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The paper established the one-dimension steady models of a trough concentrating photovoltaic/thermal system with a super
cell array and a GaAs cell array, respectively, and verified the models by experiments. The gaps between calculation results and
experimental results were less than 5%. Utilizing the models, the paper analyzed the influences of the characteristic parameters on
the performances of the TCPV/T system with a super cell array and a GaAs cell array, respectively. The reflectivity of the parabolic
mirror in the TCPV/T system was an important factor to determine the utilizing efficiency of solar energy. The performances of the
TCPV/T system can be optimized by improving the mirror reflectivity and the thermal solar radiation absorptivity of the lighting
plate and pursuing a suitable focal line with uniform light intensity distribution. All these works will benefit to the utilization of
the trough concentrating system and the combined heat/power supply.

1. Introduction

The solar concentrating photovoltaic/thermal (CPV/T) sys-
tem combines the solar cells to the low-cost concentrating
collector. The solar energy flux intensity is increased by
concentration and tracking sun to improve the output
power of solar cells, and meanwhile the forced-circulated
cooling water is utilized to ensure photovoltaic cells working
normally in concentrating irradiance. The electrical power
and the thermal energy are obtained simultaneously from
the system. The replacement of the expensive solar cells by
the trough parabolic mirrors would result into the reduction
of the cost of PV power generation. The combined CPV/T
system improves the comprehensive utilization of solar
energy.

In 2004, the Renewable Research Institute of Australia
National University performed a detailed study on a trough
concentrating photovoltaic/thermal (TCPV/T) system. The
efficiency of the solar cell array reached 22%, and the cost
of electricity generation was reduced by 40% compared
with the traditional PV system [1–3]. Mittelman et al. [4]

investigated the performances and cost of a CPV/T system
with single-effect absorption cooling in detail. Kribus et
al. [5] presented the evaluation and design approach on a
miniature concentrating PV (MCPV) system and analyzed
the heat transport subsystem, the electrical and thermal
performances, the manufacturing cost, and the resulting cost
of energy. Tyagi et al. [6] evaluated the exergetic performance
of a concentrating solar collector and studied the related
parameters based on hourly solar radiation. Shanghai Jiao
Tong University also investigated a CPV/T system using
Fresnel lens in China, established the one-dimensional steady
heat transfer model, and calculated the thermal, electrical,
and exergy efficiency [7]. Southeast University of China also
developed a one-dimensional steady heat transfer model for
a CPVT system with fins and analyzed the effects of air mass
flow rate, incident solar intensity, and wind velocity on air
temperature and efficiency of air collector [8].

Our research group began to investigate the TCPV/T
system in 2005. The performances of some solar cell arrays
in our TCPV/T system and of the TCPV/T system with
flat-plate PV module were reported in [9–12]. Based on
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the previous works, this paper focuses on the establishment
of mathematical models of the TCPV/T system with a super
cell array and a GaAs cell array, models validation by exper-
iments, and utilizing the models to analyze the influences
of the characteristic parameters on the performances of the
system. Some theoretic calculation and some experiments
were performed in the work, and the corresponding results
were presented. All these works are helpful to the further
study on the trough concentrating system.

2. Working Principle of the TCPV/T System

Figure 1 shows the configuration of the TCPV/T system. It
consists of the parabolic trough concentrator, the receiver,
the sun tracking system, the electrical power output system,
and the system. The solar cell arrays are pasted on the lighting
plate of the receiver with thermally conductive tape, and
generate electricity when the sunlight is concentrated on
them. With increase of the temperature of the solar cells
arrays, the electrical performance of the solar cells arrays will
deteriorate. So the forced-circulated cooling water flowing
in the inner cavity of the receiver is necessary to reduce the
temperature of the solar cells arrays. The heated water is
guided and stored in water tank for use. In order to minimize
the thermal loss, the inner cavity is encased using the thermal
insulation material. The solar energy collected by the system
will be converted to electric power and thermal energy via
the solar cell arrays and the heated cavity. When the system
works, the solar concentrator tracks the sun to collect the
direct radiation. The system tracks the solar altitude angle by
adjusting the push rod in single-axis east-west tracking mode
(trough concentrator north-south oriented).

3. Mathematical Model of the TCPV/T System

3.1. The Energy Balance Equations of the TCPV/T System.
According to the configuration of TCPV/T system on Figure
2(a), the thermal network of the system is shown on Figure
2(b). The thermal network is used to describe energy flow
in the TCPV/T system. The one-dimensional heat transfer
model of the system is established in this paper. In order to
simplify the calculation, it is assumed that

(1) the heat transfer model is a steady-state model;

(2) all of the thermal physical properties and optical
parameters of the materials such as the tube, solar cell
array, heat sinking tape, plate, and insulation cover
are constants;

(3) The heat conductions of different components along
the flowing direction are neglected. The energy
flowing balance equations of the TCPV/T system are
established as follows.

(a) The solar cell array absorbs and converts the
solar direct radiant energy, dissipates heat to
the surroundings and conducts heat to the
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Figure 1: The configuration of the TCPV/T system. (1) Trough
concentrator, (2) receiver, (3) storage tank, (4) pipe, and (5) pump.

thermally conductive tape, respectively, simul-
taneously generates electrical power as follows:(

Tp − Ta

Rcpa
+
Tp − Ta

Rrpa

)
+
Tp − TB

RkpB
= Qp − Pmaxt, (1)

where Tp is the average working temperature
of solar cell array, ◦C; Ta is the ambient
temperature, ◦C; TB is the average temperature
of the thermally conductive tape, ◦C; Rcpa, Rrpa

are the convective and radiative heat transfer
thermal resistances between solar cell array
and the surroundings, respectively, Ω; RkpB is
the heat-conductive thermal resistance between
solar cell array and the thermally conductive
tape, Ω; QP is the solar direct radiant energy
on the solar cell array, kJ; Pmax is the maximum
electrical power output, W; t is the operating
time, s.

(b) The thermally conductive tape absorbs thermal
energy from solar cell array and conducts heat
to the aluminum-alloy plate as follows:

TB − Tp

RkpB
+
TB − Tplate

RkBpl
= 0, (2)

where Tplate is the temperature of the alu-
minum-alloy plate, ◦C; RkBpl is the heat-
conductive thermal resistance between the ther-
mally conductive tape and the aluminum-alloy
plate, Ω.

(c) The aluminum-alloy plate absorbs the energy
from solar direct radiation and the thermally
conductive tape, transfers it to the thermally
insulating layer, the conduit, and radiates to the
surroundings, respectively

TB − Tplate

RkBpl
+ Qp1 =

Tplate − Tcover

Rkplc
+
Tplate − Tt

Rkplt

+

(
Tplate − Ta

Rrpla
+
Tplate − Ta

Rcpla

)
,

(3)

where QP1 is the concentrating solar direct
radiant energy on the aluminum alloy plate, kJ;
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Figure 2: The thermal network describing the TCPV/T system.

Tcover is the average temperature of the ther-
mally insulating layer, ◦C; Tt is the temperature
of the conduit, ◦C; Rkplc is the heat-conductive
thermal resistance between aluminum-alloy
plate and the thermally insulating layer, Ω;
Rkplt is the heat-conductive thermal resistance
between aluminum-alloy plate and the conduit,
Ω; Rrpla and Rcpla are the convective and radia-
tive heat transfer thermal resistances between
the aluminum-alloy plate and the surround-
ings, respectively, Ω.

(d) The conduit absorbs the thermal energy from
the aluminum-alloy plate and transmits to the
cooling fluid (water) as follows:

Tplate − Tt

Rkplt
= mcp, f (Tout − Tin), (4)

where m is the fluid mass, kg; cp, f is the specific
heat-capacity, kJ/(kg·◦C); Tout and Tin are the
outlet and inlet fluid temperatures, ◦C.

(e) The relationship between the temperature of
the conduit and the inlet and outlet fluid
temperatures

Tt − Tout

Tt − Tin
= exp

(
− mcp, f

Atht− f

)
, (5)

where At is internal surface area of the con-
duit, m2; ht− f is the convective heat transfer
coefficient between the conduit and the fluid,
W·m−2◦C−1.

(f) The thermally insulating layer absorbs the
thermal energy from aluminum-alloy plate and
radiates heat to the surroundings as follows:

Tplate − Tcover

Rkplc
=
(
Tcover − Ta

Rrca
+
Tcover − Ta

Rcca

)
, (6)

Rrca and Rcca are the radiative and convective
heat transfer thermal resistance between the
thermally insulating layer and the surround-
ings, respectively, Ω.

In above equations, the output characteristics and the
average working temperature of the solar cell array will
be obtained by an iterative approach. By assuming the
average working temperature of the solar cell array firstly,
and adding the electrical power output to calculate the
maximum electrical power output, then substitute them into
the thermal balance equations. The approach is repeated to
get more accurate working temperature and the maximum
electrical power output of solar cell array.

3.2. The Electrical Performance of the Solar Cell Array. The
current equation of the solar cell is defined as follows:

I = IL − I0

{
exp

[
q(V + IRs)

AkTp

]
− 1

}
, (7)

where IL is the photocurrent, A; I0 is the reverse saturation
current of the diode, A; q is the elementary charge, C; V is
the load voltage, V ; Rs is the series resistance, Ω; A is the
quality factor of the diode; k is the Boltzmann’s constant; Tp

is the average working temperature of solar cell array, ◦C.
The solar cells are connected in series to constitute the

solar cell array. The amount of the solar cell is n, the quality
factor of the PN junction, the series resistances and the open-
circuit voltage of the cell array all increase to n times by those
of each solar cell. So the electrical power output of the solar
cell array is defined as

P = I

[
nAkTp

q
ln
(
IL − I

I0
+ 1
)
− nIRs

]
. (8)

As for a triple-junction GaAs solar cell array, it is
hard to calculate the specific values for each junction
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Figure 3: The setup of the TCPV/T system.

according to the current (7). But we can get the fitted
empirical formula on the basis of experiments. The electrical
efficiency corresponding to the maximum electrical power
of photovoltaic power generation appears linear with the
temperatures of the solar cell array.

ηmp = ηmp,ref − μp,mp

(
Tp − Tref

)
, (9)

ηmp is the electrical efficiency of solar cell array, %; ηmp,ref

is the reference efficiency obtained at reference temperature,
%; μp,mp is the related coefficient between the electrical
efficiency of the solar cell array and the temperature, %/◦C;
Tref is the reference temperature 25◦C.

The electrical power output of the triple-junction GaAs
solar cell array is defined as

Pmax =
ηmpQp

t
, (10)

where Pmax is the maximum electrical power output, W; QP

is the solar direct radiant energy on the solar cell array, kJ; t
is the working time, s.

3.3. The Evaluation of the TCPV/T System. The TCPV/T
system can produce electrical power and thermal power
simultaneously. Many researchers use the total efficiency
η0, the sum of the electrical efficiency ηe and the thermal
efficiency ηt to evaluate the performance of the PV/T
system [13–15]. The thermal efficiency ηt and the electrical
efficiency ηe of the TCPV/T system are given by

ηt =
mcp, f (Tout − Tin)

IdAm
,

ηe = Pmax

IdAm
,

(11)

where Id is the solar direct radiation, W/m2; Am is the
effective area of the reflecting mirror, m2.

It is obviously unreasonable to use the total efficiency for
evaluating the performance of the TCPV/T system because
electrical energy and thermal energy have different energy
quality. The reference [14] uses the quantity of economizing
primary energy source to evaluate the performance of the
PV/T system. Although electrical energy and thermal energy
are distinguished to some extent, the difference of the energy
quality is still not considered. It is clear that using available
energy (exergy) as a performance assessment standard is
a reasonable method. The exergy efficiency ηexergy of the
TCPV/T system is shown as follows [2, 14]:

ηexergy =
ηeIdAm + mcp, f

{
[h− (Ta + 273.15)s]out − [h− (Ta + 273.15)s]in

}
Id × (1− (Ta + 273.15)/5777)

, (12)

where h is the specific enthalpy, kJ/kg; s is the specific
entropy, kJ/(kg·◦C).

4. Validation of the Model by Experiments

The experimental setup of the TCPV/T system with a
geometric concentration ratio of 16.92 is shown in Figure 3.
The effective aperture area of the trough parabolic mirror
is 1.95 m2, and the mirror reflectivity is 0.69 (tested by
ultraviolet spectrophotometer UV3600). The focal length
and focal spot width are 1.20 m and 0.10 m, respectively. The
energy flux concentration ratio of the system is 10.27 tested
by the laser power instrument MODEL460-1A from EG&G
Gamma Scientific San Diego, CA. The laser power meter can
measure the intensities of different wavelength. Averaging the
intensities, then divided by the direct solar radiation, we can
obtain the energy flux concentration ratio. The length, width,
and height of the receiver are 1.50 m, 0.12 m, and 0.09 m,

respectively. Insider diameter of the conduit is 0.03 m. The
related parameters of all materials are shown in Table 1.

The total radiation is measured using the pyranometer
TBQ-2 with an accuracy of ±2%. The direct radiation is
measured with the pyrheliometer TBS2-2 with an accuracy
of ±2%. The current and voltage of the solar cell arrays
are measured with a digital multimeter (Fluke 17B) with an
accuracy of ±1.5%. The working temperature of solar cells is
measured with a thermometer (Fluke 63) with an accuracy
of ±1◦C. The inlet and outlet temperatures of the cooling
fluid are measured using the thermocouple temperature
probe PT100 with an accuracy of ±0.1◦C. The mass flow
is measured by a glass rotameter with an accuracy of
±0.0014 kg/s. The calculation results based on the theoretical
model are verified with the following experimental results.

4.1. The Electrical Performance of the Super Cell Array Based
on the TCPV/T System. The super cell array shown in
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Table 1: Parameters of structure materials of the system.

Super cell array GaAs cell array

Cell array
Thermally
conductive

tape

Aluminum
alloy plate

Conduit
Thermally
insulating

layer
Cell array

Thermally
conductive

tape

Aluminum
alloy plate

Conduit
Thermally
insulating

layer

Thermal
conductivity
coefficient
λ (W·m2/◦C)

150.0 0.42 107.0 107.0 0.04 55.0 0.42 107.0 107.0 0.04

Absorptivity a 0.80 0.30 0.60 — 0.20 0.85 0.30 0.60 — 0.20

Emissivity p 0.35 — 0.10 — 0.20 0.30 — 0.10 — 0.20

Thickness d
(mm)

0.30 0.40 5.00 4.00 42.50 0.70 0.40 5.00 4.00 42.50

Figure 4: The photograph of the super cell array.

Figure 4 is a mono-Si solar cell from the USA, named after
the solar cell used for space power. The specification of
each cell is 6.2 cm × 7.1 cm. The open-circuit voltage and
the short-circuit current of each cell are 0.55 V and 1.45 A,
respectively, with the radiation of 1000 W/m2 and the cell
temperature of 25◦C. The super cell array composed of 16
pieces cell with series connection is tested on the TCPV/T
system. The experimental results and simulation results
are shown in Figure 5. We can see the simulating curves
approximately approach to the experimental testing curves.
In concentrating irradiance, the I-V curves approximate
linear and the output performances become poor due to its
high series resistance.

4.2. The Electrical Performance of a Triple-Junction GaAs Cell
Array Based on the TCPV/T System. The GaAs cell shown
in Figure 6 is a triple-junction solar cell, which is made in
Shanghai of China, the specification of each cell is 3.0 cm
× 4.0 cm. In nonconcentrating condition, the open-circuit
voltage and the short-circuit current of each cell are 2.58 V
and 0.17 A, respectively, with the radiation of 1000 W/m2

and the cell temperature of 25◦C. The GaAs cell array
composed of 40 pieces series-connected cells is tested on
the TCPV/T system. According to the experimental testing
results, we get the fitted empirical formula of the GaAs solar
cell array electrical efficiency which working in concentrating
irradiance shown as follows:

ηmp = 26.06%− 0.0886%
(
Tp − Tref

)
. (13)

4.3. The Electrical Performances and Thermal Performances
of the TCPV/T System. The electrical performances and
thermal performances of the TCPV/T system with a super
cell array and a GaAs cell array are characterized, respectively.
All results were achieved with the concentrated irradi-
ance, and the concentration ration was 10.27. Theoretical
calculation results and experimental results are shown in
Table 2. The gaps between the theoretical calculation results
and experimental results are less than 5%. The model can
accurately elucidate the performance characterization of the
TCPV/T system. From (13), the maximum efficiency of
26.06% for the GaAs solar cell array is achieved at the
reference temperature of 25◦C. However, the maximum
efficiency in our experiments is around 5.8%. This is because
the cell temperature rises significantly with the concentrated
irradiance, so the cells are hardly to reach their optimal
working temperature.

Although the single-diode equation was applied for the
super cell array and the empirical linear equation was applied
for the temperature dependence in case of the GaAs module,
the electrical efficiencies from the theoretical calculations
agree with the measured results well for both cases of cells
in Table 2. Comparing with the super cell, the GaAs cell has
better high temperature characteristics. In the concentrated
irradiance scope of our experiments, the characteristic of the
GaAs cell still kept linear, so the empirical linear equation
for the GaAs module is appropriate. However, the empirical
linear equation for the super cell maybe inappropriate in
such concentrated irradiance. The single-diode model could
usually improve the model response/accuracy with respect
the empirical equation, and the single-diode equation could
illustrate the super cell well in our case.

5. Analysis on Characteristic Parameters of
the TCPV/T System with a Super Cell Array
and a GaAs Cell Array

Based on the model, we analyze the influences of the
related characteristic parameters on the performance of the
TCPV/T system with a super cell array and a GaAs cell array,
respectively. The related characteristic parameters include
mirror reflectivity, width of focal spot, thermal absorptivity
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Figure 5: The I-V characteristics of the super cell array comparisons between experiments and simulations.

Table 2: The theoretical calculation results and the experimental results of the TCPV/T system.

(a)

Id (W/m2) m (kg) Tin (◦C) Ta (◦C) vw (m/s1) Tout (◦C) Tp/(◦C)

— — — — — M S M S

Super cell array
905.1 0.0050 22.6 16.7 1.7 50.1 50.5 83.2 84.40

953.7 0.0111 24.1 16.4 3.5 39.0 38.6 57.6 56.26

GaAs cell array
902.1 0.008 20.1 19.9 1.0 39.1 38.6 61.4 60.20

894.2 0.008 19.8 20.2 2.0 38.2 37.8 59.4 58.3

(b)

Pmax (W) ηt (%) ηe (%) η0 (%)

M S M S M S M S

Super cell array
34.11 33.44 32.56 33.04 1.93 1.89 34.50 34.93

41.33 42.19 37.17 36.18 2.22 2.27 39.40 38.44

GaAs cell array
100.80 101.94 36.12 35.17 5.73 5.80 41.85 40.96

101.92 102.71 35.29 34.52 5.85 5.89 41.13 40.41

(Id—direct radiation, m—fluid mass, Tin—inlet temperature of fluid, Ta—ambient temperature, vw—wind speed, Tout—outlet temperature of fluid, Tp—
temperature of solar cell array, Pmax—the maximum power output of system, η0—total efficiency; M—measured, S—simulated).

Figure 6: The photograph of the GaAs solar cell array.

of the lighting plate, and solar direct radiation. In order
to conveniently calculate and compare, it is supposed that
the water mass flow is 0.008 kg/s, the inlet temperature of
fluid is 20.0◦C, solar direct radiation is 900 W/m2, and the
ambient temperature and wind speed are 20.0◦C and 1.0 m/s,
respectively, in the calculation.

5.1. The Effect of the Mirror Reflectivity. The TCPV/T system
reflects and concentrates the solar radiation to the focal spot
by using the trough parabolic mirrors. The light intensity
can be improved to a high level. It is clearly to see from
Figure 7 that with increasing of mirror reflectivity from 0.5
to 0.95, the electrical efficiency, the thermal efficiency, and
the exergy efficiency increase by 0.02 times, 0.94 times,
0.62 times (for the TCPV/T system with a super cell array)
and 0.65 times, 0.90 times, 0.93 times (for the TCPV/T
system with a GaAs cell array). The electrical efficiency of
the super cell array TCPV/T system increases firstly and
then drops slightly, that is, due to the concentration ratio
of 8.46 is preferred for the optimum output performance
of the super cell array (from [16], we can get the conclu-
sion that the parabolic mirror reflectivity of the TCPV/T
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Figure 7: The influences of mirror reflectivity on the system performances.
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Figure 8: The influences of focal spot widths on the system performances.

system is an important factor to determine the utilizing
efficiency of solar energy. So it is an effective way to
improve the mirror reflectivity for optimizing the TCPV/T
system.

5.2. The Effect of the Focal Line Width. The sunlight is
concentrated on the focal line which has high-energy flux
density. With the same parabolic mirror, the narrower focal
line has a higher energy flux density. From Figure 8, we can
see the electrical efficiency, the thermal efficiency, and the
exergy efficiency all drops with increasing of focal line widths.
The widths of the Super cell array and GaAs cell array are
6.2 cm and 4.0 cm, respectively. When the focal line width is
larger than the width of solar cell array, parts of solar energy
will be wasted. So a suitable focal line with uniform light

intensity distribution indicates a high utilizing efficiency of
solar energy.

5.3. The Effect of the Thermal Absorptivity of the Lighting Plate.
From Figure 9, although the high thermal absorptivity results
in a high-operating temperature of solar cell arrays and a
lower electrical efficiency, the thermal efficiency, and exergy
efficiency increase by 0.75 times, 0.35 times (for super cell
array TCPV/T system) and 1.38 times, 0.14 times (for GaAs
cell array TCPV/T system) with the thermal absorptivity of
the lighting plate increasing from 0.2 to 0.9.

5.4. The Effect of Solar Direct Radiations. For the concentrat-
ing system, only the solar direct radiation can be utilized,
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Figure 9: The influences of thermal absorptivity of lighting plate on the system performances.
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Figure 10: The influences of solar direct radiation on the system performances.

it contributes to the input energy, directly influences the
maximum electrical power output of solar cell array and
outlet temperature of fluid directly, so the effect of solar
direct radiation to the performances of TCPV/T system
should be discussed.

Figure 10 shows that the outlet fluid temperatures of the
TCPV/T systems with super cell array and GaAs cell array
increase linearly with the rising of solar direct radiation. With
the rising of solar direct radiation, the maximum electrical
power output of the GaAs cell array TCPV/T system increases
linearly, but that of the super cell array TCPV/T system
increases firstly and then tends to be steady. We can see from
Figure 10 that the optimum solar direct radiation for the
super cell array TCPV/T system is 700 W/m2.

6. Conclusions

(1) The energy flow balance equations of the CPV/T
system are deduced, and the one-dimension steady
models of a trough concentrating photovoltaic/the-
rmal system with a Super cell array and a GaAs cell
array are established, respectively.

(2) In our validation experiments using a 2 m2 TCPV/T
system, the gaps between the theoretical calculation
results based on the above models and the experi-
mental results are less than 5%, which indicate that
the models are valid.

(3) Based on the model, we analyze the influences of
the related characteristic parameters such as mirror
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reflectivity, width of focal spot, thermal absorptivity
of the lighting plate, and solar direct radiation on
the performances of the TCPV/T system with a super
cell array and a GaAs cell array, respectively. The
parabolic mirror reflectivity of the TCPV/T system
is an important factor to determine the utilizing effi-
ciency of solar energy. We can optimize the TCPV/T
system by improving the mirror reflectivity and
thermal absorptivity of the lighting plate, pursuing
a suitable focal line with uniform light intensity
distribution.

Nomenclature

A : Quality factor of the diode
Am: Effective area of the reflecting mirror (m2)
At: Internal surface area of the conduit (m2)
cp, f : Specific heat capacity (kJ/(kg·◦C))
h: The specific enthalpy (kJ/kg)
ht− f : Convective heat transfer coefficient between the

conduit and the fluid (W/(m2◦C1))
I : Current (A)
I0: Reverse saturation current of the diode (A)
Id: Solar direct radiation (W/m2)
IL: Photocurrent (A)
k: Boltzmann’ constant
m: Fluid mass (kg)
n: Pieces of solar cell
ηmp: Electrical efficiency of solar cell array (%)
ηmp,ref: Reference efficiency (%)
ηt : Thermal efficiency of system (%)
ηe: Electrical efficiency of system (%)
ηexergy: Exergy efficiency (%)
Pmax: Maximum electrical power output (W)
q: Elementary charge (C)
QP : Solar direct radiant energy on the solar cell array

(kJ)
QP1: Concentrating solar direct radiant energy on the

aluminum alloy plate (kJ)
Rs: Series resistance (Ω)
Rcpa: Convective heat transfer thermal resistances

between solar cell array and the surroundings (Ω)
Rrpa: Radiative heat transfer thermal resistances between

solar cell array and the surroundings (Ω)
RkpB: Heat-conductive thermal resistance between solar

cell array and the thermally conductive tape (Ω)
RkBpl: Heat-conductive thermal resistance between the

thermally conductive tape and the aluminum alloy
plate (Ω)

Rkplc: Heat-conductive thermal resistance between
aluminum alloy plate and the thermally insulating
layer (Ω)

Rkplt: Heat-conductive thermal resistance between
aluminum alloy plate and the conduit (Ω)

Rrpla: Convective heat transfer thermal resistances
between the aluminum alloy plate and the
surroundings (Ω)

Rcpla: Radiative heat transfer thermal resistances between
the aluminum alloy plate and the surroundings (Ω)

Rrca: Radiative heat transfer thermal resistance between
the thermally insulating layer and the surroundings
(Ω)

Rcca: Convective heat transfer thermal resistance
between the thermally insulating layer and the
surroundings (Ω)

s: The specific entropy (kJ/(kg·◦C))
t: Operating time (s)
Ta: Ambient temperature (◦C)
TB: Temperature of the thermally conductive tape (◦C)
Tcover: Average temperature of the thermally insulating

layer (◦C)
Tp: Working temperature of solar cell array (◦C)
Tplate: Temperature of the aluminum alloy plate (◦C)
Tt : Temperature of the conduit (◦C)
Tout: Outlet temperature of fluid (◦C)
Tin: Inlet temperature of fluid (◦C)
Tref: The reference temperature (◦C)
μp,mp: Related coefficient between the electrical efficiency

of the solar cell array and the temperature (%/◦C)
V : Load voltage (V).
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