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Improving the Power Efficiency of a PV Power
Generation System Using a Proposed

Electrochemical Heat Engine Embedded
in the System

Hassan Fathabadi

Abstract—An important issue in the photovoltaic (PV) power
generation systems is the massive amount of heat wasted by PV
modules/panels. For the first time, this paper provides a new solu-
tion to recover a portion of the mentioned waste heat by utilizing
a proposed electrochemical heat engine. A thermally regenera-
tive electrochemical cycle (TREC) system has been designed, con-
structed, and embedded in a PV power generation system including
a 200-W PV module to harvest the waste heat of its PV module, so
a PV-TREC hybrid system has been organized and built. The hot
cell of the TREC system has been positioned in direct contact with
the backside of the PV module, and the cold cell is in direct contact
with a heat sink located in the shade of the PV module. Experi-
mental verifications demonstrate that the proposed TREC system
efficiently converts the waste heat into electric power ranging from
0.1 to 54.5 W. In this manner, up to 6% of the waste heat of the
PV module is recovered. It also substantiated that the daily energy
efficiency of the PV-TREC hybrid system is improved by 27.5%
compared to a usual PV system, and this is the main contribution
and novelty of this paper.

Index Terms—Electrochemical heat engine, photovoltaic (PV)
power generation systems, PV-thermally regenerative electro-
chemical cycle (PV-TREC) hybrid system.

NOMENCLATURE

A Surface area of the electrodes of cells (cm2).
Dpv Duty cycle of the PV converter.
Dtrec Duty cycle of the TREC converter.
Epv−trec Daily energy production of the PV-TREC system.
Epv Daily energy production of the PV system.
F Faraday’s constant (96 485.3 C mol−1).
G Solar irradiance on the PV module surface (W�m−2).
i Current density circulating between cells (A·cm−2).
I Electric current circulating between cells (A).
Iload Electric current supplied to the inverter (A).
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Ipv PV module output current (A).
Pload Electric power supplied to the inverter (W).
Pout Electric power produced by the TREC system (W).
Ppv PV module output power (W).
Qloss Heat loss of the internal resistance of a TREC

cell (J).
Q̇H Rate of the reversible heat provided by the waste heat

and absorbed by the hot cell (W).
Q̇H t o t Rate of the total heat absorbed by the hot cell (W).
Q̇L Rate of the reversible heat provided by the waste heat

and released by the cold cell (W).
Q̇L t o t Rate of the total heat released by the cold cell (W).
Q̇loss Rate of the heat loss of the internal resistance (W).
Rin Internal resistance of a TREC cell (Ω).
SH Entropy of the hot cell (W·K−1).
SL Entropy of the cold cell (W·K−1).
T PV module temperature (◦C).
TH Temperature of the hot cell (K).
TL Temperature of the cold cell (K).
Vdc DC-link voltage (V).
Voc Open-circuit voltage of a TREC cell (V).
Voc−cold Open-circuit voltage of the cold cell (V).
Voc−hot Open-circuit voltage of the hot cell (V).
Vpv PV module output voltage (V).
αc Isothermal coefficients (V·K−1).
ṡ Partial molar entropy (Jmol−1 ·K−1).
n Number of moles of electrons.
cp Specific heat (Jmol−1 ·K−1).
ηre Regenerative efficiency.
ΔQ̇reH

Regenerative heat rate absorbed by the hot cell (W).
ΔQ̇reL

Regenerative heat rate released by the cold cell (W).
γ Power efficiency of the TREC system.
γave Average power efficiency of the TREC system.
γpv Energy efficiency of the PV system.
γpv−trec Energy efficiency of the PV-TREC hybrid system.

I. INTRODUCTION

OVER the years, providing efficient methods to harvest
waste heat has become a very important topic, where

different types of thermodynamic cycles that convert heat into
electric power have been investigated. The single-stage organic
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Rankine cycle (ORC) [1], dual-loop ORC [2], Kalina cycle
[3], and heat-pipe technique [4] are some samples of such
thermodynamic cycles. To make the heat conversion process
more efficient, a combination of two or more thermodynamic
cycles can also be utilized [5], [6]. Different types of ther-
moelectric materials are available [7], which convert heat into
electricity, but their output powers as well as their efficiencies
are low [8]. This point makes them inappropriate to be uti-
lized in most industrial applications [9]. In an electrochemical
heat engine, two electrochemical reactions are performed at two
different temperatures. Because of the difference between the
energy levels of the two electrochemical reactions, a net electric
energy occurs [10]. Thermally regenerative electrochemical cy-
cle (TREC) is an electrochemical heat engine [11]. The TREC
was utilized to harvest low-grade heat energy and the outcome
of the research showed that a conversion efficiency of 5.7%
is achievable [12]. In another research, a low-cost membrane-
free TREC system with the conversion efficiency of 3.5% was
proposed [13]. It was shown that for a charging-free TREC
system operating in the temperature range of 20–60 °C, a con-
version efficiency of 2% is attainable [14]. The impact of finite
heat transfer and environmental factors on the power produc-
tion of a TREC system was evaluated using finite time analy-
sis [15]. A system composed of a proton exchange membrane
fuel cell and a TREC system was designed to recover the heat
losses of the system, and the efficiency of the system was im-
proved by 2.74%–8.27% [16]. Optimization of the parameters
of the TREC system was carried out to maximize its output
power [17].

The enormous amount of heat wasted by the photovoltaic
(PV) modules is an important issue. This paper addresses this
issue by embedding the proposed TREC system in a PV power
generation system to form a PV-TREC hybrid system. The pro-
posed TREC system has been constructed and the experimental
results substantiate the contribution of this research work in
harvesting up to 6% of the waste heat of the PV module, and
improving the daily energy efficiency of the PV-TREC hybrid
system by 27.5%. The TREC and a TREC-based system are an-
alyzed in detail in Section II. The details of the proposed TREC
system and the constructed PV-TREC hybrid system together
with relevant experimental verifications are given in Section III,
and the paper is concluded in Section IV.

II. THEORETICAL CONCEPTS OF A TREC-BASED SYSTEM

A TREC cell is composed of two electrodes, positive and
negative, separated by an anion membrane. In a TREC cell,
four processes (steps) occur in a sequence in time: Heating up
(Step 1), charging (Step 2), cooling down (Step 3), and discharg-
ing (Step 4) as shown in Fig. 1. There is a difference between
two voltages charged in the two electrodes of the TREC cell dur-
ing charging as shown in Fig. 1. As a result, an electric power is
produced by the TREC cell during discharging (Step 4). Solid
CuHCF immersed in 6M NaNO3 aqueous solution is used to
build the positive electrode, and the negative electrode is con-
structed by utilizing copper immersed in 3M Cu(NO3)2 aqueous

Fig. 1. Four processes performed in a TREC cell.

solution [17]. During charging, chemical reactions occurring in
the two electrodes are as follows:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Positive electrode : 2 Na → 2 Na+ + 2e

Positive electrode : 2 Na+ + 2NO−
3 → 2 NaNO3

Negative electrode : Cu(NO3)2 → Cu+2 + 2(NO−
3 )

Negative electrode : Cu+2 + 2e → Cu.

(1)

During discharging, the direction of these chemical reactions
reverses to produce electric current as follows:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Negative electrode : Cu → Cu+2 + 2e

Negative electrode : Cu+2 + 2(NO−
3) → Cu(NO3)2

Positive electrode : 2NaNO3 → 2Na+ + 2NO−
3

Positive electrode : 2Na+ + 2e → 2Na.

(2)

The system proposed in this study operates based on the
TREC and consists of two TREC cells; a hot cell positioned in
the higher temperature part of the system, and a cold cell located
in the lower temperature part as shown in Fig. 2. As a result,
a net energy resulting from the difference between charging
and discharging energies is extracted from the system during
discharging, and a portion of the waste heat of the system is
recaptured. In a TREC system including hot and cold cells, the
isothermal coefficient of each cell is defined as follows:

αc =
(

∂ Voc

∂ T

)∣
∣
∣
∣ T =Tn
iso. process

=
Δ ṡ

nF
. (3)

Using (3), the open-circuit voltage of the hot cell is
formulized as

Voc−hot = αcTH =
Δ ṡ

nF
TH . (4)
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Fig. 2. Configuration of a system operating based on the TREC.

The rate of the heat absorbed by the hot cell is composed of
two portions. The first portion, which is reversible and provided
by the waste heat of the system, is given as

Q̇H = TH ΔṠH = αc I TH . (5)

The second portion is the heat loss resulting from the regen-
eration that is expressed as

ΔQ̇reH
= cp η̇H (1 − ηre)(TH − TL ). (6)

The power loss caused by the electric current (I) flowing
through the internal resistance of the hot cell occurs as heat loss
and its rate is calculated as

Q̇loss =
dQloss

dt
= RinI2 . (7)

Considering the above-mentioned points and using (5)–(7),
the rate of the total heat absorbed by the hot cell is obtained as

Q̇H t o t = Q̇H + ΔQ̇reH
− Q̇loss

= αcITH + cp η̇H (1 − ηre)(TH − TL ) − RinI2 . (8)

Using (3), the open-circuit voltage of the cold cell is
obtained as

Voc−cold = αcTL =
Δ ṡ

nF
TL . (9)

Similarly, the rate of the heat released by the cold cell is
composed of two portions. The first portion is reversible and is
given as

Q̇L = TL ΔṠL = αcITL . (10)

The chemical reactions occurring during the discharging pro-
cess are regenerated by passing ions NO−

3 through the anion
membrane separating the positive and negative electrodes. The
second portion is the heat loss resulting from this regeneration
that is expressed as

ΔQ̇reL
= cp η̇L (1 − ηre)(TH − TL ). (11)

The heat loss of the cold cell’s internal resistance is given as

Q̇loss =
dQloss

dt
= RinI2 . (12)

Fig. 3. Equivalent circuit of the embedded TREC system.

Using (10)–(12), the rate of the total heat released by the cold
cell is obtained as

Q̇L t o t = Q̇L + ΔQ̇reL
+ Q̇loss

= αcITL + cp η̇L (1 − ηre)(TH − TL ) + RinI2 (13)

where η̇H is the molar flow rate of the electrolyte solution in the
hot cell and is defined as

η̇H =
I

FϕH
. (14)

Similarly, η̇L is the molar flow rate of the electrolyte solution
in the cold cell and is defined as

η̇L =
I

FϕL
. (15)

The molar percentage of the reactant in the electrolyte so-
lution in the hot cell (ϕH ) equals to that of the cold cell
(ϕL ), so

η̇H = η̇L . (16)

Now, the net electric power produced by the TREC system
is found by subtracting the rate of the total heat released by the
cold cell from the rate of the total heat absorbed by the hot cell
as shown in the following:

Pout = Q̇H t o t − Q̇L t o t = αcI(TH − TL ) − 2RinI2 . (17)

By substituting (4) and (9) in to (17), it can be rewritten as

Pout = (Voc−hot − Voc−cold)I − 2RinI2 . (18)

Using (18), the equivalent circuit of the TREC system is
obtained in detail as shown in Fig. 3. To evaluate the effi-
ciency of the TREC system, its conversion (power) efficiency is
calculated as

γ =
Pout

Q̇H t o t

=
αcI(TH − TL ) − 2RinI2

αcITH + cp η̇H (1 − ηre)(TH − TL ) − RinI2 .

(19)
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Fig. 4. Proposed system: Configuration of the constructed PV-TREC hybrid system.

III. PROPOSED TREC SYSTEM EMBEDDED IN A PV SYSTEM

AND EXPERIMENTAL VERIFICATIONS

In this research, to recover the waste heat produced by a PV
module, a TREC system has been designed, built, and embedded
in a usual PV power generation system to form a PV-TREC
hybrid system, the configuration of which is shown in detail in
Fig. 4. The usual PV system is composed of a PV module and
a dc/dc boost converter so that its duty cycle is continuously
regulated to extract maximum power from the PV module by
a maximum power point tracking (MPPT) controller located in
a unified power control and MPPT unit as shown in Fig. 4. A
modified incremental-conductance technique reported in [18],
which is also applicable to wind and fuel cell systems [19],
[20], has been utilized to implement the MPPT controller. The
TREC system comprises of two hot and cold cells connected
to the dc bus via a dc/dc boost converter of which the duty
cycle is continuously regulated by the unified power control
and MPPT unit to adjust the dc-link voltage to a designated
constant voltage. As shown in Fig. 4, the hot cell of the TREC
system has been positioned in direct contact with the backside
of the PV module, while the cold cell is in direct contact with
a heat sink located in the shade of the PV module. Based on
the configuration shown in Fig. 4, the PV-TREC hybrid system
has been constructed to provide experimental verifications. A
detailed photo of the constructed TREC system positioned on the
backside of the PV module is shown in Fig. 5, and the electric
circuit of the constructed PV-TREC hybrid system is shown
in detail in Fig. 6. The detailed parameters of the constructed
TREC system embedded in the PV system together with the
technical specifications of all the components used to construct
the PV-TREC hybrid system have been summarized in Table I.
As reported in Table I and shown in Fig. 6, two similar dc/
dc boost converters each having an output capacitance of 22 μF

Fig. 5. Photo of the constructed TREC system positioned on the backside of
the PV module.

have been connected to the dc bus, so a capacitance of 680 μF,
which is high enough to provide a dc-link voltage of 100 V with
negligible ripple has been chosen for the dc-link capacitor. All
the details of the two similar boost converters used to construct
PV-TREC hybrid system have been reported in [21]. All the
experiments and measurements relevant to this research have
been performed in Athens. As reported in Table I, a PV module
KC200GT has been utilized in the constructed PV-TREC hybrid
system. Point-by-point measurements demonstrate that when
the PV module is in operation, the temperature of the hot cell
(TH ), which is in direct contact with it, ranges from 28 to 92 °C
on a sunny day in summer, while the associated temperature of
the cold cell (TL ), which is in direct contact with the heat sink
ranges from 23 to 41 °C. This means that the difference between
the temperatures of the two cells ranges from 5 to 51 °C,
i.e., (TH − TL ) ∈ [5 ◦C, 51 ◦C]. To measure the electrical pa-
rameters of the constructed TREC system, the converter con-
nected to the TREC system was disconnected, and the difference
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Fig. 6. Electric circuit of the constructed PV-TREC hybrid system.

TABLE I
TECHNICAL SPECIFICATIONS OF THE COMPONENTS USED TO CONSTRUCT THE PV-TREC HYBRID SYSTEM
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Fig. 7. Difference between the open-circuit voltages of the hot and cold cells.

Fig. 8. Density of the current circulating between the hot and cold cells.

between the open-circuit voltages of the hot and cold cells
(Voc−hot − Voc−cold) was measured point by point in the tem-
perature range of 5–50 °C using a digital voltmeter and the mea-
surement results are shown as a curve in Fig. 7. The hot and cold
cells were connected to each other through a digital ampere me-
ter, and the electric current circulating between the two cells was
measured point by point in the temperature range of 5–50 °C.
Then, the measured data were divided by the surface areas of
the electrodes used in the hot and cold cells (A) to calculate
the current density, which is shown in Fig. 8. The TREC sys-
tem was connected to a variable resistor and the output electric
power of the TREC system was measured point by point in the
temperature range of 5–50 °C using a digital wattmeter and the
measured data are shown in Fig. 9. It can be seen that the elec-
tric power production of the TREC system ranges from 0.1 to
55 W, so the average power production is 27.3 W. Finally, the
power efficiency of the TREC system was calculated point by

Fig. 9. Output electric power of the embedded TREC system.

Fig. 10. Power efficiency of the embedded TREC system.

point in the temperature range of 5–50 °C by substituting the
output power and current of the TREC system measured point
by point in (19). The calculated power efficiency that ranges
from 0.2% to 6% in the temperature range of 5–50 °C is shown
in Fig. 10. The power–efficiency curve explicitly demonstrates
that the TREC system provides an average conversion efficiency
of about 3.1%. This means that on an average, about 3.1% of
the waste heat of the PV module is recovered by the proposed
TREC system embedded in the PV power generation system.
Since the TREC system provides a maximum power efficiency
of 6% in the temperature range of 5–50 °C, up to 6% of the
waste heat can also be recaptured. It can be summarized that on
average, the TREC system embedded in the PV-TREC hybrid
system acts as an electrochemical power source with the average
capacity of 0.027 kWh, this means that after each 37 h, 1 kWh
of electric energy is produced by the constructed TREC system
that is a considerable amount of electric energy obtained by
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Fig. 11. Output power of the PV system with and without the proposed TREC
system.

only recapturing a portion of the waste heat of the PV module.
The cost of the TREC system and the converter connected to
it is about 125 euros. Comparing this cost with the technical
and environmental benefits (producing 1 kWh per 37 h by re-
covering waste heat and keeping the earth’s temperature lower)
obtained by utilizing the TREC system technically and econom-
ically justifies the utilization of the proposed TREC system. An
experiment was performed on a sunny day in spring, when am-
bient temperature ranged from 16 to 28 °C, to measure the daily
energy production of the constructed PV-TREC hybrid system
in two modes: First, the TREC system is in operation (PV-TREC
hybrid mode), and second, the TREC system is OFF (PV mode).
In other words, the experiment was performed to measure the
daily energy production of the PV system with and without the
proposed TREC system. Measurements were performed hour
by hour such that the results have been shown as two hour-by-
hour curves in Fig. 11. The measured data demonstrated that
the daily energy production of the PV-TREC hybrid system is
about 1.213 kWh (the area under the red curve), while the daily
energy production of the PV system without the TREC system
(usual PV system) is about 0.952 kWh (the area under the blue
curve). Thus, improvement in the daily energy efficiency of the
constructed PV-TREC hybrid system compared to a usual PV
system can be calculated as

γpv − trec

γpv
=

Epv − trec

Epv
× 100 =

1.213
0.952

× 100 ≈ 127.5%.

(20)
This means that the daily energy efficiency of the PV-TREC

hybrid system on a sunny day in spring has been improved by
27.5% compared to a usual PV system, and this is the main
contribution and novelty of this research work. Enhancement of
the daily energy efficiency is more than 27.5% on a sunny day
in summer because of further increase in the PV-module tem-
perature. On a sunny day in autumn, environmental conditions
are similar to spring, so the enhancement of the daily energy
efficiency can be considered same as that in spring, i.e., about

27.5%. Enhancement of the daily energy efficiency is less than
27.5% on a sunny day in winter because the PV module tem-
perature is not high enough, and so, the power production of
the TREC system is less than that in spring, summer, and au-
tumn. Considering the above-mentioned explanation, it can be
summarized that the average enhancement of the daily energy
efficiency of the constructed PV-TREC hybrid system compared
to a usual PV system is about 27.5% on a sunny day. During
a cloudy day the PV module is shaded, so the temperatures of
the PV module and heat sink are close to each other, and also
close to ambient temperature, as a result, the power produc-
tion of the TREC system is almost zero. Considering this point,
enhancement of annual energy efficiency of the constructed PV-
TREC hybrid system compared to a usual PV system can be
estimated as

Enhancement of annual energy efficiency

=
Number of sunny days a year

365
× 27.5%. (21)

The two converters connected to the PV module and TREC
system operate under zero-current switching (ZCS) and zero-
voltage switching (ZVS) conditions. The transformer used in
the converter connected to the PV module is a pulse transformer
with turns ratio N2/N1 = 25/15. It has been realized by uti-
lizing a Mn–Zn ferrite EI core 0T49928EC made by Magnetics
Co., and enameled copper round wire used in the primary and
secondary windings with the diameter of 2.0320 and 1.0160 mm,
respectively. As reported in Table I, the output voltage and cur-
rent of the PV module KC200GT supplied to the primary wind-
ing change in the range of 0–32.9 V and 0–8.21 A, respectively.
The voltage of the secondary winding connected to the dc bus
is 100 V, and its current ranges from 0 to 2 A. As reported in
Table I, a pulse transformer with turns ratio N4/N3 = 675/2
has been used in the converter connected to the TREC system. It
has been realized by utilizing one Mn–Zn ferrite UU core PC40
UU100 × 151 × 30 made by TDK Co., four sets of parallel-
connected enameled copper rectangular wire 5.6 mm × 16 mm
with the current rating of 227.62 A made by CMP Controls Pty.
Ltd. used in the primary winding, and enameled copper round
wire with the diameter of 0.5080 mm used in the secondary
winding. The output voltage, current, and power of the TREC
system supplied to the converter connected to it range up to
62.7 mV, 877.5 A, and 55 W, respectively. The voltage of the
secondary side connected to the dc bus is 100 V, and its current
is below 0.45 A. The two-pulse transformers operate based on
LLC resonant topology and achieve ZVS and ZCS over their op-
erating range [21]. The converter connected to the PV module
provides a power efficiency of 94.92% over its input operating
range of 200 W as shown in Fig. 12. Similarly, the power effi-
ciency of the converter connected to the TREC unit ranges up
to 73.78% when its input power changes up to a range of 55 W
as shown in Fig. 13.

The primary purity of the positive electrode (CuHCF) and
negative electrode (Cu) used in the constructed TREC system
is about 98%. The purity declines over time due to depositions
and reaches about 60% when the internal resistance of each cell
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Fig. 12. Experimental measurement: Efficiency of the converter connected to
the PV module.

Fig. 13. Experimental measurement: Efficiency of the converter connected to
the TREC unit.

increases, and the electrodes and electrolyte should be replaced.
The average lifetime of the electrodes and electrolyte of the
constructed TREC system is about 4 years.

IV. CONCLUSION

In this study, a portion of the waste heat of a PV module
was recovered by embedding the proposed TREC system in a
PV system to form a PV-TREC hybrid system. The experimen-
tal results relevant to the constructed PV-TREC hybrid system
were given that not only demonstrated that the TREC system
efficiently converts the waste heat of the PV module into elec-
tric power, but also substantiated the novelty of this research
work by harvesting up to 6% of the waste heat and improving
the daily energy efficiency of the PV-TREC hybrid system by
27.5% compared to a usual PV system. It is also clear that the
lifetime of the TREC system is less than that of a PV module.
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