, 1 KW/m?2. Nevertheless, in
recent times, solar concentration has been used to increase output power in PV arrays, generating a
thermal energy surplus that requires an evacuation
method to avoid excessive PV panel temperature
rise. To this goal, some research develops specific
techniques to evacuate the energy excess; among
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them, we can mention the heat pipes use [10-12],
which is the current method to extract thermal
energy from the PV panel when overheated due to
the increased solar radiation level.

In this work, we develop a new configuration
based on the existing PCM sandwich layout with
metallic fins incrusted, favoring heat dissipation and
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PV module thermal regulation. The new configuration applies to a PV panel submitted to concentrated
solar radiation for a concentration ratio up to 2.1 regarding the standard value on Earth’s surface.

Fundamentals

Solar radiation striking the front surface of a photovoltaic panel generates electricity through the
photoelectric effect and releases heat due to the thermal losses in the energy conversion process. The heat
generation in a PV module depends on the solar radiation level and the module efficiency; mathematically:

Q = (1_77Pv )GSPVtop 1)

G is the incoming solar radiation onto the PV panel, in W/m?, Spy is the PV module front surface, in
m?, top is the operating time, and #ev is the PV panel efficiency.
If the PV module operates under concentrated solar radiation, Eq. (1) converts into:

Q =(1-7py )CrGSPVtop ()
C: represents the concentration ratio, defined as:
C = Sap / Spy 3

Sap accounts for the aperture surface of the concentration device.

Since a PPV module is a non-homogeneous material structure, there is not a single value for the
specific heat; therefore, we must determine the equivalent specific heat using the expression:

n
Z mici
e == — @
PV
m and c represent the mass and specific heat of every PV panel component, i, and mey is the global
mass of the photovoltaic module.

Applying the basic equation for a mass heating:
QL =My Cle;\q/ ATPV (5)

ATpy is the PV panel temperature increase due to heat losses during the photovoltaic conversion.
For a PV module operating under concentrated solar radiation, we have:

(1_77Pv )CrGSPVtop = Mg, Cpy ATpy (6)
Operating in Eq. (6):
(1_ Mev )CrGSPVtop

eq
mPV CPV

ATPV =

(")

We realize that the linear increase in temperature depends on the operating time, which may lead to
an extremely high temperature for a sufficiently long time.

Photovoltaic module temperature evolves with time, increasing its value until it reaches a thermal
equilibrium between energy gained from heat generation and thermal radiation to the environment. The
equation that defines the thermal balance equilibrium is:

4
m,, Coy AT:: = O8py Spy [(TFT/ ) ~Ta } Lop ©)
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an

o is the Stefan-Boltzmann constant, epy is the PV panel emissivity, Tams iS the ambient temperature,

d Tev™ is the PV module equilibrium temperature.

Considering the PV panel starts at ambient temperature:

Mpy Coy (T:: _Tamb) = O€py Spy |:(TPT/ )4 _Talrlnb:|top

Developing the term into brackets yields:

Mpy Coy = O€py Spy |:(TFT/ )+Tamb ] [(TFEC )2 + T jltop

For current operational temperatures, we can use the following approximation:
(1) + T ]| (T 472, = (C, +03)(T )

Within 98.7% accuracy.

Combining Egs. (10) and (11):

13
. 3 m,, Co
My Coy :(Cr +O-3)05PVSPV (TPT/) Lo _)T;?/ :|:(C ) 3P)VO_;V S t }
r ) PV ~PV “op

Applying Eq. (6):

13
th (1_77Pv )CrG (1_77Pv )CrG }
amb

1/3
T = ST =
V(G +03) o, (T T, " {(cr +0.3) 0, T

(9)

(10)

(11)

(12)

(13)

Eq. (13) provides a practical expression to determine the PV panel temperature at the equilibrium as
a function of the concentration ratio, the solar radiation, the panel efficiency and emissivity, and the
ambient temperature.

Simulation and Experimental Validation
PV panel thermal analysis: therefore, we simulated variable concentration ratio from a minimum of
0.32 to amaximum of 1.776, comparing the results with data obtained from experimental tests. Figure 1
shows the comparative analysis between theoretical predictions (dashed line) and experimental values
(continuous line).
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Figure 1. Theoretical and experimental steady state PV panel temperature.
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Figure 2. PV module efficiency evolution with temperature.

Table 1. PV module efficiency vs concentration ratio.

Concentration ratio
0.320 | 0515 | 0.700 | 0.820 | 0.920 | 1.020 | 1.084 | 1.411 | 1.639 | 1.776
1 (%) 19.79 | 1829 | 16.39 | 1559 | 1520 | 1437 | 1357 | 1138 | 9.86 7.79

We observe a good correlation between theoretical and experimental data with a 1.6 standard
deviation and 98.1% accuracy.

THERMAL ENERGY BALANCE

The optimum operational temperature for a PV panel corresponds to the Nominal Operating Cell
Temperature (NOCT), 25°C, as shown in Figure 2 [13]. If we compare this optimum value with steady-
state temperature under concentrated solar radiation (Figure 1), we notice a PV panel overheating with
working temperatures much higher than recommended.

Applying steady state working temperatures to the PV module efficiency evolution, we notice that
the performance reduces drastically for all concentration ratios. Table 1 shows the operational
efficiency of the PV panel for every concentration ratio.

We observe how the efficiency declines with increasing working temperature, especially for solar
radiation concentration. Correlating temperature and efficiency values, we obtain the following dependence:

N, =—0.2709T,, +35.097 (R?*=0.994) (14)
If we correlate PV panel efficiency and solar radiation concentration, we have:

Ty =—7.8227C, +22.191 (R? =0.994) (15)

We should minimize or eliminate the photovoltaic panel temperature increase to recover the optimum
efficiency; to do so, we must design a system to evacuate the excess in heat generation by using any of
the heat transfer mechanisms, conduction, convection, radiation, or a combination of both. The system
consists of a PCM layer (improved paraffin wax) attached to the rear side of the panel with metal fins
incrusted to favor heat transfer to the PCM bulk (Figure 3) [14-18].

The PCM heat sink is attached to the PV with no intermediate air layer to improve heat transfer and avoid
thermal perturbations. Metal fins distribution makes the heat flow easily reach all the PCM bulk sections.
Table 2 shows the PCM layer characteristics. Metal fins are 10 mm thick, 10 mm high, and 200 mm long.

Because of the specific configuration of a PV module, conduction is the most efficient heat transfer
mechanism to evacuate the surplus of heat generation. Applying the thermal conduction equation, we have:

. dT, K
va = Mgy Cpy —=L=—8§ (TPV _To) (16)
dt d
x is the thermal conductivity of the material to which the heat flows from the PV panel, d is the
interphase thickness, S is the contact surface, and T, is the material temperature at the initial state.
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Figure 3. Schematic view of the PV module with attached PCM
heat sink. (a) side view and (b) upper view.

Table 2. PCM layer characteristics [19-21].

Characteristic Value
Density (kg/m?3) 900
Specific heat (J/kg°C) 2.52
Thermal conductivity (W/m.K) 0.267
Latent heat (kJ/kg) 147
Melting point” (°C) 53
Mass (kg) 1.8

(*) The melting point is the average value of the phase change temperature range.

Considering the material temperature remains constant, operating in Eq. (16) yields:

T =T, + g a7

With:

a__ KS (18)
mPV CPV d

t. is the time required for the PV module to reach the optimum temperature, Tpy*™.

Since any material increases its temperature when collecting heat from an external source, we use a
phase change material (PCM), which operates in the solid-to-liquid phase change during the heat
removal; therefore, we guarantee a constant temperature operation.

Nevertheless, the PCM starts at ambient temperature, which currently does not match the melting
point; in such a case, the thermal energy balance for the PCM is:

1 . N dT
t_|:mPCM Coem (TPCpM _Tamb ) + mPCIM LPCM ] = Mgy, Cpy d:v = gs (TPV _To) (19)
ht

Mecm, Ceom, and Lpcw represent the mass, specific heat, and latent heat of the PCM, Tpcv™ is the PCM
melting point temperature, and Tamb is the ambient temperature, used as the reference value at the starting
point of the heat transfer process; mpem™ is the melted PCM mass and ti is the heat transfer operating time.

Applying Eq. (19) to the steady state at the end of the heat transfer process and operating, we have:

t = i I:mPCM Cpem (Tprgpm _Tamb ) + Mpey LPCM :|
" xS TPV -T

amb

(20)
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Eqg. (20) determines the minimum time for reaching the PV module temperature steady state matching
the PCM melting temperature.

Simulation and Experimental Validation

The simulation runs for a hybrid system consisting of a PV panel with a PCM layer attached to
the rear side of the panel. Table 3 shows the system characteristics. Paraffin wax thermal conductivity
enhances if adding organic material to the bulk [22]. Using data from Figure 1, we obtain the following
PV panel temperatures at the initial state (Table 4). Replacing values from Tables 2 and 3 in Eq. (20),
yields (Figure 4).

Analyzing results from Figure 1, we observe that the hybrid PV-PCM system requires between 5 and
12 min to reach the final steady-state temperature after heat evacuation; this time is considered
acceptable for PV array current operation.

If we correlate the time and solar radiation concentration ratio, we obtain:
t, =7.1157(C,) " (R? =0.9944) (21)

Eq. (21) permits determining the required time to stabilize the PV panel temperature after heat
removal as a function of the solar radiation concentration ratio.

We developed experimental tests aimed to verify the validity of Egs. (20) and (21) and data from the
simulation. To do so, we submitted the PV panel to variable solar radiation using a solar lamp whose
radiation flux varies through a power supply controller. We adjusted the solar radiation flux to match
the simulation concentration ratio values. Figure 5 shows the comparative results for theoretical
predictions and experimental values.

Table 3. System characteristics.

Characteristic Value
PV maximum output power (W) 10
PV front surface (m?) 0.2
PCM mass (kg) 1.8
PCM layer thickness (m) 0.01
Interphase thickness (m) 0.005

Table 4. PV module initial steady-state temperature vs concentration ratio.

Concentration ratio
0.320 | 0515 | 0.700 | 0.820 | 0.920 | 1.020 | 1.084 | 1.411 | 1.639 | 1.776
T(°C) 54.3 62.2 70.0 72.8 74.2 77.2 80.0 87.6 93.0 99.2
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Figure 4. Time to reach PV module final steady-state temperature vs. concentration ratio.
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Figure 5. Comparative results between theoretical predictions and experimental values for the
time to reach PV module final steady-state temperature vs. concentration ratio.

Table 5. Percentage variation of solar radiation for the heat transfer process interval.
Concentration ratio

0.320 | 0515 | 0.700 | 0.820 | 0.920 | 1.020 | 1.084 | 1411 | 1639 | 1776

AG (%) 0.397 | 0.609 | 1292 | 1.995 | 2462 | 1503 | 1236 | 0.933 | 0540 | 0.246

We notice the high correlation between theoretical predictions and experimental values with 97.6%
accuracy and 2.23 standard deviation.

PV MODULE THERMAL PERFORMANCE

Despite the short time range for stabilizing the PV panel temperature with heat removal through
conduction to the PCM layer, the solar radiation evolves continuously, limiting the applicability of the
proposed algorithms.

Solar radiation changes every moment, modifying the concentration ratio and the PV panel
temperature. Nevertheless, we may consider the solar radiation time evolution as a series of intervals
and determine the solar radiation percentage variation in every interval to evaluate the influence of the
heat transfer process time. Table 5 shows the results of the calculation.

We observe that the percentage variation of the solar radiation always remains below 2.5%, with an
average value of 1.2%; therefore, we estimate that the solar radiation barely changes during the time
the PV panel requires to reach the steady state after heat removal and that the simulation and calculated
steady-state PV panel temperatures are valid.

As in the case for the thermal balance, we run a set of experimental tests aimed to demonstrate the
validity of the above statement. To this goal, we submitted the PV panel to solar radiation with variable
concentration ratio according to preset values, recording temperature evolution with time.

The red lines in Figure 6 show the verification process of the developed simulation. The verification

procedure is as follows:

e Temperature evolution is drawn for every concentration ratio (Figure 6).

e Starting at the initial point, we move along the lowest concentration ratio curve for a time if the
simulation predicts the PV panel to reach the steady state (point 1).

o We now move backward to meet the next concentration ratio curve at the same PV panel
temperature (point 2) to adapt the PV panel temperature evolution to the new concentration ratio
according to daily changes in solar radiation after the developed time interval.

e \We move again on the second concentration ratio curve for the required time to reach the steady
state for this operating condition (point 3).
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Figure 6. Evaluation of PV panel thermal performance for daily variation of solar radiation.
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Figure 7. Daily evolution of PV panel temperature submitted to concentrated solar radiation with
attached heat sink.

o \We repeat the process, moving back and forth from one concentration ratio curve to the next one,
applying the simulation time to reach the PV panel temperature steady state in every case.

e The process finishes at point 17 after applying the last simulation time for the highest
concentration ratio.

We observe that the procedure leads the temperature panel to 53.1°C, barely 0.1°C above the
expected value, demonstrating the validity of the carried-out study. Now, representing the daily time
evolution of PV panel temperature for a standard day of 12 solar hours, and considering a midday solar
radiation value equivalent to the maximum concentration ratio used in the analysis, we have (Figure 7).

The analysis of Figure 6 shows that the PV panel temperature never exceeds the heat sink steady state
temperature when operating in the phase change gap, improving thermal performance and increasing
global efficiency. Since in current conditions, with no heat removal, the PV panel may reach a maximum
temperature near 100°C.

CONCLUSION
The analysis of PV module thermal performance under concentrated solar radiation shows a significant
increase in working temperature, reducing the PV panel efficiency and limiting the output power. A hybrid
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system consisting of a PCM layer with incrusted metal fins is attached to the rear side of the PV panel
with no air interphase. The PCM is a heat sink to collect heat removal from the PV module, maintaining
the system operating temperature constant.

Conduction heat transfer is homogeneously distributed in the PCM bulk thanks to the metal fins,
compensating the poor thermal conductivity of the PCM material and improving the removal of heat
generation surplus in the PV module due to the concentrated solar radiation.

A practical expression to determine the PV panel temperature at the equilibrium as a function of
the concentration ratio, the solar radiation, the panel efficiency and emissivity, and the ambient
temperature is developed. Theoretical simulation run for solar radiation concentration ratio in the range
0.32 to 1.776 shows that the PCM maintains the PV panel working temperature equal to or below
the PCM melting point, 53°C. Experimental tests run under identical conditions to simulation show a
high agreement with theoretical predictions with a 1.6 standard deviation and 98.1% accuracy,
validating the proposed algorithm.

The developed thermal balance study leads to a mathematical expression of the time the PV panel
lasts to reach a steady state in the heat evacuation process. The theoretical expression is correlated to
the concentration ratio through a potential function within an accuracy higher than 99%. Experimental
tests validate the theoretical predictions, showing a 97.6% accuracy and 2.23 standard deviation.

PV module thermal performance has been evaluated to validate the proposed methodology in
determining the PV panel temperature at the steady state for variable solar concentration ratio. The
results show that the experimental values match theoretical predictions within 0.1°C.

The present study represents a practical method to determine the steady state operating temperature
of PV modules when subjected to concentrated solar radiation, allowing us to estimate the PV panel
energy efficiency for every solar radiation level.
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