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A B S T R A C T   

The extraordinary thermal-to-electricity conversion efficiency of thermally regenerative electrochemical cycle 
triggers interest in its reverse counterpart, namely thermally regenerative electrochemical refrigerator (TRER), a 
promising alternative to conventional cooling devices. Nevertheless, due to three fundamental obstacles, the 
practically feasible TRER model is still absent, which hinders the development of follow-up research. To break 
this bottleneck, heating by discharging and cooling by charging effects are innovatively utilized to construct 
TRER models where the electrochemical counterparts of traditional adiabatic compression and expansion pro-
cesses, namely adiabatic pre-charging and pre-discharging processes, are proposed and introduced. Significantly, 
the maximum coefficient of performance (COP) and the COP at maximum cooling power are predicted to achieve 
up to 40% and 5% of Carnot COP, respectively for the given values of parameters. Moreover, the great potential 
for efficient refrigeration is highlighted by comparing the obtained results with various refrigeration systems. 
This work lays the foundation for further experimental investigations and opens a new avenue for constructing 
other novel electrochemical cycles.   

1. Introduction 

The widely used vapor-compression refrigeration systems consume 
approximately 10% of the electricity generated worldwide [1] and 
represent a significant fraction of the gas emission contributing to ozone 
depletion and global warming [2], which fuels the global energy crisis 
and environmental problems. Regarding this concern, various novel 
refrigeration technologies, such as adsorption refrigeration [3], ther-
moelectric cooling [4,5], magnetic refrigeration [6], barocaloric 
refrigeration [7], thermal Brownian refrigeration [8], thermionic 
refrigeration [9], and energy selective electron cooling [10] have been 
continually proposed and extensively studied. Although the funda-
mental understanding and practical improvement have been remark-
able, these alternatives are still facing the challenges in efficiency, cost, 
and system complexity to compete with conventional refrigerators. 
Consequently, it is of great significance to further explore better 
refrigeration technologies. 

Recently, based on the thermogalvanic effect and the temperature 
dependence of electrode potential, a novel thermally regenerative 

electrochemical cycle (TREC) employing highly reversible electrode 
materials with low polarization has been put forward for efficiently 
harvesting low-grade thermal energy [11]. Notably, a high thermal-to- 
electricity conversion efficiency of 5.7%, corresponding to approxi-
mately 38% of Carnot efficiency, is achieved when the system is oper-
ated between 10 and 60 ◦C [11]. The extraordinary conversion 
efficiency in both high and low temperature applications, along with the 
merits of reliability, quietness, and environmental friendliness, has 
triggered the heated researches about TERC once again. Considerable 
efforts have been dedicated to exploring materials with larger temper-
ature coefficient [12–15] and lower resistance [16]. To minimize costs, 
simplify the system, and achieve continuous power output, membrane- 
free [17], charging-free [18,19], and continuous [19–24] TREC systems 
have been proposed, respectively. Besides, several objective functions 
[24,25] have been adopted to provide more comprehensive operation 
criteria. In addition, various electrochemical cycle configurations, such 
as electrochemical Carnot cycle [26] and electrochemical Brayton cycle 
[27], have been presented, analyzed, and compared. Moreover, with the 
superiority of wide adaptability, various TREC-based hybrid systems 
[28–30] have been presented and investigated. 
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The remarkable performance of a thermodynamic system usually 
implies its promising reverse counterpart. Hence, it is natural to come up 
with the idea of reversing TREC for cooling purpose. Surprisingly, the 
literature review shows that compared to the tremendous theoretical 
and experimental research progress of TREC, the studies on its reversed 
system, i.e., thermally regenerative electrochemical refrigerator (TRER), 
are hardly developed. Insightful inspections reveal that the underlying 
reason for this little progress is the absence of a practically feasible TRER 
model serving as the cornerstone for further development. After scruti-
nizing the thermally regenerative electrochemical system, it turns out to 
be impossible to achieve independent refrigeration in practice by simply 
reversing TREC. Three major obstacles encountered are as follows: (1) 
the unavoidable regeneration losses; (2) heat cannot flow from a cold 
object to a hot one spontaneously; (3) the temperature of the thermo-
galvanic cell cannot be changed by compression and expansion, a 
feature well different from the gaseous working substance. 

Attending the above comments, breaking through the bottleneck of 
the thermodynamic modeling and investigating the performance char-
acteristics of TRER are of theoretical and practical significance. In the 
present work, a TRER model with practical feasibility is established for 
the first time by innovatively introducing the counterparts of traditional 
adiabatic compression and expansion processes in electrochemical sys-
tems, i.e., the adiabatic pre-charging and pre-discharging processes. 
Moreover, to achieve continuous refrigeration, the thermally regenera-
tive electrochemical refrigerator model with multiple thermogalvanic 
cells (TRERs) is further constructed. Based on the proposed TRERs 

model, the cooling power, coefficient of performance (COP), and 
continuous refrigeration criterion are analytically derived. The main 
performance characteristics and optimally operating region are ob-
tained and discussed. In addition, the COPs of various refrigeration 
systems reported in previous research are collected to highlight the 
competitive performance of the proposed TRERs. The present work not 
only lays the foundation for the experimental investigations and further 
developments of TRER but also paves the way for the construction of 
other novel thermally regenerative electrochemical cycle systems. 

2. Materials and methods 

2.1. Electrode materials 

The thermogalvanic cell with highly reversible electrode materials 
proposed in Ref. [11] is employed to construct TRER in the present 
work. Specifically, copper hexacyanoferrate (CuHCF) and copper/cupric 
(Cu/Cu2+), with the benefits of low heat capacity, high charge capacity, 
and high absolute value of temperature coefficient, are selected as the 
active materials of cathode and anode, respectively. Consequently, the 
values of internal resistance, temperature coefficient, specific heat ca-
pacity, and specific charge capacity of the thermogalvanic cell can be 
determined [11]. 

Nomenclature 

Latin letters 
Cp heat capacity (J/K) 
Cq charge capacity (C) 
cp specific heat capacity (J/(K⋅kg)) 
cq specific charge capacity (C/kg) 
F Faraday constant (C/mol) 
I electric current (A) 
K heat transfer coefficient (W/K) 
KL heat leakage coefficient (W/K) 
M number of cells in one cell pack 
N total number of cells adopted 
ne number of electrons transferred 
P power input (W) 
Q heat (J) 
Qad additional heat required to attain objective temperatures 

(J) 
Qe electrode charge (C) 
QL heat leakage (J) 
Qre regeneration heat (J) 
R cooling power (W) 
Rint internal resistance (Ω) 
S entropy (J/K) 
s partial molar entropy (J/(K⋅mol)) 
T temperature (K) 
T′

c cell temperature after the cooling regeneration process (K) 
T′

h cell temperature after the heating regeneration process (K) 
t time (s) 
V voltage (V) 
v stoichiometric number 

Greek letters 
αc temperature coefficient (V/K) 
ε coefficient of performance 
εCar Carnot coefficient of performance 

εrep reported coefficient of performance 
η efficiency 
ηre regenerative efficiency 
τ overall cycle time (s) 

Subscript 
C low temperature heat source 
c low cell temperature in the isothermal process 
ch charging process 
dis discharging process 
H high temperature heat source 
h high cell temperature in the isothermal process 
j the jth chemical involved 
max maximum 
oc open circuit state 
pch pre-charging process 
pdis pre-discharging process 
Rm maximum cooling power state 
εm maximum coefficient of performance sate 

Abbreviations 
COP coefficient of performance 
Cu copper 
Cu2+ cupric 
CuHCF copper hexacyanoferrate 
Gd gadolinium 
HC high-current operating mode 
LC low-current operating mode 
ROB reflection over the barrier 
R1234yf 2,3,3,3-tetrafuoropropene 
R1234ze(E) trans-1,3,3,3-tetrafluoroprop-1-ene 
R290 propane 
TREC thermally regenerative electrochemical cycle 
TRER thermally regenerative electrochemical refrigerator 
TRERs thermally regenerative electrochemical refrigerator with 

multiple cells  
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2.2. TRER(s) model construction and operation 

The TRER model constructed by simply reversing TREC is schemat-
ically depicted in Fig. 1, where 1–2 and 3–4 are two isothermal processes 
with constant temperatures Tc and Th, respectively; 2–3 and 4–1 are two 
regenerative processes; TH and TC are the temperatures of the hot and 
cold heat reservoirs, respectively. Nevertheless, after scrutinizing the 
details of the TRER shown in Fig. 1, it turns out to be practically 
infeasible to complete a refrigeration cycle due to the following reasons: 
1. the regeneration loss is inevitable in practice; 2. heat cannot flow from 
a cold object to a hot one spontaneously. Consequently, considering the 
non-ideal regeneration and the facts Th > TH and Tc < TC, the objective 
temperatures of the cell (i.e., Th and Tc) are not attainable without the 
support of auxiliary heating and cooling devices [31]. In other words, 
the four processes shown in Fig. 1 are not enough to form a proper and 
feasible TRER device. Additionally, different from the gaseous working 
substance, the temperature of the cell cannot be changed by compres-
sion and expansion, which makes trouble for the thermodynamic 
modeling of TRER. 

In order to overcome the abovementioned flaws and bottlenecks, a 
novel TRER model is proposed in this work, as shown in Fig. 2a. Spe-
cifically, the thermogalvanic cell undergoes six processes to complete a 
refrigeration cycle. In process 1–2, the cell is charged at a constant 
temperature Tc while absorbing heat from the cooled space with tem-
perature TC resulting from the electrochemical reaction. After being 
charged, the cell is heated up from Tc to T′

h at open circuit condition in 
process 2–3 by means of the absorbed regeneration heat Qre. To attain 
the objective temperature Th, an additional process 3–4 named pre- 
discharging process is introduced, during which the cell is discharged 
adiabatically. Accordingly, the cell temperature is raised in this process 
by absorbing the Joule heat and electrochemical reaction heat. And then 
the cell is discharged at constant temperature Th by delivering heat into 
the environment with temperature TH in process 4–5. Process 5–6 is just 
opposite to process 2–3, so the cell temperature decreases from Th to T′

c 
by releasing the regenerative heat. At the end, another additional pro-
cess 6–1 is essential for the cell to go back to the initial state with 
temperature Tc. In such process, named as pre-charging process, the cell 
is charged adiabatically and cooled down from T′

c to Tc due to thermo-
galvanic effect. Additionally, QL in Fig. 2a stands for the external heat 
leakage between two reservoirs. The absorbed and released heat in the 
abovementioned six processes will be given in detail in the next sub-
section. Moreover, it is worth mentioning that the rise and fall of the cell 
temperature in the pre-charging and pre-discharging processes can be 
partly replaced by adding another two heat exchanging processes be-
tween the cell and two heat reservoirs. Whereas, the complexities of the 
system will be greatly enhanced by constructing such an eight-process 
TRER model. 

It is interesting to point out that the proposed adiabatic pre-charging 
and pre-discharging processes can be regarded as the counterparts of 
traditional adiabatic compression and expansion processes since the 
temperatures of working substances are all changed by the input or 
output work in these processes. However, the temperature variations of 
the cell due to the input and output work are just opposite to the 
traditional adiabatic compression and expansion processes because of 
the negative temperature coefficient in the present case. 

Owning to the negative temperature coefficient, the voltages of the 
charging and pre-charging processes are higher than the corresponding 
voltages of the discharging and pre-discharging processes. As a conse-
quence, the TRER is driven by external power to fulfill refrigeration after 
going through the aforementioned six processes. 

Nevertheless, the reciprocating operation of the abovementioned 
TRER cycle implies intermittent refrigeration. Moreover, the thermal 
energy storage device is necessary for the regeneration. Regarding this 
issue, a TRER system with continuous refrigeration is further established 
by employing more cells, which is denoted by TRERs and shown in 
Fig. 2b. Specifically, N identical thermogalvanic cells divided into 
identical N/M cell packs are used to construct the TRERs model. The M 
thermogalvanic cells packed together experience the charging, dis-
charging, pre-charging, and pre-discharging processes simultaneously. 
Note in Fig. 2b that there are always M thermogalvanic cells contacting 
and absorbing heat from the cooled space during an overall cycle. 
Accordingly, continuous refrigeration can be achieved. 

2.3. Main performance parameters and continuous refrigeration 
condition 

In this subsection, the analytical expressions of cooling power and 
COP are derived based on the established TRERs model. 

By considering thermogalvanic and Joule heat effects, the net heat 
released into the environment and absorbed from cooled space by one 
cell pack in a cycle are given by [20,21,25] 

Qdis = M(|αc|ThIdistdis + I2
disRinttdis) (1)  

and 

Qch = M(|αc|TcIchtch − I2
chRinttch) (2)  

respectively, where tch and tdis are the time durations of charging and 
discharging processes for one cell pack, respectively, Ich and Idis denote 
the corresponding currents, and Rint indicates the internal resistance of 
one cell. Additionally, in Eqs. (1) and (2), αc is the temperature coeffi-
cient, which is assumed to be a constant and can be expressed as [11,25] 

αc =
∂Voc

∂T
=

∑
vjsj

neF
(3)  

where Voc is the open circuit voltage of one cell, ne denotes the number 
of electrons transferred in the reaction, F stands for Faraday constant, vj 

and sj are the stoichiometric number and partial molar entropy of the jth 
chemical involved. 

Moreover, the heat transferred between the cell pack and two heat 
sources are assumed to obey linear heat transfer law, namely, 

Qdis = MKh(Th − TH)tdis (4)  

and 

Qch = MKc(TC − Tc)tch (5)  

where Kh and Kc are the associated heat transfer coefficients. The cell 
temperatures in the charging and discharging processes can be deduced 
based on Eqs. (1), (2), (4), and (5), namely, 

Th =
KhTH + I2

disRint

Kh − |αc|Idis
(6) Fig. 1. The T-S diagram of a four-process TRER constructed by simply 

reversing TREC. 
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Fig. 2. (a) The T-S and schematic diagrams of the proposed six-process TRER and (b) the schematic diagram of a continuous refrigeration TRER with N thermo-
galvanic cells (TRERs), where Qre and QL denote the regeneration heat and the external heat leakage in one cycle. 
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and 

Tc =
KcTC + I2

chRint

Kc + |αc|Ich
(7)  

respectively. 
As shown in Fig. 2, the charging (discharging) process is followed by 

the regenerative heating (cooling) process. Nevertheless, ideal regen-
eration can be only achieved with infinite regenerative time and infinite 
cell packs, which implies practical infeasibility. Accordingly, the non- 
ideal regeneration should be considered, and the corresponding regen-
erative efficiency is defined as [20,21] 

ηre =
2tre

τ (8)  

where tre and τ are the regenerative time and overall cycle time, 
respectively. 

Due to non-ideal regeneration, the temperatures of the cell packs 
after regeneration are 

T′
h = Tc +(Th − Tc)ηre (9)  

and 

T′
c = Th − (Th − Tc)ηre (10)  

respectively. To reach the objective temperatures Th and Tc, the addi-
tional thermal energy 

Qad = MCp(1 − ηre)(Th − Tc) (11)  

is required to be absorbed and released by the cell pack, respectively. In 
Eq. (11), Cp is the heat capacity of one cell. Note in Eq. (11) that Qad = 0 
when ηre = 1. Nevertheless, this part of thermal energy cannot be 
compensated by the heat exchanging processes with two heat reservoirs 
due to Th > TH and Tc < TC. Moreover, the traditional approach for the 
gaseous working substance by compression and expansion is not suitable 
in the present case. Consequently, the effects of heating by discharging 
and cooling by charging are the key notion for the construction of the 
TRER(s). Specifically, the adiabatic pre-charging and pre-discharging 
processes are innovatively introduced to lower and raise the tempera-
ture of the cell, respectively. 

At reversible condition, the dependence of the temperature variation 
on the amount of charge transferred can be deduced by using the 
adiabatic condition, isobaric condition, and Maxwell relation, namely 

dT =

(
∂S
∂T

)− 1

Qe

(
∂V
∂T

)

Qe

dQe =
T
Cp

αcdQe (12)  

where Qe is the electrode charge, dQe is the amount of charge transferred 
from negative electrode to positive electrode, S and V are the entropy 
and voltage of one cell, respectively. In order to take the irreversibility 
into account while rendering more feasible calculations, the average 
temperatures 

(
Tc + T′

c
)/

2 and 
(
Th + T′

h
)/

2 are adopted, respectively, to 
calculate the net thermal energies consumed and generated by one cell 
pack during the pre-charging and pre-discharging processes approx-
imatively, i.e., 

Qpch =
1
2

M|αc|Ipchtpch
(
Tc + T′

c

)
− MI2

pchRinttpch (13)  

and 

Qpdis =
1
2

M|αc|Ipdistpdis
(
Th + T′

h

)
+MI2

pdisRinttpdis (14)  

where tpch and tpdis are the time durations of the pre-charging and pre- 
discharging processes for one cell pack; and Ipch and Ipdis denote the 
corresponding currents. In Eqs. (13) and (14), the first terms are the 

thermal energies consumed and generated due to thermogalvanic effect, 
while the second terms correspond to the associated Joule heat. 

By considering the adiabatic condition, the generated and consumed 
thermal energies lead to the rise and fall of the cell temperature, 
respectively. To reach the objective temperatures Th and Tc, the relation 

Qpch = Qpdis = Qad (15)  

should be satisfied. 
Additionally, steady and continuous operation requires that tch =

tdis = tpch = tpdis ≡ t. Besides, noting that all the cell packs inside the 
TRERs are equivalent and there are M cells experiencing the charging, 
discharging, pre-charging, and pre-discharging processes simulta-
neously, one has 

t =
M
N

τ (16)  

and 

τ = 4t+ 2tre (17) 

The substitution of Eqs. (16) and (17) into Eq. (8) yields 

ηre = 1 −
4M
N

(18) 

It can be realized from Eq. (18) that the regenerative efficiency ap-
proaches 1 at the condition M/N→0, as expected. In contrast, Eq. (18) 
also indicates that the minimum value of N/M is 4 with corresponding 
regenerative efficiency ηre = 0. In this case, the six-process cycle de-
generates into a four-process cycle. In addition, the following relation 

N − 4M = 2kM (k = 0, 1, 2...) (19)  

can be deduced by considering the continuous refrigeration operation 
and the regenerative symmetry of the system. In Eq. (19), 2kM denotes 
the cells going through the regenerative processes, while 4M represents 
the 4 cell packs experiencing the charging, discharging, pre-charging, 
and pre-discharging processes simultaneously. 

Besides, it is necessary to further consider the external heat leakage 
loss between the environment and the cooled space existing inevitably in 
practice. By assuming Newton’s law, the external heal leakage in one 
cycle can be expressed as 

QL = KL(TH − TC)τ (20)  

where KL is the associated heat leakage coefficient. 
Based on the above discussions, three important performance in-

dicators, namely, the cooling power, power input, and COP of the 
TRERs, can be obtained as 

R =
Qch

t
−

QL

τ = M(|αc|TcIch − I2
chRint) − KL(TH − TC) (21)  

P =
Qdis − Qch

t
= M[|αc|(ThIdis − TcIch) +

(
I2

dis + I2
ch

)
Rint] (22)  

and 

ε =
R
P
=

M(|αc|TcIch − I2
chRint) − KL(TH − TC)

M[|αc|(ThIdis − TcIch) +
(
I2

dis + I2
ch

)
Rint]

(23)  

respectively. 

3. Results and discussion 

3.1. Constraints between four currents 

Note in Eqs. (6), (7), and (21)–(23) that Ich and Idis are two control 
parameters for a given TRERs. Whereas, Ich and Idis are constrained by 
the law of charge conservation, i.e., 
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Cq/t = Ich + Ipch = Idis + Ipdis (24)  

where Cq is the charge capacity of one cell. 
Substituting Eqs. (9)-(11), (13), (14), (16), and (24) into Eq. (15), 

one has 

(1 − ηre)
cp

cq
(Th − Tc)

(
Idis + Ipdis

)
=

1
2
|αc|Ipdis[Th + Tc + (Th

− Tc)ηre] + I2
pdisRint (25)  

and 

(1 − ηre)
cp

cq
(Th − Tc)

(
Ich + Ipch

)
=

1
2
|αc|Ipch[Th + Tc − (Th − Tc)ηre] − I2

pchRint

(26)  

where cp and cq are the specific heat and charge capacity of the cell, 
respectively. Notably, Eqs. (24)-(26) imply only one independent cur-
rent for a given TRERs. More specifically, all parameters of the system 
will be determined if only one of the four currents is given. 

In the following discussions, Ich is selected as the control parameter 
since Eqs. (7) and (21) indicate that the cooling power can be uniquely 
determined by Ich for a given TRERs. Unfortunately, the analytical so-
lutions of Ipch, Idis, and Ipdis as the functions of Ich are not analytically 
available. In consequence, numerical calculation is used to analyze the 
performance characteristics of the TRERs. 

By using Eqs. (6), (7), (18), (24)-(26), and conservation of charge, 
the dependences of Ipch, Idis, and Ipdis on Ich are numerically generated, as 
shown in Fig. 3. It can be seen from Fig. 3 that there exists a maximum 
value of charging current Ich,max corresponding to the unique solutions of 
Ipch, Idis, and Ipdis. Nevertheless, for other values of Ich < Ich,max there are 
two possible solutions of Ipch, Idis, and Ipdis corresponding to high-current 
(HC) and low-current (LC) operating modes, respectively. Moreover, 
when Ich > Ich,max the physically acceptable solutions of Ipch, Idis, and Ipdis 

cannot be found, which implies the TRERs is disabled. 

3.2. R − Ich − ηre performance characteristics 

The behaviors of R varying with Ich and ηre are presented in Fig. 4 by 
using Eqs. (6), (7), (18), (21), (24)-(26). It is shown by Fig. 4 that for a 
given value of KL, R is fully determined by Ich and independent of ηre. 
This behavior is consistent with Eqs. (7) and (21). Nevertheless, the 
value of Ich,max increases as ηre grows, which can be explained as follows. 
With the decrease of ηre, more capacity of the cell needs to be distributed 
to the pre-charging and pre-discharging processes to achieve the 
objective temperatures. In consequence, the value of Ich is limited in the 
light of Eqs. (24) and (26). 

Moreover, Fig. 4a indicates that when the value of Ich,max (ηre) is 
small, R is a monotonically increasing function of Ich. In this case, Ich,max 

is just the charging current making R maximum, namely Ich,max = Ich,Rm. 
Note that with the increase of Ich,max (ηre), the curves of R − Ich become 
gradually parabolic-like, as expected. The parabolic-like behaviors 
result from the competition between thermogalvanic and Joule heat 
effects shown by Eq. (21). Besides, the parabolic-like curves of R − Ich 
imply the optimal charging current Ich,Rm at which R attains its maximum 
value. Note that Ich,max is different from Ich,Rm in this situation. In addi-
tion, it can be realized from Fig. 4b that for the parabolic-like curves of 
R − Ich, Rmax and the corresponding Ich,Rm are practically independent on 
ηre. 

3.3. R − Ich − ε performance characteristics 

With regard to the influence of Ich on ε, the three-dimensional graphs 
of R varying with Ich and ε are plotted based on Eqs. (6), (7), (18), (21), 
(23)-(26), which are shown by Fig. 5. It can be clearly seen from Fig. 5 
that the variations of R with Ich and ε depend on both the values of KL 
and ηre. For the convenience of discussion, the three-dimension curves of 
R varying with Ich and ε with different values of KL and ηre are projected 
onto the R − ε plane, which are depicted in Fig. 6. 

Inspection of Figs. 5 and 6 shows that when the value of ηre is small 
(ηre = 0.8), the behaviors of R varying with ε are parabolic (KL = 0) and 
loop-shaped (KL > 0), respectively. Whereas the corresponding 

Fig. 3. Variations of Idis, Ipch and Ipdis with Ich, where HC and LC denote high-current and low-current modes, respectively. The values of parameters: TH = 303.15K, 
TC = 283.15K, |αc| = 0.0012V/K, Rint = 0.015Ω, cp = 2048J/(K⋅kg), Kh = Kc = 0.1W/K, cq = 116748C/kg, ηre = 0.8 (M = 1, N = 20). 
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variations become more complicated with high enough regenerative 
efficiency (ηre = 0.973), which is shown by Figs. 5b and 6c, d. Despite 
the various behaviors, all the graphs in Fig. 5 indicate that there are two 
corresponding values of ε for a given value of Ich. These two ε values just 
correspond to the high-current mode and low-current mode mentioned 
in Fig. 3. To explicitly illustrate the difference, the two operating modes 
are presented by different line styles in Fig. 6. Figs. 5 and 6 indicate that 
for a given value of Ich, the system operating in the low-current mode 
possesses the same value of R but a higher value of ε regardless of the 
values of KL and ηre. Accordingly, the TRERs should be always operated 
in the low-current mode. Hence, the following discussions will focus on 
the low-current mode. 

On the basis of the above analyses, the optimally operating region of 
the TRERs at four different cases can be further determined from Figs. 5 
and 6, respectively. Specifically, the solid R − ε curve in Fig. 6a denotes 
that there exist an optimal COP εRm leading to the maximum cooling 
power Rmax and a maximum COP εmax with zero cooling power. Notably, 
the optimally operating region of the TRERs system in this case can be 
determined, namely εRm < ε < εmax and 0 < R < Rmax, which is literally 

the operating region of low-current mode. In this region, the point with 
the same value of cooling power but a higher value of COP can be found 
compared to the corresponding point outside. In addition, the associated 
operating values of Ich can be further deduced from Figs. 5 and 6, i.e., 
0 < Ich < Ich,max. 

Similar discussions about the solid R − ε curves in Fig. 6b–d can give 
rise to the optimally operating regions and the corresponding Ich for the 
other three cases, which are directly listed as follows for saving the 
length. εRm < ε < εmax and Rεm < R < Rmax is the optimally operating 
region for Fig. 6b, c, while εRm < ε < εmax and 0 < R < Rmax is the one for 
Fig. 6d. The associated optimal values for the charging current are 
Ich,εm < Ich < Ich,max (Ich,max = Ich,Rm in this case) for Fig. 6b, Ich,εm < Ich <

Ich,Rm for Fig. 6c, and 0 < Ich < Ich,Rm for Fig. 6d. 

3.4. Influence of parameter M 

The above discussions concentrate on the situation with M = 1. 
Whereas the derivations and the expressions of performance indicators 
indicate that the number of cells inside one cell pack has great impact on 
the performance of the TRERs. Using the similar approach to Fig. 6, one 
can obtain the behaviors of R varying with ε for the different values of M, 

Fig. 4. 3-D plots of R varying with Ich and ηre, where KL = 0.002W/K. The 
other parameters have the same values as those adopted in Fig. 3. 

Fig. 5. 3-D plots of R varying with Ich and ε for different values of KL and ηre. 
The other parameters have the same values as those adopted in Fig. 3. 
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which is shown by Fig. 7. It can be realized from Fig. 7 that for the same 
value of ηre (i.e., the same value of M/N), Rmax, εmax, Rεm, and εRm all 
increase with M. In other words, the performance of the TRERs can be 
further enhanced by employing more cells for a given value of ηre (i.e., a 

given value of M/N). Notably, this result is consistent with Eqs. (21) and 
(23) but may slightly deviate from the practical case since KL is assumed 
to be a constant and independent of the size of the system (the value of 
N) for the convenience of discussion in the present study. 

3.5. Influence of ηre on Rmax, εmax, Rεm, and εRm 

On the basis of the above analyses, the variations of Rmax, εmax, Rεm, 
and εRm with ηre can be further generated by using Eqs. (6), (7), (18), 
(21), (23)-(26). This is shown in Fig. 8. Note that not all the values of ηre 
are feasible due to the limitation of Eq. (19). Besides, it can be seen from 
Fig. 8a,b that the behaviors of Rmax and εRm varying with ηre are quite 
different in the regions of ηre < 0.964 and ηre > 0.964. Specifically, 
when ηre < 0.964, the allowed maximum charging current Ich,max 

(Ich,max = Ich,Rm in this case) grows with the increasing of ηre (see Fig. 4), 
which leads to the prominent rise of Rmax. Whereas, the growing of Ich,max 

also gives rise to a higher Joule heat effect. The parabolic variation of 
εRm with ηre results from the competition between the regenerative ef-
ficiency and Joule heat effect. On the other hand, when ηre > 0.964, the 
associated charging current for maximum cooling power is no longer 
Ich,max but Ich,Rm (Ich,max ∕= Ich,Rm in this case) whose variation with ηre is 
negligible (Fig. 4b). Hence, the variation of Rmax with ηre becomes 
imperceptible and εRm increases with ηre due to the reduction of irre-
versibility. Besides, Fig. 8c shows that both εmax and Rεm increase with 
the increasing of ηre. 

Fig. 6. The behaviors of R varying with ε for different values of KL and ηre, where HC and LC denote high-current and low-current operating modes, respectively. The 
other parameters have the same values as those adopted in Fig. 3. 

Fig. 7. The behaviors of R varying with ε for different values of N and M, where 
KL = 0.002W/K. The other parameters have the same values as those adopted 
in Fig. 3. 
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3.6. Comparison with various refrigeration systems 

To highlight the performance of the proposed TRERs more visible, 
the variations of εmax/εCar and εRm/εCar with εCar are further presented in 
Fig. 9, where εCar = TC/(TH − TC) stands for the corresponding Carnot 
COP for the given temperatures. It can be seen from Fig. 9 that εmax/εCar 
decreases with the decline of εCar while εRm/εCar grows with it. Ac-
cording to the discussions on Fig. 6, one can realize that the shadow area 
corresponds to the optimal region of the TRERs. In particular, Fig. 9 
indicates that εRm can exceed 5% of the Carnot COP, while εmax can 
achieve up to 40% of the Carnot COP for the given values of parameters. 

Moreover, several COPs of various refrigeration systems reported in 
previous experimental and simulated research are collected to highlight 
the attractive performance of the TRERs, which are listed in Table 1 and 
marked by the various symbols in Fig. 9. Notably, the comparisons in 
Fig. 9 further illustrate the great potential of the proposed TRERs for 
efficient refrigeration. 

3.7. Influence of electrode materials 

Additionally, to discuss the influence of electrode materials on the 
performance of the TRERs, the behaviors of R varying with ε for the 
different values of αc, Rint, cp, and cq are generated by using Eqs. (6), (7), 
(18), (21), (23)-(26), as shown in Fig. 10 a–d. It can be realized from 
Fig. 10 a–d that the performance of the TRERs can be improved by 
increasing the values of |αc| and cq or by decreasing the values of Rint and 
cp. Consequently, it is of great significance for the performance 
improvement of the TRER(s) system to explore material with larger |αc|

and cq and lower Rint and cp. This result is similar to the conclusions in 
terms of TREC systems [42,43]. 

4. Conclusions 

In summary, a novel strategy to overcome the three fundamental 
obstacles in constructing TRER model is proposed. Accordingly, the 
reciprocating TRER model followed by the TRERs model with contin-
uous refrigeration were presented for the first time. Based on the pro-
posed TRERs model, the expressions of the main performance indicators 
are analytically derived. In addition, two operating models (LC and HC) 
and four distinct behaviors of cooling power varying with COP of the 
TRERs (Fig. 6a–d) are indicated by numerical analyses. On this basis, the 
optimal operating model and optimal operating region along with the 
associated values of charging current were discussed and determined. 
Significantly, the COP at maximum cooling power and the maximum 
COP are predicted to achieve up to 5% and 40% of Carnot COP for the 
given values of parameters. Moreover, the comparison between the 
predicted results and the reported COPs of various refrigeration systems 
reveal the great potential of the TRERs for efficient refrigeration. Our 
work will hopefully serve as the cornerstone for further theoretical and 
experimental investigations and open a new avenue for the construction 
of other novel electrochemical cycles. 

Fig. 8. The variations of (a and b) Rmax and εRm with ηre and (c) εmax and Rεm 

with ηre, where M = 1. The other parameters have the same values as those 
adopted in Fig. 3. 

Fig. 9. The variations of εmax/εCar and εRm/εCar with εCar and the reported COPs 
listed in Table 1, where KL = 0.002W/K and ηre = 0.8 (M = 1, N = 20). The 
other parameters have the same values as those adopted in Fig. 3. 

B. Chen et al.                                                                                                                                                                                                                                    



Energy Conversion and Management 293 (2023) 117518

10

CRediT authorship contribution statement 

Bo Chen: Methodology, Software, Validation, Formal analysis, 
Investigation, Writing – original draft. Julian Gonzalez-Ayala: Meth-
odology, Validation, Writing – review & editing. A. Calvo Hernández: 
Methodology, Validation, Writing – review & editing. Rongxiang Luo: 
Software, Validation, Writing – review & editing. Hanxin Yang: 

Software, Validation, Writing – review & editing. Juncheng Guo: 
Conceptualization, Methodology, Validation, Formal analysis, Writing – 
review & editing, Supervision, Project administration, Funding 
acquisition. 

Table 1 
Reported COPs of various refrigerators and the ratio to corresponding Carnot COPs.  

Type of refrigerator refrigerant Type of analysis Reported COP (εrep) Corresponding Carnot COP εCar εrep/εCar 

Vapor compression refrigerator [32] R1234yf Simulated  5.63  18.83  0.299 
Absorption refrigerator [33] R1234ze(E) Simulated  0.17*  7.557**  0.0225 
Adsorption refrigerator [34] Water Simulated  0.8715  11.81**  0.0738 
Compression-ejection hybrid refrigerator  

[35] 
R290 Simulated  1.8*  7.826  0.23 

Thermoelectric refrigerator [36] N/A Simulated  0.69  23.98  0.0288 
Thermoelectric refrigerator [37] CP2-127 Peltier modules Experimental  0.79  22.69  0.0348 
Thermoelectric refrigerator [37] CP2-127 Peltier modules Experimental  1.16  29.53  0.0393 
Thermionic-thermoelectric refrigerator [38] Ideal materials Simulated  1.4*  9.667  0.145 
Thermionic refrigerator [39] Single barrier structure with ROB Simulated  1.9*  10.00  0.190 
Thermionic refrigerator [39] Single barrier structure without ROB Simulated  2.1*  10.00  0.210 
Magnetic regenerator [40] Gd, Gd-based alloys, and their composites Experimental  3.1  27.43  0.113 
Magnetic regenerator [41] Gd Experimental  0.54  46.55  0.0116 

* Data read from the figures in associated references approximately. 
** The Carnot COPs are calculated by using the temperatures of working fluid due to the lack of the temperatures of heat reservoirs. 

Fig. 10. The behaviors of R varying with ε for different values of (a) |αc|, (b) Rint , (c) cp, and (d) cq, where KL = 0.002W/K. The other parameters have the same 
values as those adopted in Fig. 3. 
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