
lable at ScienceDirect

Energy 238 (2022) 121663
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
An experimental study of a hybrid photovoltaic thermal system based
on ethanol phase change self-circulation technology: Energy and
exergy analysis

Yuanzhi Gao a, *, Guohao Hu b, Yuzhuo Zhang c, Xiaosong Zhang a, d, **

a School of Energy and Environment, Southeast University, Nanjing, 210096, China
b Institute of Mechanics, Chinese Academy of Sciences, Beijing, 100190, China
c School of Materials Science and Engineering, Nanjing Tech University, Nanjing, 211800, China
d Engineering Research Center of BEEE, Ministry of Education of China, China
a r t i c l e i n f o

Article history:
Received 11 January 2021
Received in revised form
23 June 2021
Accepted 31 July 2021
Available online 12 August 2021

Keywords:
Photovoltaic thermal (PV/T) system
Porous media
Phase change
Energy and exergy analysis
* Corresponding author.
** Corresponding author. School of Energy and Enviro
Nanjing, 210096, China.

E-mail addresses: yz_shawn0213@seu.edu.cn (
(X. Zhang).

https://doi.org/10.1016/j.energy.2021.121663
0360-5442/© 2021 Elsevier Ltd. All rights reserved.
a b s t r a c t

The phase change cooling (PCC) technology combined with porous media is a promising way to enhance
the performance of photovoltaic thermal (PV/T) system. Nevertheless, the application of this method is
rarely mentioned in PV/T system. This paper aims to build a new phase change self-circulation (PCSC) PV/
T system based on PCC technology and porous media. The system is constructed under outdoor condi-
tions using commercial solar panel with the size of 550 mm � 460 mm � 25 mm. The performance of the
system is accessed from energetic and exergetic concept under varying operating conditions (such as
solar irradiance, mass flow rates, operating temperature). The obtained data shows that the proposed
system is feasible with an average cooling efficiency of 34.6%, and the maximum panel temperature
difference is 4.2 �C. The average daily electrical energies of the PCSC PV/T system under mass flow rates of
0.004 kg/s, 0.007 kg/s, 0.009 kg/s are 95.36 W/m2, 94.68 W/m2, and 95.79 W/m2, respectively. The results
are competitive compared with other works. In addition, the results also prove that the attached glass
cover is beneficial to harvest thermal energy but not to electrical energy. Moreover, LCOE results indicate
that the proposed system is economical compared with reference PV system.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In the past few decades, energy supply system dominated by
fossil fuels brings about ecosystem damage and impedes environ-
mental sustainability [1]. Consequently, renewable and sustainable
energy sources receive increasingly attention in recent years [2].
Among all the alternative energy sources, solar energy is the most
suitable choice for future energy supply systemwith the features of
easy access, unlimited reserves, and pollution-free [3,4]. Photo-
voltaic (PV) system can directly convert the incident solar energy
into electrical energy. However, only about 20% of the incoming
solar irradiation can be converted into electricity even under ideal
conditions, which is still not very satisfactory [5]. If the
nment, Southeast University,
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accumulated heat cannot be dissipated in time, it will negatively
impact the open circuit voltage of solar cells and threatens the long-
term stable operation of the PV system [6e8]. Hence, the need for
exploring and designing an efficient PV cooling system is of great
importance and essential [9].

Numerous scholars have concentrated on applying advanced
cooling technologies to boost the power generation efficiency of PV
system. These innovative cooling techniques include but not
limited to the use of phase changematerial (PCM), heat pipe device,
nanoparticles in the coolant, thermoelectric generator, impinge-
ment jet cooling, evaporative cooling [10,11]. In particular, given
that the hybrid photovoltaic thermal (PV/T) system allows dual
functions (cooling PV panel and gaining thermal energy) in one
unit. PV/T system is another promising cooling technology recom-
mended by researchers.

In addition to the cooling technologies mentioned above,
recently, phase change cooling (PCC) is introduced as an innovative
and potential cooling strategy for combination with PV or PV/T
system. The latent heat released or absorbed by PCM during phase
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Nomenclature

A surface area, m2

I current, A
V voltage, V
Q coolant flow rate, L/h
T temperature, �C
DT temperature difference, �C
G solar irradiation, W/m2

U voltage, V
r energy conversion efficiency
Isc short-circuit current, A
Voc open-circuit voltage, V
Pmax the maximum output power, W
FF fill factor
IP improvement potential, W
Ec exergy rate, W
E power, W
Cp specific heat capacity (J/(kg�C))
m mass flow rate (kg/s)
h enthalpy (J/kg)
s entropy (J/(kg: �C))

Greek symbols
h energy efficiency
r density (kg/m3)

Subscripts
a Ambient
oc open circuit
sc short circuit
in Input
out output
el electrical
th thermal
m maximal
en energy
s sun
ex exergy
gen generation
re reference

Abbreviation
PCSC phase change self-circulation
PCC phase change cooling
PV/T photovoltaic thermal
PV photovoltaic
EVA ethylene-vinyl acetate copolymer
IR infrared
SI sustainability index
IP improvement potential
LCOE levelized cost of electricity
NPV net present value
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change process is hundreds of times higher than sensible heat.
More importantly, PCC can achieve the decrease of the heated
surface temperature variation, which is crucial for uniform cooling
of solar cells [12]. Generally, PCC phase transition consists of liquid-
vapor or solid-liquid cycles. From one hand, Suresh et al. [13]
studied a liquid-vapor phase change cooling (evaporative cooling)
technology to enhance PV panel power output. The results show
that increased efficiency of 10% was achieved by cooling down the
PV panel with a porous surface. Also, by incorporating a synthetic
clay to the rear of the PVmodule, Alami et al. [14] found that the PV
module temperature can be effectively reduced, and the maximum
values of 19.4% and 19.1% in output voltage and power were
observed. Furthermore, Ni�zeti�c et al. [15] explored the feasibility of
simultaneously cooling both sides of the PV module by introducing
the water spray technology (another kind of liquid-vapor phase
change cooling). The experimental results indicate that the average
PV panel temperature of 24 �C was obtained by cooling the front
and rear sides of the PV panel at the same time. Nevertheless, in
most situations, the evaporated water is transported directly to the
atmosphere, which can not be recycled. This problem hindered the
development of evaporative cooling, especially for those tropical
climate zones. On the other hand, by attaching the solid-liquid PCM
at the rear of PV panel, Maatallah et al. [16] proved that compared
with conventional PV system, the PV/T-PCM system led to an
improved thermal and overall efficiency of 26.87% and 40.59%
respectively, along with a rise in electrical efficiency by 17.33%.
Similarly, from numerical and experimental approrches, Fayaz et al.
[17] comfirmed that an enhancement of 12.91% and 12.75% of
electrical performance is obtained as numerically and experimen-
tally respectively for PVT-PCM system.

From the above literature survey, it can be concluded that PCC
technology is an effective method to enhance the performance of
the solar PV system. In addition, PCC always undergoes an evapo-
ration process, while various low-boiling refrigerants can be
selected as coolants [12]. However, using low-boiling point coolant
2

in liquid-vapor PCC PV/T system was not mentioned in public
literature. Meanwhile, the experiment conducted by Ahmed et al.
[18] pointed out that using porous media in PV/T system leads to a
positive impact. Nevertheless, to the authors’ knowledge, the at-
tempts of simultaneously using porous material and low-boiling
coolant in PCC PV/T system to realize working medium circula-
tion and obtain thermal energy also have been rarely reported.
Furthermore, in our previous study, an active PCC system was
established for flat PV cooling [19], but the possibility of building a
PV/T system to enhance overall energy efficiency was neglected.
Accordingly, the current research tackles the challenge of building a
phase change self-circulation (PCSC) PV/T system using PCC tech-
nology. The findings of the present work also provide novel insights
into the newly designed PCSC PV/T system using low boiling point
liquid (ethanol) as working medium and realize the self-circulation
of working fluidwith the aid of porousmedia. The effect of the glass
cover, solar irradiation, water flow rates on the fluence of the sys-
tem is detailed discussed. Besides, economic analysis is conducted
to analyze the economic performance of the system.

2. Experimental setups and methods

The essential equipment used in this system mainly comprises
two PV modules (one considered as a reference PV module, the
other fabricated as PCSC PV/T module), a water circulation system,
data testing and acquisition system. The specific technical param-
eters of the PV module are listed in Table 1. Furthermore, to
compare the performance of glazed and unglazed PCSC PV/T sys-
tem, a glass cover is attached at the front of PV/T module.

2.1. The PCSC PV/T module

As previously described, this paper aims to establish a self-
circulation phase change PV/T system. In order to evaluate the
performance of the proposed system, two prototypes of the PCSC



Table 1
Technical parameters of mono-crystalline silicon PVmodule (AM1.5,1000W/m2 and
25 �C).

Technical parameters Unit Value

Model e SUN-30
Maximum power output W 30
Maximum power voltage V 17.5
Maximum power current A 1.71
Open circuit voltage V 21.5
Short circuit current A 1.94
Fill factor e 73%
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PV/T module are designed and fabricated, namely the unglazed and
glazed PCSC PV/T module. In addition, an original PV module is also
prepared to make a comparison with the PV/T system. The detailed
structural design and cross section view of the considered system
are illustrated in Fig. 1 and Fig. 2. In the following elaboration, the
three different Cases 1, 2, 3 are referring to reference PV module,
unglazed PCSC PV/T module, and glazed PCSC PV/T module.

Case 1. A conventional PV panel (SUN-30, Beijing Tianzhu Yang-
guang Solar Energy Technology Co., China) with a maximum power
output of 30 W is used as a reference case. The PV module has 12
pieces of solar cells that are connected in series and parallel. The
detailed composition structure is shown in Fig. 1 (a).

Case 2. The schematic of the unglazed PCSC PV/T module is pre-
sented in Fig. 1 (b). The core part of the PV/T module is a combi-
nation of a classical PV module, and the modified part. The
modified part consists of the porous medium, copper collector tube
and V-shaped sump. The non-woven fiber fabric is selected as the
porous medium and attached at the rear plate of the PV panel using
silica gel with high thermal conductivity. Several V-shaped sumps
made up of copper foil are also bonded to the backside of PV
module, which acted as a liquid reservoir. In the meantime, 5
copper pipes are fixed at the aluminum frame of the PV panel by
drilling holes to collect the latent heat released by ethanol vapor
during the phase change process. A tempered glass plate (mm) is
chosen for encapsulating the PV panel to form a closed system. To
ensure no leakage issues, the gap between the glass cover and the
aluminum frame is filled with silicone sealant. Once the closed
system was prepared, the ethanol liquid is injected into the V-
shaped sump through the pre-defined injection holes.

The complete phase change self-cycling process consists of two
parts: the first part is the liquid to vapor phase transition. The
ethanol liquid in the V-shaped sump is absorbed into the porous
material by capillary force. When sunlight hits the surface of the PV
panel, the uprising temperaturemakes the ethanol liquid evaporate
and resulting in a lower PV temperature. The second part is the
vapor to liquid phase transition. The evaporated ethanol vapor
condenses on the cold surface of the copper collector tube and
transfers the latent heat to the water inside the collector tube.
Under the action of gravity, the droplets finally drop into the V-
shaped sump and reabsorbed by the porous medium. In this way,
the purpose of self-circulation is achieved. During the evaporation
process of ethanol, the porous materials can effectively enhance the
heat andmass transfer, which is confirmed in a previous study [20].

Case 3. As shown in Fig. 1 (c), to investigate the influence of glass
cover on the PCSC PV/T system, clear borosilicate glass with high
transmission efficiency for solar irradiation is placed over the PV
panel. Several U-shaped clips are used for joining the glass cover
together with the PV panel. The thickness of the air gap between
the PV surface and glass cover is 30 mm.
3

2.2. Experimental setup

Except for the PCSC PV/T module and reference PV module,
other support systems include water circulation and data mea-
surement system. The schematic and photographic view of the
tested facility is presented in Fig. 3. The tests are performed on the
days with clear and stable conditions from 10:00 a.m. to 2:45 p.m.

As Fig. 3 (a) displays, the water circulation system comprises of a
water pump, water storage tank, heat exchange water tank, flow
meter, and the connecting pipelines. The detailed parameters of the
system are summarized in Table 2. To improve the condensation
effect, a spiral heat exchanger is immersed in the heat exchanger
tank to maintain the water temperature at a low level.

To investigate the impact of flow rates on the PCSC PV/T per-
formance, different mass flow rates of 0.004 kg/s, 0.007 kg/s,
0.009 kg/s are considered. The flow rates of cooling water can be
regulated by the valve. To reduce the heat loss of the system, all
external circulation pipes and water tanks are covered with insu-
lation materials.

2.3. The data measurement and acquisition system

The operating parameters of the system monitored by the cor-
respondingmeasuring equipment are shown in Table 3. Tomeasure
the temperature variation of the system, K-type thermo sensors are
used to test the temperature data, and the data logging interval was
1s. Specifically, the measuring points’ locations of the PV panel is
depicted in Fig. 4. The current, voltage, and power output of the PV
modules are collected by an IeV curve instrument with a scanning
interval of 15 min.

An infrared (IR) thermal camera is prepared to photography the
IR color images of the PV units. A global pyranometer is fixed on the
supporting frame with the same inclination angle as the PV panels
to measure the solar radiation intensity. Then, the millivolt signal
output from the pyranometer is recorded by the ART data collector.

2.4. Experimental procedure

The specific operation steps during the experiment are as
follows:

a Turn on the power supply switch of the system and confirm
whether each test instrument is in normal working condition.

b Turn on the data acquisition system, observe whether the data
acquisition system is normal, and set the data sampling interval.

c Adjust the flow rates to the required values and let water flow
for a period to ensure the stability of the water flow during the
experiment.

d Before the experiment time, remove the mirror aluminum plate
(as a light shield) over the PV panel and wipe the dust from the
surface of the PV panel.

e Start the experiment, use the PC to record and save the exper-
imental data, and use the IR camera to collect the images of the
system.
f. After the experiment, save and copy the experimental data,
turn off the power supply, and restore the system to the initial
state.
2.5. Analysis methodology

2.5.1. Energy analysis
From the perspective of energy, the control volume of the PCSC

PV/T module is considered as the joining of the thermal collector
and PV module. According to the first law of thermodynamics, the



Fig. 1. Schematic of the tested systems (a) PV module only, (b) unglazed PCSC PV/T module, (c) glazed PCSC PV/T module.
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Fig. 2. Cross section views of (a) unglazed PCSC PV/T module (b) glazed PCSC PV/T module.
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overall energy expression of the proposed PCSC PV/T system can be
written as:

X
Ein ¼

X
Eout (1)

Fig. 5 (a) shows that the energy flowing into the control volume
of the system comprises two different parts: the energy inputted
from the sun and the heat transfer fluid. Thereby, the total input
energy rate can be defined as:

X
Ein ¼ Esun; in þ Efluid; in (2)

where Esun; in and Efluid; in stand for the input energy of the sun and
the heat transfer fluid, respectively. The expression of input solar
energy is given by:

Esun; in ¼G,A (3)

where G and A refer to the solar illumination intensity and the
surface area of the PV module.

Similarly, the output energy of the control volume can be
expressed as:

X
Eout ¼ Eel; out þ Efluid; out (4)

where, Eel; out and Efluid; out indicate the output energy of electric
and the heat transfer fluid.

Eel; out is the output power produced by the PV unit, which can
be decided as [21]:

Eel; out ¼Voc,Isc,FF (5)

where, Voc, Isc and FF refer to the open circuit voltage, short circuit
current and fill factor (FF) of the PV unit, respectively. Vocand Isc are
provided by the supplier. FF is defined as the ratio of the product of
current and voltage to the product of short circuit current and open
circuit voltage when the solar cell has the maximum output power
[22], FF can be calculated as:
5

FF ¼ Vm,Im
Voc,Isc

(6)

In this equation, Vm, Im are the voltage and current at the
maximum power point, respectively.

In addition, the useful thermal energy (Eth) produced by the
PCSC PV/T collector is considered as a fixed relationship up to the
features of the working fluid:

Eth ¼ Efluid; out � Efluid; in ¼ mfluid,Cp; fluid,
�
Tfluid;out � Tfluid;in

�
(7)

where, mfluid, Cp; fluid , Tfluid;out and Tfluid;in are the useful heat
absorbed by the PV/T collector, the mass flow rate of heat transfer
fluid, outlet and inlet temperature of heat transfer fluid,
respectively.

Thus, the electrical and thermal efficiency of the PV/T system are
written as [23]:

hel¼
Eel; out
Esun; in

¼ Pmax

G,A
¼ Voc,Isc,FF

G,A
(8)

hth ¼
Eth

Esun; in
¼

mfluid,Cp; fluid,
�
Tfluid;out � Tfluid;in

�
G,A

(9)

Then, the overall efficiency can be expressed by hel and hth as in
Eq. (10):

hen ¼ hth þ hel
r

(10)

Since the grade of electric energy is higher than that of thermal
energy. The parameter of r is used to describe the conversion effi-
ciency, which considers the electric energy into equivalent thermal
energy. The specific conversion value is 0.38 [23].
2.5.2. Exergy analysis
As shown in Fig. 5 (b), from the second law of thermodynamics,

the exergy efficiency is used to describe the ‘quality’ of the energy



Fig. 3. The pictures of (a) the schematic of the facility and (b) a real picture of the experimental setup.

Table 2
Parameters of the PCSC PV/T system.

Parameter Unit Value Error Materials

Water pump W 46 e e

Heat exchange water tank L 48 e Stainless steel
Water storage tank L mm 12 e Polyethylene
Circulating water pipeline mm Ø12 * 1 ±0.1 Polyethylene
Heat exchange tube mm Ø12 * 1 ±0.1 Copper
Glass cover (thickness) mm 4 e Borosilicate glass
Insulation material (thickness) 15 e Rubber insulation cotton

Y. Gao, G. Hu, Y. Zhang et al. Energy 238 (2022) 121663
conversion efficiency. Similar to that of energy expression, the
overall exergy balance equation is expressed as:
6

X
Ecin �

X
Ecout ¼

X
Ecloss (11)



Table 3
Measuring equipment and their accuracies.

Measuring equipment model accuracy Monitoring target/purposes

K-type thermocouples 5 TC-TT-K-36-
36

±0.1 �C Measure the temperature data of the system

Four-channel temperature
collector

AZ88598 ±0.1 �C Collect and save the temperature data

IeV curve instrument DS-100c current accuracy ±0.5%, voltage accuracy
±0.5%,

Measure the current, voltage, and power of the PV panel

Thermal infrared (IR) camera MAG62 ±2 �C Evaluate the temperature distribution of the PV panel
Global pyranometer PSP <10 W/m2 Measure the incident solar irradiation
ART data collector DAM3038 ±0.2% Record the temperature of inlet, outlet, water storage tank and solar

irradiation data
Flow meter LZB-10 accuracy ± 4% Measure the flow rates of water

Fig. 4. The positions of the measuring points (1e8 for reference PV module and 9e16
for PCSC PV/T module).
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Ecsun;in þ Ecfluid;in ¼ Ecel;out þ Ecfluid;out þ
X

Ecloss (12)

Moreover, the input exergy of the sun is decided as [24]:

X
Ecin ¼ Esun; in ¼G,A

"
1�4

3

�
Ta
Ts

�
þ1
3

�
Ta
Ts

�4
#

(13)

where Ta and Ts refer to the ambient and sun temperature,
respectively. The difference exergy of the heat transfer fluid can be
defined as:

Ecfluid;out � Ecfluid;in ¼mfluid

h
�
�
hfluid;out �hfluid;in

�
� Ta

�
sfluid;out � sfluid;in

�i
(14)

In which, hfluidand sfluid are enthalpy and entropy of the heat
transfer fluid, respectively. The changes of entropy and enthalpy of
the PCSC PV/T system can be arranged as [25]:

Dh¼hfluid;out � hfluid;in ¼ Cp; fluid
�
Tfluid;out � Tfluid;in

�
(15)

Ds¼ sfluid;out � sfluid;in ¼ Cp; fluid ln

 
Tfluid;out
Tfluid;in

!
(16)

Therefore, the exergy of electrical and thermal can be calculated
using the following equations:

Ecel;out ¼ Eel;out (17)
7

Ecth ¼mfluid ,Cp; fluid

"�
Tfluid;out � Tfluid;in

�
� Ta ln

 
Tfluid;out
Tfluid;in

!

(18)

Hence, combining Eq. (13), Eq. (17), and Eq. (18) yields the
exergy loss of the system:

X
Ecloss ¼ Ecsun;in � Ecth � Ecel;out (19)

Finally, the electrical, thermal, and overall exergy efficiencies of
the PCSC PV/T system can be calculated using the following three
equations [26]:

hex;el¼
Ecel; out
Ecsun; in

¼ Voc,Isc,FF

G,A

"
1� 4

3

�
Ta
Ts

�
þ 1

3

�
Ta
Ts

�4
# (20)

hex;th¼
Ecth

Ecsun;in
¼
mfluid,Cp;fluid

"�
Tfluid;out�Tfluid;in

�
�Ta ln

 
Tfluid;out
Tfluid;in

!

G,A

"
1�4

3

�
Ta
Ts

�
þ1

3

�
Ta
Ts

�4
#

(21)

hex ¼
Ecel; out

r þ Ecth
Ecsun; in þ Ppump

(22)

In this equation, Ppump is the power consumed by the water
pump. In this system, the parasitic energy consumption of the
water pump is the external exergy input.

The entropy generation of the PCSC PV/T system denoted as
[27]:

Sgen ¼
P

Ecloss
Ta

(23)

The exergetic concept of sustainability index (SI) [27] and
improvement potential (IP) [19], which used to describe the
maximum improvement for the PCSC PV/T system, could be
determined as:

SI¼ 1
1� hex

(24)

IP¼ð1� hexÞ,
X

Ecloss (25)



Fig. 5. The diagram of (a) energy flow and (b) exergy flow.
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2.5.3. Uncertainty analysis
To guarantee the accuracy of the experimental results, uncer-

tainty analysis is conducted. The uncertainty of the experiment can
be determined using the following equation [28]:

UZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Xn

i¼1

�
vZ
vxi

Ui

�2vuut
1
A (26)

where xi and Ui represent the direct testing parameters (such as
mass flow rates, temperature, solar irradiation, etc.) and the asso-
ciated uncertainty of measuring instruments are listed in Table 3.

Based on this analysis, the calculated uncertainties of the ther-
mal, electrical and overall efficiency are 4.47%, 2.12% and 4.94%,
respectively. The obtained maximum uncertainties for all param-
eters are less than 5% which indicates the reliability of the experi-
mental data.
Fig. 6. The weather conditions during the experimental time.
3. Results and discussion

3.1. Weather conditions

To avoid undesirable meteorological conditions, the experi-
ments are performed on sunny days. Fig. 6 displays the variations of
solar irradiance and ambient temperature during a typical experi-
mental day. It is noted that the variation range of solar radiation
intensity is approximately 500W/m2 to 950W/m2, with an average
value of 825 W/m2. The ambient temperature increases from about
8

14 �C in the morning to 21 �C at the end of the test. The daily
fluctuation of the weather data during the whole experimental
period is relatively small and stable.

3.2. Temperature profiles analysis of system

The temperature change curves for each measurement point are



Fig. 8. The average temperature of the PV module as a function of total solar
irradiance.
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illustrated in Fig. 7 (a) and Fig. 7 (b). According to Fig. 7 (a) and Fig. 7
(b), the temperature of both PV panels shows a similar trend in the
initial stage. During the second 15-min interval, the temperature of
the reference PV module and PCSC PV/T module rises up quickly to
around 45 �C and 30 �C, respectively. This phenomenon can be
explained as, under the protection of the light shield, the temper-
ature of the PV panels is maintained at a lower level before the
experiment start. Once the light shield is removed, the PV panel
temperature dramatically increases under the influence of solar
irradiation. After this stage, the PV panel temperature shows a
dynamic change as the experiment goes on.

Simultaneously, the maximum temperature difference (among
the 8 test points) of the PCSC PV/T module is 4.2 �C, which is
obviously smaller than the reference PV module of 5.7 �C. More-
over, the reference PV system's temperature fluctuation is larger
than that of the previous system, which indicates that the PCSC PV/
T system has a strong anti-interference ability to resist environ-
mental fluctuations, and even temperature distribution can be
obtained by using this technique. During this period, the outlet
temperature of water raises from 12.3 �C to 22.3 �C.

Fig. 7 (c) presents the cooling temperature difference between
the reference PV module and PCSC PV/T module, and also the
cooling efficiency of the PCSC PV/T module. The maximum tem-
perature difference and the average temperature drop difference of
the PCSC PV/T module relative to the reference PVmodule is 21.6 �C
and 17.6 �C, respectively. Meanwhile, the maximum and the
average cooling efficiency of the system are 37.8% and 34.6%,
respectively.
Fig. 7. Temperature changes of (a) reference PV module (b) PCSC PV/T m

9

From Fig. 8, it can be clearly revealed that for both PV modules,
the average PV panel's temperature shows a linear relationship
with the incident solar radiation intensity. To be more specific, the
odule (c) and cooling efficiency and cooling temperature difference.
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corresponding coupling relationships of the reference PV module
and PCSC PV/T module are described by the following equations:

Tre;PV ¼ 0:0251Gþ 30:5989 (27)

TPCSC;PV=T¼ 0:00719Gþ 27:3313 (28)

From the above formulas, it is evident that, for every 100 W/m2

increments, the increased temperatures for reference PV module
and PCSC PV/T module are 2.5 �C and 0.7 �C, respectively. As
illustrated in Fig. 8, particular attention should be given to the first
data collection point. The occurred of the two points is that the data
is recorded when the light shield is just removed.
3.3. The energy analysis of the system

The yielded electric power of the two considered systems is
shown in Fig. 9 (a). It is observed that during the whole time of the
experiment, the electricity produced by the PCSC PV/T module is
much higher than that of the reference PV module. The maximum
and minimum power differences of the two systems are 2.5 W and
1.1W, respectively, with an average value of 2W. This confirms that
the application of PCSC technology could effectively reduce the
output power drop.

Fig. 9 (b) depicts the variation of short circuit current and open
circuit voltage of the two systems. It is noticed that the short circuit
current difference between the reference PV module and the PCSC
PV/T module does not change much, whereas the open circuit
Fig. 9. The variation of the tested systems of (a) power output (b) short circuit current and
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voltage of the PCSC PV/Tmodule is higher than that of the reference
PV module. This implies that the open circuit voltage of the solar
cells is more sensitive to the increased temperature. Fig. 9 (c) re-
flects the electric power produced by the reference PV module and
PCSC PV/T module as a function of the solar irradiance. The results
show that the power output of the PCSC PV/T module is superior to
that of the reference case. An approximately linear relationship
between PV panel power output and solar irradiation intensity can
be obtained by fitting the data points:

Pre;PV ¼ 0:0202Gþ 3:7143 (29)

PPCSC;PV=T¼ 0:0232Gþ 3:2352 (30)

From the above two equations, it is evident that the power
generated by both PV modules tends to increase with the intensity
of solar irradiation. The competitiveness of the PCSC PV/T system is
much higher than the uncooled PV module.

The variations of electrical energy conversion efficiency of the
two systems under different mass flow rates are plotted in Fig. 10.
The electrical efficiencies of the reference PVmodule and PCSC PV/T
module present a similar variation trend, which decreases at first,
then reaches the lowest point near noon, and finally increases.
Obviously, the electrical efficiency of the PCSC PV/T module is
higher than the reference PV module's efficiency in all considered
cases. This can be attributed that the intensity of the solar radiation
increases with the experimental time and leads to a progressive
decline in the conversion efficiency of the solar cells. The relative
open circuit voltage (c) relationship between total solar irradiance and power output.



Fig. 10. The electrical efficiency of the tested systems under different mass flow rates.
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increase of the electrical efficiency is also illustrated in Fig. 10.
Compared with the reference PV module, the average percentage
increase in electrical efficiency under the three considered mass
flow rates of 0.004 kg/s, 0.007 kg/s, 0.009 kg/s are 9.74%,
16.87%,15.06%, respectively.

Considering the mass flow rates of 0.004 kg/s as an example, by
varying the total solar irradiance, the corresponding relationships
of the reference PVmodule and PCSC PV/T module can be obtained,
as reported in Fig. 11. Moreover, the following equations are used to
describe the relationships:

Ere;PV ¼ � 0:0037Gþ 13:4651 (31)

EPCSC;PV=T ¼ � 0:0030Gþ 13:9735 (32)

It can be noted that, for both systems, the solar irradiation in-
tensity shows a certain negative linear relationship with electrical
11
efficiency. In contrast, the trend of the electrical efficiency of the
PCSC PV/T system with the radiation intensity is more moderate
than that of the reference PV system.

In this study, the percentage decrease in electrical efficiency per
1 �C increase in solar cell temperature is determined by calculating
the PV modules’ electrical efficiency and average temperature at
the start or peak period. Table 4 summarizes the gained results in
different studies. From the table, it is worth to notice that for every
1 �C increase in temperature, the percentage decrease in this work
is 0.05%, which is consistent with the results of other scholars
[29e31].

The overall energy variation trends of the proposed systemwith
the experimental time are demonstrated in Fig. 12 (a). As shown in
the figure, the system reaches its highest overall energy efficiency
of 68.3% under the flow rate of 0.004 kg/s, and the considered
system reaches its maximum thermal efficiency of 36.9% at the
same time. Hence, it is also interesting to find out that the variation



Fig. 11. The electrical efficiency as a function of the total solar irradiance.
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of overall energy efficiency is consistent with thermal efficiency
variation, which contributes the most part of the obtained energy.
Fig. 12 (b) illustrates the gained energy of the PCSC PV/T system and
reference system under different flow rates. According to the figure,
it is clear to see that the electrical energy produced by the PCSC PV/
T system is significantly higher than the reference PV module,
which is seriously influenced by the operating temperature. Be-
sides, the overall energy of the PCSC PV/T module increases, with
the increases of mass flow rates of cooling water.

To compare the average electrical power with other works.
Fig. 13 shows the obtained values in PCSC PV/T system (this study),
PV/T PCM system (Kazemian et al. [32]), and PV/T PCM system
(Kazemian et al. [33]). This result show that using PCC technology
can effectively improve the electrical power of the proposed PV/T
system.
Table 4
Efficiency reduction rate of PV modules in different studies for every 1 �C rise in temper

Ref. Operating temperature (�C) Electrical

Start Peak period period Start Peak

[29] 37 65 10.3 9
[30] 25 44 15.7 15.2
[31] 32.1 88.1 7.63 4.5
Present work 20.2 35.7 12.01 11.1

Fig. 12. The variations of PCSC PV/T system (a)
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3.4. The exergy analysis of the system

The main purpose of this section is to perform an exergetic
analysis from the point of the second law of thermodynamics.
Fig. 14 presents the variations of daily input exergy, exergy loss of
the PCSC PV/Tmodule, and the reference PVmodule. As can be seen
from the figure, the input sun exergy increases first, then reaches its
maximumvalue of 218.14W, and finally drops its minimumvalue of
121.33 W. The exergy losses of the reference PV module and PCSC
PV/T module show a similar variation trend compared to that of the
input sun exergy. The exergy loss of the reference PV module is
significantly higher than that of the PCSC PV/T module, which
proves that the proposed PCSC PV/T module is more effective than
the reference PV module.

Fig. 15 highlights the changes in exergy power of the PCSC PV/T
system compared with the reference PV system. The data indicated
that, for the PCSC PV/T module, the exergy power of the thermal is
much lower than the exergy power of electrical. In terms of the
extent to which energy is efficiently converted, this result
confirmed that the majority of the electrical exergy could be con-
verted into useful exergy, compared with the thermal exergy [34].
Meanwhile, the average exergies of thermal and electrical for PCSC
PV/T system are 5.30 and 95.36 W/m2, respectively. Furthermore,
compared with the PCSC PV/T module, the corresponding value of
electrical exergy of the reference PV module is 87.26 W/m2.

The changes in SI and entropy generation for the PCSC PV/T and
PV systems are plotted in Fig. 16 (a). It is easy to conclude that the SI
of the PCSC PV/T module is considerably higher than the reference
PV module, which means that the PCSC PV/T system is more
feasible than the reference PV system. The average SI indexes of the
reference PV module and PCSC PV/T module are 1.11 and 1.43,
respectively. In contrast, the entropy generation of the PCSC PV/T
module is lower than the reference PV module. The reason can be
explained as: the input exergy can be effectively used by the PCSC
PV/T module, and the generated entropy is smaller than that of the
reference PV module. Fig. 16 (b) shows the changes of IP of the two
systems. It is found that the variation of the IP shows a good linear
relationship with the variation of solar radiation. Moreover, it is
ature.

efficiency (%) Percentage decrease in electrical efficiency per 1
�C increase in cell temperature

period period

0.05
0.03
0.06

8 0.05

energy efficiency (b) total energy gained.



Fig. 13. Comparison with other works in average electrical power.

Fig. 14. The variation of input exergy and exergy loss of the PCSC PV/T module and the
reference PV module.

Fig. 15. The variation of input exergy and exergy loss of the PCSC PV/T module and the
reference PV module.
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also clear to figure out that the slope of the fitting line of the
reference PV module is larger than that of the PCSC PV/T module
under the solar radiation range of 500e1000 W/m2.

3.5. Performance comparison of glazed and unglazed system

To compare the influence of adding glass cover on the systems.
The performance of the unglazed and unglazed PCSC PV/T system is
compared. For easy access to the examined systems, the mass flow
rate of cooling water is fixed at 0.004 kg/s. In this section, four
different cases are considered to make a comparison, namely
reference PV module 1 (case 1), glazed PCSC PV/T module (case2),
reference PV module 2 (case 3), unglazed PCSC PV/T module (case
4).

Fig. 17 reveals the average temperatures of the four cases, which
are 57.98 �C, 40.12 �C, 61.275 �C, and 37.36 �C, respectively. It is
apparent that the temperatures of the two PCSC PV/T modules are
lower than those of the corresponding reference PV modules.
13
Besides, the temperature of case 4 is lower than the temperature of
case2.

Further information can be obtained by reviewing the IR
imagines of the four cases, as shown in Fig.18. For both systems, the
reference PV modules possess higher temperature. Due to the ex-
istence of the glass cover, the thermal radiation emitted by the
glazed PCSC PV/T module is quite lower than the unglazed PV/T
module, which presents less heat loss.

The variations of the electrical power of the glazed and unglazed
PCSC PV/T systems are demonstrated in Fig. 19 (a). The electricity
yielded by the unglazed PCSC PV/T module is quite higher than that
of the glazed PCSC PV/T module. The average electric powers are
85.7 W/m2 and 91.0 W/m2 for the glazed and unglazed systems.
This result can be explained as: firstly, the covered glass plate leads
to higher average PV module temperature, which worsens the
working condition of the solar cells. Secondly, the glass cover re-
sults in optical loss during the transmission of solar irradiation. As
depicted in Fig. 19 (b), an opposite result is presented, the thermal
power of the glazed PCSC PV/T module is significantly higher than
the unglazed PCSC PV/T module, with an average value of 275.2 W/
m2 and 239.4 W/m2, respectively.

The variation of the short-circuit current is shown in Fig. 20.
There is no doubt that the short-circuit current of the unglazed
PCSC PV/T module exceeds the value of the glazed PCSC PV/T
module. It is universal that the short-circuit current of silicon-based
solar cells is more sensitive to solar radiation than the open circuit
voltage. In addition, compared with the unglazed PCSC PV/T
module, the short-circuit current loss is also presented in Fig. 20.
The average short-circuit current loss of the glazed PCSC PV/T
module is about 9%. The existence of a borosilicate glass cover will
lead to an optical loss, which also confirms in previous results [35].

The composition of the overall input exergy and exergy losses of
the two systems is presented in Fig. 21. From this figure, it can be
obtained that the percentages of the overall output exergy (the sum
of electrical exergy and thermal exergy) and the exergy losses of the
unglazed and glazed PCSC PV/T module are 10.38%, 10.04%, 89.62%,
and 89.96%, respectively. The relative percentage share of the
exergy losses increases by 0.38% when using the glass cover. It is
also evident that the thermal exergy of the system can be enhanced
by using the glass cover, while the electrical exergy decreases.

Fig. 22 compares the entropy generation of the unglazed and



Fig. 16. The variation of (a) SI, entropy generation and (b) IP with total solar irradiance.

Fig. 17. The average temperature of the four considered cases.
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glazed PV/T systems versus local time. It can be noted that the
entropy generation of the unglazed PCSC PV/T module decreases
from the start period of 10.62 W/k to the end of the value of 4.5 W/
k, while the glazed PCSC PV/Tmodule reduces from the initial value
of 9.3 W/k to the end of 3.79 W/k. Besides, over the entire time
Fig. 18. The IR imagines of (a) the unglazed PV/T

14
range, the irreversibility of the glazed PCSC PV/T module is lower
than the unglazed PCSC PV/T module, which can be interpreted by
the fluid friction and heat transfer loss of the systems [32].

The performance comparison of the unglazed and glazed PCSC
PV/T system are summarized in Table 5. It is clear to find out that
the electrical performance of the unglazed PCSC PV/T system is
superior to the glazed PCSC PV/T system, with an average daily
electrical energy and efficiency of 91 W/m2 and 10.76%, respec-
tively. In contrast, the glazed PCSC PV/T system is better than the
unglazed PCSC PV/T system in daily overall and thermal energy.

The reasons can be further explained as: From one hand, as
previously discussed, the additional glass cover causes undesirable
optical loss in the system, which is harmful to the production of
electricity. On the other hand, the air gap between the upper sur-
face of the PVmodule and the lower surface of the glass cover leads
to a miniature “greenhouse effect” [32]. This reduces the heat loss
of the system and increases the PV panel temperature, which
further decreases the electrical efficiency of the system due to the
sensitivity of the solar cell to temperature.
3.6. Economic analysis

For assessment of the economic performance of the proposed
PCSC PV/T system, the levelized cost of electricity (LCOE) method
recommended by International Renewable Energy Agency (IRENA)
is considered in this study [36]. The expression of the LCOEmodel is
described as follows:
modules and (b) the glazed PV/T modules.



Fig. 19. The variations of (a) electrical power and (b) thermal power of the glazed/unglazed PCSC PVT systems.

Fig. 20. The variations of the short-circuit current of the glazed and unglazed PCSC PV/
T modules.

Fig. 21. The average overall exergy and exergy losses of (a) un
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LCOE¼
Pn

t¼1
ItþMtþFt
ð1þrÞtPn

t¼1
Et

ð1þrÞt
(33)

Et ¼ E0

�
1� DR

100

�t

(34)

where, It is investment cost in year, Mt is operations and mainte-
nance expenditures in year, Ft is fuel expenditures in the year. r and
n are discount rate and life time of the system. Et and E0 refer to the
electricity generation in the year and the electricity produced in the
first year of the installation. DR stand for degradation factor of the
system. Generally, for renewable energy generation system, the fuel
cost of Ft is usually considered as zero [37]. In addition, for PV/T
systems, both thermal and electricity energy are produced. There-
fore, a conversion factor of 0.55 is used to convert thermal energy to
equivalent electricity, which represents the typical efficiency of a
modern natural gas power plant [38].

Moreover, another economic metrics of net present value (NPV)
is also considered in this study. The calculation formula of NPV is
expressed as [39]:
glazed PCSC PV/T module (b) glazed PCSC PV/T module.



Fig. 22. The variations of entropy generation of the unglazed PCSC PV/T module and glazed PCSC PV/T module.

Table 5
Summarize of the performance of the glazed/unglazed PCSC PV/T system.

Evaluation parameters Unglazed PCSC PV/T system Glazed PCSC PV/T system

Average electrical power (W/m2) 91.0 85.7
Average thermal power (W/m2) 239.4 275.2
Total energy (W/m2) 330.4 360.9
Average daily electrical efficiency (%) 10.76 10.16
Average daily thermal efficiency (%) 28.56 34.47
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NPV ¼ � TIC þ
Xn
t¼1

E0*Prele
ð1þ rÞt (35)

where, Prele is the represent the electricity sale price in China. Ac-
cording to the guide tariff released by National Development and
Reform Commission (NDRC) for PV generation system in 2016, the
specific value of Prele is taken as 0.1329 ($/kW h) [40]. The required
economic parameters and obtained results are summarized in
Table 6. By assuming an operation time of 25 years, the LCOE price
Table 6
Economic parameters evaluation of the PCSC PV/T system.

Economic parameters Reference PV

Production of equivalent electricity (kW h) 26.03
Total investment cost (TIC) ($) 18.76
Life time of system (n) 25
Degradation factor (DR) (%) 0.5
Discount rate (%) 7
Operation and maintenance cost (Mt ) ($) 0.02*total investment cost
Installation cost ( Cins) ($) 0.1*total investment cost
Electricity sale price ($/kW h) 0.1329
Levelized cost of electricity (LCOE) ($/kW h) 0.1485
Net present value (NPV) ($) 37,404
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for reference PV system is found to be 0.1485 ($/kW h) whereas by
adopting PCSC technology, the LCOE price are reduced to 0.1211
($/kW h) and 0.1327 ($/kW h) for unglazed and glazed PV/T sys-
tems. While, the NPV value for reference PV system, unglazed PCSC
PV/T system, and glazed PV/T system are 37,404 $, 107,653 $, and
103,107 $ respectively. Therefore, from the above analysis, it can be
found that the LCOE price of the proposed PV/T system is higher
than the guide tariff of 0.1329 ($/kW h), and thus it could be
concluded that the presented system is economically appropriate.
Unglazed PCSC PV/T Glazed PCSC PV/T

74.91 71.75
44.04 46.22
25 25
0.5 0.5
7 7
0.02*total investment cost 0.02*total investment cost
0.1*total investment cost 0.1*total investment cost
0.1329 0.1329
0.1211 0.1327
107,653 103,107
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4. Conclusion

In this study, a novel type of PCSC PV/T system based on PCC
technology and porous media is proposed and experimentally
investigated. The performance of the PCSC PV/T system is accessed
by comparing it with the reference PV system from the energy,
exergy, and economical viewpoints. It is worth noting that the
experimental data are obtained under the conditions described in
this study andmay vary from other prescribed conditions. Themain
findings derived from this study are presented as follows:

1. The PCSC PV/T system has lower temperature in comparison
with reference PV system. The maximum surface temperature
difference of PCSC PV/T module is only 4.2 �C, whereas the
reference PV module is 5.7 �C.

2. Comparedwith the reference PV system, the average percentage
increase of electrical efficiency for PCSC PV/T system under
different mass flow rates of 0.004 kg/s, 0.007 kg/s, 0.009 kg/s are
9.74%, 16.87%,15.06%, respectively. Meanwhile, the average
increased electrical power is 2 W.

3. The overall energy efficiency of the PCSC-PV/T system improves
with increasing mass flow rates. The maximum thermal and
electrical energies for the PCSC PV/T system are 239.4W/m2 and
95.36 W/m2, respectively.

4. For PCSC PV/T system, adding glass cover is beneficial to harvest
thermal energy whereas adverse for producing electrical
energy.

5. The economic analysis indicates that the LCOE price for refer-
ence system is 0.1485 ($/kW h), while the LCOE price for un-
glazed and glazed PCSC PV/T systems are reduced to 0.1211
($/kW h) and 0.1327 ($/kW h) respectively, which makes it
economically available.
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