
lable at ScienceDirect

Energy 107 (2016) 388e395
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Performance analysis of a dual loop thermally regenerative
electrochemical cycle for waste heat recovery

Rui Long*, Baode Li, Zhichun Liu, Wei Liu*

School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China
a r t i c l e i n f o

Article history:
Received 15 May 2015
Received in revised form
4 March 2016
Accepted 12 April 2016
Available online 3 May 2016

Keywords:
Maximum power output
Finite time thermodynamics
Electrical efficiency
Thermally regenerative electrochemical
cycle (TREC)
Dual loop thermally regenerative
electrochemical cycle (DLTREC)
* Corresponding authors. Tel.: þ86 27 87542618; fa
E-mail addresses: R_Long@hust.edu.cn (R. Long), w

http://dx.doi.org/10.1016/j.energy.2016.04.058
0360-5442/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

A DLTREC (dual loop thermally regenerative electrochemical cycle) system consisting of two hot elec-
trochemical cells and a cold one is proposed for harvesting waste heat in a more efficient manner. With
the maximum power output as the objective function, an optimal analysis of the DLTREC system based
on a GA (genetic algorithm) method was conducted for different inlet temperatures of the heat source.
For comparison, an optimization analysis of conventional TREC (thermally regenerative electrochemical
cycle) systems was also conducted under equivalent criterion. The maximum output, the corresponding
electrical and exergy efficiencies, and exergy destruction of the two energy harvesting systems were
analyzed and compared. Results revealed that the DLTREC system can increase the power output and
decrease the irreversibility. For the prescribed heat source inlet temperature of 393.15 K, the maximum
power output of the DLTREC systemwas 50.11% larger than that of the conventional TREC system and the
electrical efficiency was improved by 13.31%. The exergy efficiency of the DLTREC system was 19.41%
larger than that of a conventional TREC system.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the past few decades, harvesting low-grade waste heat has
received increasing attention. Many practical methods have been
adopted for this objective. Thermodynamic cycles converting low
grade thermal energy into electricity, such as the ORC (organic
Rankine cycle), Kalina cycle, supercritical CO2 cycle, and heat pipe
technology have been extensively investigated for waste heat re-
covery and have been implemented for the recovery of low-grade
thermal energy from various sources, including solar energy,
exhaust gas from internal combustion engines, and geothermal
sources [1e5]. Recently, electrochemical heat engines have been
attracting more and more attention. In these engines, electro-
chemical reactions take place at different temperatures, resulting in
electricity being generated from the energy difference between
those two processes.

Generally, a single cycle is not able to efficiently recover the
low-grade waste heat in a practical manner. Therefore, dual or
combined cycles have been proposed for optimum recapturing
utilization of waste heat. Meinel et al. [6] developed a two-stage
x: þ86 27 87540724.
_liu@hust.edu.cn (W. Liu).
ORC with internal heat recovery, in which the thermal efficiency
was improved by 2.64%. Wang et al. [7] developed a novel system
combining a dual loop ORC with a gasoline engine in which the
thermal efficiency was increased by 3e6%. Shi et al. [8] researched
a combined system, which consists of an ammoniaewater mixture
Rankine cycle and a LNG (liquefied natural gas) power generation
cycle. Kong et al. [9] studied an energy system consisting of a gas
turbine, an absorption chiller, and a heat recovery boiler. Li et al.
[10] proposed a parallel double-evaporator ORC with the aim of
decreasing system irreversibility and enhancing power output.
Meng et al. [11] investigated the integration of a metal hydride
system with a natural gas liquefier cycle plant for the cascade
utilization of LNG (liquefied natural gas). Li et al. [12] investigated
a new compound system that combined an ORC plant with a GHT
(gathering heat tracing) station and an oil recovery system. Fu
et al. [13] compared a Kalina cycle-based cascade utilization sys-
tem to an existing ORC-based geothermal power system in an
oilfield.

Additionally, thermoelectric materials and devices have been
studied extensively in the past few decades [14e19]. Electro-
chemical heat engines offer an alternative method for the conver-
sion of heat into electricity; one of which is the TREC (thermally
regenerative electrochemical cycle). The TREC, which is a Stirling-
like cycle, exhibits an efficiency of 40e50% of the Carnot limit for
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Fig. 1. Schematic of the conventional TREC system.

Fig. 2. Schematic of the proposed DLTREC system.
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high-temperature applications [20]. Recently, some literature has
been concentrated on the application of applying TREC in har-
vesting low-grade thermal energy [21]. Based on finite time ther-
modynamics [22e25], the performance of the TREC has been
systematically investigated [26]. Lee et al. [27] conducted an
experiment on an electrochemical system for the efficient har-
vesting of low-grade heat energy. They found that the electrical
efficiency reaches 5.7% when cycled between 10 and 60 �C. Yang
et al. [21] proposed a charging-free TREC system, and an electrical
efficiency of 2.0% was achieved for the TREC when operating be-
tween 20 and 60 �C. In addition, a membrane-free battery for the
TREC was also been investigated resulting in an electrical efficiency
of 3.5% when the battery was discharged at 15 �C and recharged at
55 �C [28]. Long et al. [29] adopted the TREC to harvest waste heat
from the PEMFC (proton exchange membrane fuel cell), and found
that the power output of the hybrid system is 6.85%e20.59% larger
than that of the PEMFC subsystem, and the total electrical efficiency
is improved by 2.74%e8.27%. In his later research, multi-objective
optimization of a continuous TREC for waste heat recovery has
also been conducted [30].

In this study, in order to recover waste heat more efficiently, a
DLTREC (dual loop thermally regenerative electrochemical cycle)
system is proposed. This system consists of two electrochemical
cells exchanging heat with the heat source and one cell exchanging
heat with the cold source, resulting inmore heating being absorbed
and more electricity being generated. With the maximum power
output as the objective function, the DLTREC systemwas optimized
under different heat source inlet temperatures. In addition, for
comparison purposes, optimization of a conventional TREC system
with the same objective function was also conducted. The
maximum output, the corresponding electrical efficiency, exergy
efficiency, and exergy destruction of the conventional and the
DLTREC systems were analyzed and compared. The optimal open
circuit voltages and current densities of the two systems were also
analyzed.

2. Mathematical model of the DLTREC

The schematic diagram for the conventional TREC system is
shown in Fig. 1. It contains two cells: a hot cell in contact with the
heat source and a cold cell in contact with the cold source (for this
study; cold water). Both the cells, in which the electrochemical
reactions take place, also function as heat exchangers. The elec-
trolyte 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 cir-
cuitry [31]. The TREC consists of four processes: heating, charging,
cooling, and discharging. Because of the difference between the
charging voltage and the discharging voltage, a net work equal to
the difference between the charging and discharging energies is
extracted.

In order to recapture the waste heat more efficiently, a DLTREC
(dual loop thermally regenerative electrochemical cycle) system is
proposed. As shown in Fig. 2, the thermal energy is first utilized by
the upstream cell (HC1) and then by the downstream cell (HC2). To
reduce the heat loss and to enhance the system efficiency, two
regenerators were implemented. The electrolyte solution separates
into two streams. One flows into HC2 and the other flows into HC1,
where the electrochemical reaction takes place and the heat is
absorbed. The electrolyte solution flows out of the cells, mixes in
the mixer, and then goes into the CC (cold cell) where the elec-
trochemical reaction takes place and heat is rejected. The schematic
circuit diagrams of the conventional and DLTREC systems can be
seen in Fig. 3. For the conventional TREC system, the current in the
hot cell is equal to that in the cold one. As for the DLTREC system,
the current in the cold cell is the sum of those in the two hot cells.

In an electrochemical reaction, an isothermal temperature co-
efficient may be defined when both electrodes are at the same
temperature. For a full cell with an electrode reactionSA/ SB, the
spontaneous reaction in the isothermal cell can be written



Fig. 3. Schematic circuit diagrams of the (a) conventional TREC system and the (b) DLTREC system.

R. Long et al. / Energy 107 (2016) 388e395390
asSvjCj ¼ 0, where Cj is the jth chemical involved and vj is its
stoichiometric number. The isothermal coefficient for the full cell
can be defined as [32].

ac ¼
�
vVoc

vT

�
iso;T

¼ Svjsj
nF

¼ D _s
nF

(1)

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 ofmoles of electrons passed per vjmole of
Cj reacted, and F is the Faraday constant.

For HC1, from Eq. (1), the open circuit voltage is given
byVH1 ¼ acTH1. The reversible heat absorbed can be thus be calcu-
lated as

_QH1 ¼ TH1D _SH1 ¼ ac _ne1TH1F (2)

where _ne1 ¼ I1=F is themolar flow rate of the reactant ion, I1¼ i1A is
the current, i1 is the current density, and A is the active surface.
D _SH1 is the reversible entropy change in HC1.

The heat loss due to the resistance is

_Qloss1 ¼ I21Rint (3)

The heat loss originating from imperfect regeneration is

D _QRe1 ¼ cp _nes1ð1� hre1ÞðTH1 � TH2rÞ (4)

where

TH2r ¼ TL þ hre2ðTH2 � TLÞ (5)

and where hre1 and hre2 are the regenerative efficiency of the re-
generators. _nes1 ¼ _ne1=4 is the molar flow rate of the electrolyte
solution in HC1. 4 is the molar percentage of the reactant in the
electrolyte solution.

Taking into consideration the heat generated by the resistance,
the total heat absorbed by HC1 is thus given by

_QS1 ¼ _QH1 þ D _QRe1 � _Qloss1 (6)

Similarly, for HC2, the open circuit voltage isVH2 ¼ acTH2 and the
reversible heat absorbed is given by
_QH2 ¼ TH2D _SH2 ¼ ac _ne2TH2F (7)

where _ne2 ¼ I2=F is the molar flow rate of the reactant ion in HC2. I2
is the cell current.

The heat loss due to the resistance is therefore

_Qloss2 ¼ I22Rint (8)

The heat loss originating from imperfect regeneration is

D _QRe2 ¼ cp _nes2ð1� hre2ÞðTH2 � TLÞ (9)

where _nes2 ¼ _ne2=4 is the molar flow rate of the electrolyte solution
in HC2.

The total heat absorbed by HC2 is thus given by

_QS2 ¼ _QH2 þ D _QRe2 � _Qloss2 (10)

Similarly, for the CC, the open circuit voltage is VL¼ acTL, and the
reversible heat released is given by

QL ¼ TLDSL ¼ acne3TLF (11)

where _ne3 is themolar flow rate of the reactant ion. I3¼ I1þ I2 is the
cell current.

The heat loss due to the resistance is therefore

_Qloss3 ¼ I23Rint (12)

The heat loss originating from imperfect regeneration is

D _QRe3 ¼ cp _nes3ð1� hre1ÞðTH2 � TLÞ (13)

where _nes3 is the molar flow rate of the electrolyte solution in the
CC.

The total heat rejected by the CC is thus given by

_QC ¼ _QL þ _Qloss3 þ D _QRe3 (14)

and the total heat absorbed from the heat source is

_QS ¼ _QS1 þ _QS2 (15)
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The power output is therefore given by
Table 1
Prescribed parameters of the DLTREC system.

Parameters Notation Value

Isothermal temperature coefficient [V/K] ac 1.19 � 10�3

Heat source inlet temperature [K] Ths,in 323.15e393.15
Mass flow rate of heat source [kg/s] _mhs 1
Inlet temperature of cooling water [K] Tcs,in 293.15
Mass flow rate of cooling water [kg/s] _mcs 5
PPTD in the hot cell [K] DTPPTD,HC 4
PPTD in the cold cell [K] DTPPTD,CC 4
Regenerative efficiency of Reg1 hre1 0.7
Regenerative efficiency of Reg2 hre2 0.7
P ¼ _QS � _QC

¼ acI1ðTH1 � TLÞ þ acI2ðTH2 � TLÞ � I21Rint � I22Rint

� ðI1 þ I2Þ2Rint (16)

and the electrical efficiency by

he ¼ P= _QS (17)

The exergy losses in each of the processes may also be calculated
as follows.

Exergy destruction in HC1:

_IHC1 ¼ T0

"
_nes1cplg

TH1
TH1r

þ DSH1 �
I21Rint
TH1

� _mhsðss1 � ss2Þ
#
: (18)

Exergy destruction in HC2:

_IHC2 ¼ T0

"
_nes2cplg

TH2
TH2r

þ DSH2 �
I22Rint
TH2

� _mhsðss2 � ss3Þ
#
: (19)

Exergy destruction in the CC:

_ICC ¼ T0½ _mcsðsc2 � sc1Þ � ð _nes3cplg
TLr
TL

þ DSL þ
I23Rint
TL

#
(20)

Exergy destruction in Reg1:

_IRe1 ¼ T0 _nes1cp

�
lg
TH1r
TH2r

� lg
TH1
TR1

�
: (21)

Exergy destruction in Reg2:

_IRe2 ¼ T0cpð _nes1 þ _nes2Þ
�
lg

TH2r
TL

� lg
TR2
TLr

�
: (22)

Exergy destruction in the mixer:

_Imix ¼ T0cp

�
_nes2lg

TR2
TH2

� _nes1lg
TR1
TR2

�
: (23)

It then follows that the total exergy loss is

_ITotal ¼ _IHC1 þ _IHC2 þ _ICC þ _IRe1 þ _IRe2 þ _Imix (24)

and the exergy efficiency is defined as

hex ¼ P=DEhs; (25)

where the exergy decrease of the heat source is

DEhs ¼ _mhs½hs1 � hs3 � T0ðss1 � ss3Þ�: (26)

3. Results and discussion

GAs (Genetic algorithms) have beenwidely used in science and
engineering as adaptive algorithms for solving practical problems
and as computational models for natural evolutionary systems
[20]. Performance optimizations based on genetic algorithms have
been conducted by many researchers. In this work, with the
maximum power output as the objective function, a GA method is
employed to obtain optimal parameters for the DLTREC system for
different heat source inlet temperatures, such as for the optimi-
zation of the working temperature of HC1 and HC2. For each case,
the heat source inlet parameter is prescribed. The PPTDs (pinch
point temperature differences) in the cells and the temperature of
the cooling water are fixed and the regenerator efficiency for
Reg1 and Reg2 are kept constant. The values of these input pa-
rameters for the calculation are listed in Table 1. In addition, the
performance of a conventional TREC system under the same
conditions, with maximum power output as the objective func-
tion, was also analyzed. The performance comparison is shown in
Table 2.

Fig. 4 shows the curves of maximum power output of the con-
ventional TREC system and the DLTREC system for different heat
source inlet temperatures. The maximum power output of these
two systems increases with increasing heat source inlet tempera-
ture. Their electrical efficiencies also exhibit a trend equivalent to
that seen in Fig. 5. For the prescribed heat source inlet temperature
of 393.15 K, the maximum power output of the DLTREC systemwas
50.11% greater than that of the conventional TREC system and the
electrical efficiency improved by 13.31%, as shown in Table 2. Fig. 6
shows the exergy efficiency of the conventional TREC system as
well as the DLTREC system under optimal conditions for different
heat source inlet temperatures. The exergy efficiency of the DLTREC
system increases with increasing inlet temperature. However, the
energy efficiency of the conventional TREC system begins to in-
crease with increasing inlet temperature, reaches a maximum
value, and then decrease. When the inlet temperature of the heat
source is 393.15 K, the exergy efficiency of the DLTREC system
under optimal conditions was 19.41% greater than that of the
conventional TREC system. Therefore, compared with the conven-
tional TREC system, the DLTREC system can harvest waste heat
more efficiently.

As shown in Fig. 7, under optimal conditions, the cell open cir-
cuit voltages of the hot cells of the conventional TREC system and
the DLTREC system increase with increasing inlet temperature of
the heat source. However, the cold cell open circuit voltages do not
present obvious variations. This is because of the fact that the mass
flow rate of the cooling water is too great, resulting in a constant
operating temperature for the cold cell in both the conventional
TREC system and the DLTREC system. The hot cell open circuit
voltage of the conventional TREC system is slightly greater than
that of HC1, but it is much greater than that of HC2. Fig. 8 illustrates
the cell current densities of the conventional TREC system and the
DLTREC system under optimal conditions for different heat source
inlet temperatures. All the current densities increase with
increasing inlet temperature of the heat source. In the cold cell, the
current density of the DLTREC systemwas much larger than that of
the conventional TREC system. Therefore, the heat loss due to the
resistance was much greater.

The exergy destruction of the conventional TREC system and
the DLTREC system under optimal conditions for given heat source
inlet temperatures is shown in Fig. 9. Exergy destruction for each
component increases with rising inlet temperatures. For both



Table 2
Performance improvement of DLTREC compared with conventional TREC.

Heat source
inlet temperature

Performance improvement of DLTREC
compared with conventional TREC

P hex hth

333.15 K 56.20% 5.46% 11.41%
343.15 K 55.11% 7.37% 13.52%
353.15 K 54.06% 8.66% 14.93%
363.15 K 53.00% 9.70% 15.99%
373.15 K 51.99% 11.05% 17.31%
383.15 K 51.05% 12.09% 18.31%
393.15 K 50.11% 13.31% 19.41%

Fig. 4. Maximum power output of the conventional TREC system and the DLTREC
system for different heat source inlet temperatures.

Fig. 5. Electrical efficiency of the conventional TREC system and the DLTREC system
under optimal conditions for different heat source inlet temperatures.

Fig. 6. Exergy efficiency of the conventional TREC system and the DLTREC system
under optimal conditions for different heat source inlet temperatures.

Fig. 7. Cell open circuit voltages of the conventional TREC system and the DLTREC
system under optimal conditions for different heat source inlet temperatures.
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systems, at lower inlet temperatures, the exergy destruction of the
cold cell contributed the most, while at higher temperatures, that
in the regenerators contributed the most. As shown in Fig. 10, for
the DLTREC system at the prescribed heat source inlet tempera-
ture of 333.15 K, the exergy destruction in the cold cell was the
largest of all, then followed by the two hot cells. When the inlet
temperature of the heat source was 393.15 K, the exergy
destruction in the regenerator (Reg2) exceeded those in all other
components, and took on the largest percentage of the total
exergy destruction. However, the exergy destruction in the cold
cell was only slightly less than that in Reg2. In addition, the mixer
always contributed the least to the total exergy destruction of the
DLTREC system.

It can be seen in Fig. 11, when the inlet temperature is less than
353.15 K, the total exergy destruction of the conventional TREC
system is less than that of the DLTREC system. However when the
inlet temperature is larger than 353.15 K, the exergy destruction of
the conventional TREC system exceeds that of the DLTREC system
with the difference becoming more and more prominent. At lower
inlet temperatures, the increase in exergy destruction was mainly
due to by the complexity of the DLTREC system. However, at higher
inlet temperatures, the two hot cells (HC1 and HC2) can signifi-
cantly decrease the exergy destruction in the heat absorption
processes. In addition, the exergy destruction in the regenerators
was reduced due to dual regeneration. The total exergy destruction
was therefore improved.



Fig. 8. Cell current densities of the conventional TREC system and the DLTREC system
under optimal conditions for different heat source inlet temperatures.

Fig. 9. Component exergy destruction of the conventional TREC system and the
DLTREC system under optimal conditions at given heat source inlet temperatures.

Fig. 10. Exergy destruction for different components under optimal conditions at h

Fig. 11. Total exergy destruction of the conventional TREC system and the DLTREC
system under optimal conditions at given heat source inlet temperatures.
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4. Conclusions

In this paper, we discussed the study of a DLTREC system con-
sisting of two hot electrochemical cells and a cold one. An opti-
mization analysis of the DLTREC system based on genetic algorithm
methods was conducted for different heat source inlet tempera-
tures with the maximum power output as the objective function.
The optimization analysis under the same criterion of a conven-
tional TREC system was also compared. The maximum output, the
corresponding electrical efficiency, exergy efficiency, and exergy
destructions of the two energy harvesting systems were analyzed
and compared. Results revealed that the power output as well as
the electrical and exergy efficiencies of the DLTREC system all in-
crease with increasing heat source inlet temperature. For the pre-
scribed heat source inlet temperature of 393.15 K, the maximum
power output of the DLTREC systemwas 50.11% greater than that of
the conventional TREC system and the electrical efficiency
improved by 13.31%. The exergy efficiency of the DLTREC system
under optimal conditions was 19.41% greater than that of the
conventional TREC system. This indicates that the proposed DLTREC
system is capable of harvesting low-grade waste energy more
efficiently.

Moreover, current thermoelectric efficiencies are usually lower
than 0.5% when the heat source temperature is below 100 �C; while
eat source inlet temperatures of 333.15 K and 393.15 K for the DLTREC system.
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the efficiency of the conventional TREC system can reach 3% [27].
And according to the aforementioned analysis, the performance of
DLTREC is much better than that of the conventional one, which
may offer a new way to efficiently recover low-grade waste heat.
This DLTREC system could be applied to simultaneously recovery
the wasted heat from the cooling water and exhausted gas in the
gasoline or diesel engines, and to utilize solar energy [33]. But
before it could be taken in application, the performance of the
proposed DLTREC should be investigated experimentally, and the
cost should been also considered. In addition, like the reverse TREC
refrigeration system [34], refrigeration system based on reverse
DLTREC could also been constructed for efficient and sufficient
cooling.
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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]
Rint total internal resistance of cell [U]
F faraday constant [C∙mol�1]
G Gibbs free energy [W]
H enthalpy[W]
v stoichiometric number
n number of moles of electrons
_n e 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]
D _Qloss resistance heat loss [W]
P power output [W]
_I exergy destruction [W]

Subscripts and superscripts
c cell
oc open circuit
j jth chemical involved
H hot reservoir side
L cold reservoir side
Re regenerative
es electrolyte solution
in inlet
out outlet
s, hs heat source
c, cs cooling source
H1,H1r,H2,H2r,R1,R2,Lr state points

Greek symbols
hre regenerative efficiency
hex electrical efficiency
4 molar percentage of the reactant
Acronyms
PPTD pinch point temperature difference
TREC thermally regenerative electrochemical cycle
DLTREC dual loop thermally regenerative electrochemical cycle
HC1,HC2 hot cell
CC cold cell
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