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� A solar-powered electrochemical refrigeration system is studied.
� The thermally regenerative electrochemical refrigerator is powered by a photovoltaic system.
� Parameter analysis is conducted to evaluate the system performance.
� Performance of the proposed hybrid system for practical use is simulated.
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An analysis of a solar-powered electrochemical refrigeration system consisting of a photovoltaic (PV)
system and a thermally regenerative electrochemical refrigerator (TRER) was conducted. To evaluate
the system performance, the impacts of operating temperatures of the PVmodule, hot/cold reservoir tem-
peratures, and direct irradiation of the sun on the power consumed, refrigerating capacity, and coefficient
of performance (COP) were systematically analyzed. For each calculation, the voltage and current of the
TRER system are iterated to make them equal to those of the PV modules based on the fact that the power
consumed by the TRER is supplied by the PV modules. Results revealed that the refrigerating capacity and
COP decrease with increasing temperature of the hot reservoir and increase with increasing temperature
of the cold reservoir. There existed an optimal PV operating temperature leading to the maximum refrig-
erating capacity. Meanwhile the COP of the TRER achieved its minimum value. Larger surface irradiance
resulted in larger refrigerating capacity, however lower COP. Furthermore, the performance of the pro-
posed solar-powered electrochemical refrigeration system for practical use in real life applications was
also simulated.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

At present, most of the energy we utilize comes from the com-
bustion of the fossil fuel, which has induced severe environmental
problems. Dilemma of maintaining fast development and environ-
ment protection should be carefully considered. Clean and renew-
able energy resources pave a way to solve this problem. Among
them, solar energy has been extensively investigated [1]. Photo-
voltaic (PV) modules which directly converts the sunlight into elec-
tricity without any heat engine to interfere, nowadays represent a
suitable way for electricity generation [2]. Large and small scale of
PV power systems have been commercialized due to its potential
long term benefits. They are widely used for power sources, water
pumping, remote building, solar home systems, and satellites [3].
Refrigerators are one of the most energy-consumption appara-
tus in our life. Approximately 15% of all energy consumed is used
by cooling systems [4,5]. Vapor-compression refrigeration is a
widely marketable technology such as fridges and air conditioning.
However the working fluids in this systems are often chlorofluoro-
carbons (CFCs), which contribute to ozone depletion and global
warning. Alternative refrigerating technologies to resolve those
issues have drawn increasing interests, such as adsorption [6],
thermoelectricity [7], magnetic refrigeration [8], and electrochem-
ical refrigeration [9]. They do not involve chlorofluorocarbons, and
the coefficient of performance (COP) of some refrigerators is higher
than the Vapor Compression Systems.

Solar cooling systems are particularly interesting and appear to
be promising cooling devices, due mainly to the clean-ness of solar
energy [10]. Among them, solar adsorption cooling systems have
been extensively investigated, which are driven by the thermal
energy offered by solar energy [11,12]. Fadar [5] conducted a mod-
eling and optimization investigation of a solar driven adsorption
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Nomenclature

V voltage (V)
S entropy (W K�1)
a isothermal coefficients (V K�1)
_s partial molar entropy (J mol�1 K�1)
T temperature (K)
I current (A)
R resistance of cell (X)
F Faraday constant (C mol�1)
G Gibbs free energy (W)
H enthalpy (W)
v stoichiometric number
n number of moles of electrons
_nes molar flow rate (mol s�1)
A active surface area (cm2)
i current density (A cm�2)
Cp specific heat (kJ mol�1 K�1)
_m flow rate (kg s�1)
T0 ambient temperature (K)
_Q heat rate (W)
D _Qre regenerative heat loss (W)
P power output (W)
a diode ideality factor
Io reverse saturation current
Gsun surface irradiance (W/m2)
KV open circuit voltage coefficient

KI short circuit current coefficient
q electron charge (C)
k Boltzmann constant

Subscripts and superscripts
c cell
j jth chemical involved
h hot reservoir side
c cold reservoir side
es electrolyte solution
re regenerative
in inlet
out outlet
s heat source; series
p parallel
N number of units

Acronyms
TRER thermally regenerative electrochemical refrigerator
STC standard test conditions
SC short circuit
OC open circuit
PV photovoltaic
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cooling system working with activated carbon/methanol pair by
considering the internal fins. Buchter et al. [13] experimentally
analyzed a solar driven adsorption cooling system working with
activated carbon/methanol pair. Anyanwu et al. [14] studied and
compared solid adsorption solar refrigeration using activated car-
bon/methanol, activated carbon/ammonia and zeolite/water
adsorbent/adsorbate pairs. They claimed that zeolite/water is the
best pair for air conditioning application while activated carbon/
ammonia is preferred for ice making, deep freezing and food
preservation. In addition, a hybrid system consisting of a proton
exchange membrane fuel cell (PEMFC) and an absorption refriger-
ator has also been investigated [15].

Nowadays, an electrochemical cycle based on the thermogal-
vanic effect and temperature dependence of electrode potential
(discharging a battery at temperature TH and charging back at tem-
perature TL) has been extensively investigated [16–19]. If the
charging voltage at TL is lower than the discharging voltage at
TH , net energy is produced by the voltage difference that originates
from heat absorbed at the higher temperature. Its reverse cycle,
thermally regenerative electrochemical refrigerator (TRER), also
attracts raising concerns [9]. This system contains two cells: a
hot cell in contact with the hot reservoir and a cold cell in contact
with the cold reservoir. Both the cells, in which the electrochemical
reactions take place, also function as heat exchangers. In the cold
cell, electricity is generated, and heat is absorbed; in the hot cell,
electricity is consumed, and heat is rejected. In a cycle, net electric-
ity should be offered, and refrigerating capacity is provided to meet
the external demand. The TRER is a Stirling-like refrigeration sys-
tem. Therefore it could achieve much higher performance. Further-
more, the TRER system does not involve any moving parts. Unlike
the vapor-compression, no noise is produced during the operation
process. In this study, we use the electricity generated by the PV
modules to drive the TRER system. The operating conditions of
the PV modules and TRER systems on the performance of the pro-
posed solar-powered refrigeration system have been analyzed. The
power consumed, refrigerating capacity, coefficient of performance
(COP), and voltage and current have been systematically investi-
gated. Furthermore, the performance of the proposed a solar-
powered electrochemical refrigeration system for practical use in
real-life applications is also simulated. Finally, some concluding
remarks are drawn.
2. Solar driven electrochemical refrigerator

The solar-powered electrochemical refrigeration system is pre-
sent in Fig. 1, and consists of a PV module and a thermally regen-
erative electrochemical refrigerator (TRER). The PV module
converts solar energy into electricity, which is then utilized by
the TRER to offer the refrigerating capacity. The TRER system con-
tains two cells: a hot cell in contact with the heat source (usually
the environment) and a cold cell in contact with the cold source
(such as room). Both the cells, in which the electrochemical reac-
tions take place, also function as heat exchangers. The electrolyte
solution was cycled through the two cells. A separator was placed
inside the cell to conduct ions and prevent the reactants from
spontaneously mixing as well as to prevent them from reacting
without exchanging electrons through the external circuitry [9].
The TRER consists of four processes: discharging, heating, charging,
and cooling. Because of the difference between the charging volt-
age and the discharging voltage, external power equal to the differ-
ence between charging and discharging energies should be added,
which is provided by the PV module.

2.1. Mathematical model of the PV module

The solar cell with a single diode connected in parallel with a
light generated current source (IPV ) is shown in Fig. 2. To ade-
quately illuminate the behavior of the cell when subjected to envi-
ronmental variations, the series and parallel resistances (Rs and RP)
are taken into consideration. The output current can be written as
[20]



Fig. 1. Schematic of the solar-powered electrochemical refrigeration system.

Fig. 2. Circuit diagram of the solar-powered electrochemical refrigeration system.
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I ¼ IPV � Io exp
V þ IRs

aVT

� �
� 1

� �
� V þ IRs

RP
ð1Þ

where Io is the reverse saturation current; VT ¼ NskT=q is the
thermal voltage of the PV module; Ns is the number of cells in
series, q ¼ 1:60217646� 10�19 C is the electron charge,
k ¼ 1:3806503� 10�23 J=K is the Boltzmann constant; T is the tem-
perature of the p—n junction, a is the diode ideality factor.

The equation for PV current as a function of temperature and
irradiance can be written as [20,21]

IPV ¼ IPV STC þ KIðT � TSTCÞ Gsun

Gsun;STC
ð2Þ

where IPV STC is the light generated current at standard test condi-
tions (STC). TSTC ¼ 298:15 K. Gsun is the surface irradiance of the
module and Gsun;STC ¼ 1000 W=m2; KI is the short-circuit current
coefficient, normally provided by the manufacturer.
The saturation current which considers the temperature varia-
tion is given by [22]

Io ¼ ISC STC þ KIðT � TSTCÞ
exp VOC STCþKV ðT�TSTC Þ

aVT

� �
� 1

ð3Þ

where KV is the open circuit voltage coefficient.

2.2. Mathematical model of the TRER

The T–S diagram of the TRER is depicted in Fig. 3. On the cold
side (in processes 1–2), electricity is generated by the cell and heat
is absorbed. On the hot side (in processes 3–4), heat is rejected to
the environment and electricity is consumed. After the cycle, the
cell returns to its initial state. Since the discharging voltage is
lower than the charging voltage, external power equal to the differ-
ence between charging and discharging energy should be added. In
addition, in order to enhance the performance, a regenerator is
used.



Fig. 3. T–S schematic diagram for the TRER.

Table 1
Specifications of the modules.

Parameters Multi-crystalline Mono-crystalline Thin-film
MSX-60 SQ150-PC ST40

ISC STCðAÞ 3.8 4.8 2.68
VOC STCðVÞ 21.1 43.4 23.3
IPV STCðAÞ 3.803 4.81 2.70
KI ðmA= �CÞ 3 1.4 0.35
KV ðmV=�CÞ �80 �161 �100
Ns 36 72 36
a 1.3 1.4 1.3
RPðXÞ 304.83 466.46 284.1
RsðXÞ 0.2 0.67 1.52

Fig. 4. I–V and P–V curves of the model of MSX-60 at 25 �C.
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In an electrochemical reaction, an isothermal temperature coef-
ficient may be defined when both electrodes are at the same tem-
perature. For a full cell with an electrode reaction RA ! RB, the
spontaneous reaction in the isothermal cell can be written as
Rv jCj ¼ 0, where Cj is the jth chemical involved and v j is its stoi-
chiometric number. The isothermal coefficient for the full cell
can be defined as [23]

ac ¼ @Voc

@T

� �
iso;T

¼ Rv jsj
nF

¼ D_s
nF

; ð4Þ

where Voc is the open circuit voltage of the full cell in the isothermal
condition. sj is the partial molar entropy of the jth chemical
involved, n is the number of moles of electrons passed per v j mole
of Cj reacted, and F is the Faraday constant. Therefore in the charg-
ing and discharging processes, for one unit, the open circuit voltages
are, respectively, given by VH ¼ acTH and VL ¼ acTL.

Taking into account the losses due to the internal resistance, the
voltage put for one unit is

Vcell ¼ VH � VL þ 2IRint; ð5Þ
where R is the resistance, I ¼ iA is the current, i is the current den-
sity, and A is the active surface. As the external power is provided by
the PV module, the voltage and current should meet the current–
voltage relationship of the PV module.

The total voltage of the TRER is given by V ¼ NcellVcell, where Ncell

is the number of units in series, and the power input is given by

P ¼ IV ¼ NcellIðVH � VLÞ þ 2NcellI
2Rint: ð6Þ

The change in Gibbs free energy during the discharging process
for each unit is

DGL ¼ DHL � TLD _SL; ð7Þ

where DHL and D _SL are the enthalpy and entropy changes of the
electrolyte solution in the discharging process. This value can be
ignored because of the nearly unchanged heat capacity of the elec-

trolyte solution [18], which results in DGL ¼ �TLD _SL.
Therefore, the reversible heat absorbed during the charging pro-

cess is

_QL ¼ NcellTLjD _SLj ¼ NcelljDGLj: ð8Þ
A regenerator is employed in order to enhance the efficiency.

The regenerative heat loss per cycle, denoted by DQre, is given by

D _Qre ¼ cp _nesð1� greÞðTH � TLÞ; ð9Þ
where cp is the molar specific heat of the electrolyte solution; gre is
the regenerative efficiency; and _nes is the molar flow rate of the
electrolyte solution. Considering the heat generated by the resis-
tance, the total heat absorbed from the cold reservoir and that
released to the hot reservoir are then

_QH;Total ¼ _QH � D _Qre þ NcellI
2Rint; ð10Þ

_QL;Total ¼ _QL � D _Qre � NcellI
2Rint ; ð11Þ

where _QH ¼ NcelljDGHj. The refrigerating capacity is denoted as
R ¼ _QL;Total. And the coefficient of performance (COP) of the TRER is

e ¼ R=P: ð12Þ
Furthermore the heat absorbed from the cold reservoir and the

heat released to the hot reservoir can be expressed as

QH;Total ¼ ChðTH � TsÞ; ð13Þ

QL;Total ¼ CcðTc � TLÞ; ð14Þ
where Ts and Tc are temperatures of the hot and cold reservoirs,
respectively. Ch and Cc are the heat conductances on the hot and
cold reservoir sides.

3. Results and discussion

3.1. Model validity

The one diode model adopted in this paper is validated by the
measured parameters of a selected PV system (MSX-60) [24]. The
specifications of the modules are summarized in Table 1 [20].
The model studied in present paper can be justified by good accor-
dance between the results calculated and measured data as shown
in Fig. 4. The description of the TRER is based on Ref. [9]. Because of
the fact that there are no literatures on the experimental study of



Fig. 6. Voltage and current with the temperature of the hot reservoir.
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the TRER system, here we could not compare the experimental
data with the model proposed by Ref. [9].

3.2. Performance analysis

For illustrating the performance of the solar-powered refrigera-
tion system, the performance that can be obtained for various
operating situations has been investigated in detail. The cell
parameters are selected based on Ref. [18]. The default parameters
are depicted in Table 2. For each calculation, the voltage and cur-
rent of the TRER system are iterated to make them equal to those
of the PV modules based on the fact that the power consumed by
the TRER is supplied by the PV modules. The impacts of the hot/
cold reservoirs, PV operating temperature, surface irradiance, and
different PV models on the performance of the hybrid system are
systematically investigated.

3.2.1. Impacts of the hot reservoir
Fig. 5 demonstrates the relation of power consumed, refrigerat-

ing capacity, and COP with the temperature of the hot reservoir.
The power consumed, which is supplied by the PV module
increases with increasing temperature of the hot reservoir. As
shown in Fig. 6, the current posed on the TRER, which is provided
by the PV module, slightly decreases with increasing temperature
of the hot reservoir. However the voltage increases obviously.
Therefore the power consumed increases. When the temperature
varied from 273.15 K to 313.15 K, the current decreases from
3.023 A to 3.02 A. And the voltage increases from 6.461 V to
7.135 V. Furthermore, the less current, the less mole flow rate of
the electrolyte solution, therefore less heat could be absorbed.
Therein the refrigerating capacity deceases slightly with increasing
Table 2
Default parameters of the solar-powered TRER system.

Parameters Notation Value

Isothermal temperature coefficient (V/K) ac 1:19� 10�3

Heat source temperature (K) Ts 298.15
Heat transfer coefficient in hot side (W/K) Ch 150
Cold source temperature (K) Tc 273.15
Heat transfer coefficient in cold side (W/K) Cc 150
Number of the cell Ncell 36
Resistance of each cell (Ω) Rint 0.01
Regenerative efficiency gre 0.7

Fig. 5. Power consumed, refrigerating capacity, and COP with the temperature of
the hot reservoir.
temperature of the hot reservoir. It decreases slightly from
24.934W to 24.778W, when the temperature varied from
273.15 K to 313.15 K. Therefore, the COP of the TRER decreases
as shown in Fig. 5.

3.2.2. Impacts of the cold reservoir
The relation of power consumed, refrigerating capacity, and

COP with the temperature of the cold reservoir is depicted in
Fig. 7. The power consumed decreases with increasing temperature
of the cold reservoir. As shown in Fig. 8, the voltage posed on the
TRER, which provided by the PV module, decreases with increasing
temperature of the cold reservoir, however the current increases
slightly. Therefore the power consumed decreases. When the tem-
perature varied from 223.15 K to 273.15 K, the current increases
from 3.018 A to 3.021 A. And the voltage decreases from 8.063 V
to 6.995 V. Furthermore, the larger current, the larger mole flow
rate of the electrolyte solution, therefore more heat could be
absorbed. Therein the refrigeration increases with increasing tem-
perature of the cold reservoir. It increases from 21.41 W to
24.834W, when the temperature varied from 223.15 K to
273.15 K. Therefore, the COP of the TRER increases as shown in
Fig. 7.

3.2.3. Impacts of the PV operating temperature
Fig. 9 demonstrates the relation of power consumed, refrigerat-

ing capacity, and COP with the temperature of the PV operating
Fig. 7. Power consumed, refrigerating capacity, and COP with the temperature of
the cold reservoir.



Fig. 9. Power consumed, refrigerating capacity, and COP with the temperature of
the p–n junction.

Fig. 10. Voltage and current with the temperature of the p–n junction.

Fig. 8. Voltage and current with the temperature of the cold reservoir. Fig. 11. Power consumed, refrigerating capacity, and COP with the surface
irradiance.
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temperature. The power consumed (provided by the PV module)
first increases with increasing temperature of the PV operating
temperature, reaches its maximum value, then decreases. As
shown in Fig. 10, the voltage and current posed on the TRER, both
first increases, achieve their maximum values, then decrease.
Therefore the curve of the power and PV operating temperature
is parabolic. When the temperature varies from 273.15 K to
423.15 K, the power increases from 20.59 W to 22.528W, then
decreases to 19.506W. In addition, the refrigerating capacity pre-
sents the same trend with the power. There exists a maximum
value (25.9 W). Because of the fact that the TRER is powered by
the PV system, the current and voltage of the PV system are equal
to those posed on the TRER system. From Fig. 10, as the operating
temperature of PV system increases, the current and voltage both
increase first, reach their maximum values, then decrease. The
power consumed is the product of the current and voltage, hence
the power consumed first increases with increasing temperature
of the PV operating temperature, reaches its maximum value, then
decreases. Furthermore, the larger current, the larger mole flow
rate of the electrolyte solution, therefore more heat could be
absorbed. With increasing PV operating temperature, the current
increase first, then decrease, so does the refrigeration capacity.
That is to say there exists an optimal operation temperature leads
to the maximum refrigeration capacity. However the COP of the
TRER first decreases with increasing PV operating temperature,
reaches its minimum value (1.15), then increases, as shown in
Fig. 9.

3.2.4. Impacts of the surface irradiance
Fig. 11 demonstrates the relation of power consumed, refriger-

ating capacity, and COP with the temperature of the surface irradi-
ance. The power consumed, which is supplied by the PV module
increases monotonously with increasing surface irradiance. As
shown in Fig. 12, the voltage and current posed on the TRER both
increase with increasing surface irradiance. Therefore power pro-
vided by the PV modules increase. Furthermore, the larger current,
the larger mole flow rate of the electrolyte solution, therefore more
heat could be absorbed. Therefore the refrigerating capacity pre-
sents the same trend with the power which increases with increas-
ing surface irradiance. However the COP of the TRER decrease
monotonously, as shown in Fig. 9. It decreases from 1.87 to
1.054, when the surface irradiance varies from 0 to 1 kW/m2.

3.2.5. Impacts of different PV modules
Here we also investigate the performance of the solar-powered

refrigeration system under different PV modules. In Fig. 13, we can
see that SQ150-PC (mono-crystalline) can provide the largest
power, and the refrigerating capacity is also the largest. However
the COP of the TRER is the lowest. As to ST40 (thin film), the power



Fig. 12. Voltage and current with the with the surface irradiance.

Fig. 13. Power consumed, refrigerating capacity, and COP for different PV modules.
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is the smallest, so is the refrigerating capacity. However the COP of
the TRER is highest. The performance of the solar-powered refrig-
erator system with MSX-60 (multi-crystalline) exhibit moderate
behaviors.
Fig. 14. Variations of power consumed, ref
3.3. Practical simulation

If the system could be put into actual application, the perfor-
mance with time variation should be discussed. Here we have
adopted the surface irradiance which was measured practically
[25]. In the morning the surface irradiance increases, achieves its
maximum at noon, and then decreases in the afternoon. The vari-
ations of power consumed, refrigerating capacity, and COP in a day
are present in Fig. 14. We can see that as time goes by, the power
generated by the PV module, refrigerating capacity demonstrates
the same trend as the surface irradiance. They first increase in
the earlier morning, achieve their maximum values at noon, then
decrease in the afternoon. The COP presents a reverse trend as
the surface irradiation. It reaches its minimum value at noon.
The results are in accord with the actual characteristics in real life
applications. Furthermore, no external electricity is needed. This
solar-powered refrigeration system is very suitable for rural or
remote areas where electricity is not feasible.
4. Conclusions

In this paper, we report on the study of a solar-powered electro-
chemical refrigeration system. This system consists of a PV system
and a thermally regenerative electrochemical refrigerator (TRER).
To evaluate the system performance, the impacts of operating tem-
peratures of the PV module, hot/cold reservoir temperatures, and
the direct irradiation of the sun on the power consumed, refriger-
ating capacity, COP, and voltage and current provided by the PV
module have been systematically analyzed.

Results reveal that the refrigerating capacity and COP decreases
with increasing temperature of the hot reservoir. However they
increase with increasing temperature of the cold reservoir. There
exists an optimal PV operating temperature leading to the maxi-
mum refrigerating capacity. On the contrary, under this situation,
the COP of the TRER achieves its minimum value. Larger surface
irradiance results in larger refrigeration, yet lower COP. In addition,
the impacts of different kinds of PV modules on the performance of
the solar-powered refrigeration system has also been calculated
and compared. The solar-powered refrigeration system with
SQ150-PC can provide the largest power and the refrigerating
capacity is also the largest. However the COP of the TRER is the
lowest. As to ST40, the refrigerating capacity is the lowest. How-
ever the COP is highest. The solar-powered refrigerator system
with MSX-60 exhibit moderate behaviors. Furthermore a practical
rigerating capacity, and COP in a day.



332 R. Long et al. / Chemical Engineering Journal 284 (2016) 325–332
simulation is conducted to provide a deeper insight into the perfor-
mance of the proposed solar-powered electrochemical refrigera-
tion system.
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