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Emerging electrochemical and membrane-based
systems to convert low-grade heat to electricity
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Low-grade heat from geothermal sources and industrial plants is a significant source of sustainable
power that has great potential to be converted to electricity. The two main approaches that have been
extensively investigated for converting low-grade heat to electrical energy, organic Rankine cycles and
solid-state thermoelectrics, have not produced high power densities or been cost-eﬀective for such
applications. Newer, alternative liquid-based technologies are being developed that can be categorized
by how the heat is used. Thermoelectrochemical cells (TECs), thermo-osmotic energy conversion
(TOEC) systems, and thermally regenerative electrochemical cycles (TRECs) all use low-grade heat
directly in a device that generates electricity. Other systems use heat sources to prepare solutions that
are used in separate devices to produce electrical power. For example, low-temperature distillation
methods can be used to produce solutions with large salinity diﬀerences to generate power using
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membrane-based systems, such as pressure-retarded osmosis (PRO) or reverse electrodialysis (RED); or
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(TRBs). Among all these technologies, TRECs, TOEC, and TRBs show the most promise for eﬀectively

highly concentrated ammonia solutions can be prepared for use in thermally regenerative batteries
converting low-grade heat into electrical power mainly due to their high power productions and energy
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conversion eﬃciencies.

Broader context
Low-grade heat is a large untapped energy resource generated at various industrial plants and available from geothermal sources. Due to lack of eﬃcient and
cost-eﬀective recovery methods, low-grade heat has generally been discarded by industry and has become an environmental concern because of thermal
pollution. The critical needs for technologies that convert low-grade waste heat into electricity are a high power output, eﬃciency, scalability, and costeﬀectiveness. Research into converting low-grade heat to electrical energy has previously focused on solid-state devices and organic Rankine cycles. The primary
limitations of these approaches are their low power densities and high materials costs. Liquid-based electrochemical or membrane systems oﬀer an alternative
that is potentially cheaper and scalable. The main liquid-based technologies are thermoelectrochemical cells, thermo-osmotic energy conversion systems,
thermally regenerative electrochemical cycles, salinity gradient energy based systems, and thermally regenerative batteries. Among these, the most favorable
emerging technologies are thermo-osmotic energy conversion systems, thermally regenerative electrochemical cycles, and thermally regenerative batteries due
to improved conversion eﬃciencies and higher power densities. In this article, we discuss these emerging as well as conventional liquid-based technologies and
provide our perspective on the potential of low-grade heat conversion technologies for cost-eﬀective electricity generation.
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1. Introduction
Significant quantities of low-grade heat (temperature o130 1C)
are available globally from geothermal sources and various
industrial plants.1–4 The potential low-temperature energy from
geothermal sources was estimated to be significantly higher than
the annual global energy consumption including transportation.5–7
Low-grade waste heat generated at industrial plants in the USA
equals approximately half of the current energy demand of the
United States (2.9  104 TW h in 2013) (Fig. 1).8,9 The waste heat
potential of primary energy sectors in China, the world’s largest
energy consumer, is estimated to range from 15% to 40% of the
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in a device that simultaneously generates electrical power. In
indirect utilization, low-grade heat is used to produce solutions
that have diﬀerences in salinities or concentrations, which are
subsequently fed into a separate power production unit. The two
main indirect methods of utilizing low-grade heat through
external fluid regeneration that are being developed are salinity
gradient energy (SGE) systems36 and thermally regenerative
batteries (TRBs).37 We review here both groups of liquid-based
methods, summarize their power densities together with their
thermal-electrical eﬃciencies, and provide our perspective on
the potential of these low-grade heat conversion technologies
for cost-eﬀective electricity generation.

2. Methods for direct conversion of
low-grade heat to electricity
Fig. 1

Waste heat production in the primary industrial energy sectors.

total fuel input.10 In the UK, the potential cost savings with lowgrade waste heat recovery could reach $370 M per year, with
potential greenhouse gas reductions of up to 2093 ktCO2 eq. per
year.11
Technologies to convert low-grade heat to electricity must
produce high power densities (per unit area or volume) and be
eﬃcient, scalable, and cost-eﬀective.2,12 Among the diﬀerent
methods for converting low-grade heat into electricity, organic
Rankine cycles (ORCs) and solid-state thermoelectrics (TEs),
have been the most extensively studied.1,13–17 An ORC is an
engine that converts heat into mechanical work that is used to
produce electrical power.18–20 The organic working fluids for an
ORC must have relatively low boiling points and high vapor
pressures (e.g., hydrochlorofluorocarbons or hydrocarbons) so
that they can be evaporated using low-grade heat.18,21,22 The
working fluid in an ORC first evaporates and then expands in a
conventional mechanical to electricity conversion system.1,23
TEs offer a simpler approach based on direct conversion of
temperature differences to electrical power using semiconductors
or semi-metals that have high electrical conductivities and thermoelectric sensitivities (i.e., Seebeck coefficients).24–27 In a TE device,
voltage is generated from different temperatures on each side of
the device.13,28 Despite much progress over the past decades, ORCs
and TEs have not been used for large-scale conversion of low-grade
heat to electricity for various reasons, including relatively low
power densities, high material and/or operational costs, lack of
capacities for energy storage, system complexity, and low heat-toelectricity conversion efficiencies.29–31
New, liquid-based technologies are an alternative approach
for conversion of low-grade heat into electricity that may be
more eﬀective than past approaches.32 These new technologies
can be categorized into two major groups based on how the heat
source is applied: direct and indirect utilization of low-grade
heat. Thermoelectrochemical cells (TECs),33 thermo-osmotic
energy conversion (TOEC) devices,34 and thermally regenerative
electrochemical cycles (TRECs)35 all use low-grade heat directly
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For direct electrical power generation from low-grade heat, the
heat source is applied directly to the power production unit and
therefore continuously generates electrical power from solutions
with two diﬀerent temperatures. With TECs and TOEC systems,
diﬀerent temperatures are applied to diﬀerent sides of the cell,
while in a TREC, the cell is charged and discharged at diﬀerent
temperatures.
2.1.

Thermoelectrochemical cells

TECs produce steady electric current under an applied temperature
diﬀerence between the electrodes. The hot electrode is designated
as the anode, and the cold electrode as the cathode.38–40 The cell
that is filled with a temperature-dependent redox couple (e.g., ferri/
ferrocyanide) in an aqueous,41,42 non-aqueous (e.g., ionic liquid),32,43
or mixed electrolyte44,45 creates a potential difference proportional
to its Seebeck coefficient. When the circuit is closed, current flows to
reach electrochemical equilibrium. The reduced species are oxidized
at the anode and generated at the cathode. The built-up
concentration gradient drives a flux that returns the reduced
species to the anode and the oxidized species to the cathode. A
steady-state current is maintained as long as there is a temperature
difference between the electrodes (Fig. 2).31,46
Since the introduction of a TEC in 1957,47 the maximum
power densities (P) and thermal-electrical conversion eﬃciencies,
reported relative to Carnot eﬃciency (Zt/C), have significantly
improved, especially by using carbon nanotube electrodes. For
example, in 1996, a TEC with a ferri/ferrocyanide redox couple in
an aqueous electrolyte and platinum electrodes produced only
P = 3.6  103 W m2-electrode pair area with Zt/C = 0.6%.48 By
2010, these had been increased to P = 1.8 W m2 and Zt/C = 1.4%
using multi-walled carbon nanotube (MWCNT) buckypaper
electrodes and the same redox couple.31 The highest reported
eﬃciency relative to the Carnot limit for a TEC is 3.95%
(P = 6.6 W m2) based on using a carbon-nanotube aerogelbased electrode in an aqueous ferri/ferrocyanide electrolyte.42
The highest power density of a TEC of 12 W m2 was obtained
by using a highly concentrated ferri/ferrocyanide electrolyte,
but at a lower eﬃciency of Zt/C = 0.4%.49
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Fig. 2 Schematic of a TEC with a ferri/ferrocyanide redox couple. A
steady-state current is maintained as long as there is a temperature
diﬀerence between the electrodes.

2.2.

Thermally regenerative electrochemical cycles

Electricity production based on the TREC method was originally
developed a few decades ago for operation at high-temperatures
(4500 1C), with the percentage of the Carnot eﬃciency reaching
40–50%. Through fabrication of electrode materials with a fast
charge transfer and high charge capacity at low temperatures, a
TREC operating at low temperatures (o130 1C) was demonstrated a few years ago.35,50 TREC conversion of low-grade heat
to electricity uses an electrochemical cell in which electrodes
discharged at a low temperature (TL) can be recharged at a
higher temperature (TH). The charging voltage at TH is lower
than the discharging voltage at TL, which leads to net energy
production by the voltage difference (Fig. 3).35,51,52 The electrode
materials used in TRECs include solid copper hexacyanoferrate
(CuHCF) cathodes and Cu anodes,35 nickel hexacyanoferrate
(NiHCF) cathodes and Ag/AgCl anodes,52 and Prussian blue
particles on both carbon cloth electrodes.51 The thermalelectrical efficiencies of these low temperature TRECs have been
significantly higher than those of TECs. For example, a maximum
thermal efficiency of 5.7% (Zt/C = 38%) was obtained in a TREC
with a CuHCF cathode and Cu anode, with the cell operated at a
temperature difference of 50 1C (TL of 10 1C and TH of 60 1C).

Review

Sodium nitrate was used in the catholyte, while a copper nitrate
was used in the anolyte, and an anion exchange membrane was
used to separate the chambers and avoid the transfer of copper
ions from the anolyte to the catholyte, which would produce an
undesirable side reaction between CuHCF and copper ions.35
One potential issue with TRECs that use CuHCF and Cu
electrodes is the need for an anion exchange membrane, which
increases capital and maintenance costs and loses its permselectivity at higher temperatures.53 To avoid these problems,
the ion-selective membrane was replaced by an inexpensive
porous separator. Using a NiHCF cathode and a silver/silver
chloride anode with a glass fiber filter separator, and a potassium
chloride and nickel nitrate electrolyte, a TREC achieved a
maximum thermal eﬃciency of 3.5% (Zt/C = 29%), when operating
between 15 1C and 55 1C.52 The system also showed a better
cycling performance compared to the previous TREC with CuHCF/
Cu electrodes.
While most TRECs require additional external electrical power
for the charging process, one TREC was developed where the
charging process was accomplished using thermal energy. The
cell consisted of a carbon cloth electrode loaded with Prussian
blue particles immersed in a soluble ferrocyanide/ferricyanide
redox pair. The thermal-electrical conversion eﬃciency reached
2% (Zt/C of 17%) when the cell was operated between 20 1C and
60 1C.51 For long-term operation, the reduction in permselectivity
of the ion-selective membrane could be an issue for this type of
thermally-charged TREC.
The thermal-electrical eﬃciency (Zt) of a TREC is the ratio of
the discharged electrical energy (We) and the required thermal
energy (Q) for charging. The discharged electrical energy can be
calculated as the diﬀerence between the maximum electrical
energy (Wmax) and the ohmic energy loss (Wloss), where Wmax is
the product of the diﬀerences in the low and high temperatures
and the total entropy change in the cell reaction, or Wmax =
DTDS.35,54 The ohmic energy loss can also be calculated as
Wloss = I (RH + RL), where I is the current used in cell discharging
and charging (which are assumed to be equal), RH the cell

Fig. 3 Schematic of a TREC with a solid CuHCF cathode and a solid copper anode immersed in a copper nitrate (anolyte) and a sodium nitrate
(catholyte) electrolyte, separated by an anion exchange membrane. The cell discharged at a low temperature (TL) can be recharged at a higher
temperature (TH). The charging voltage at TH is lower than that at TL, leading to a net energy production by the voltage diﬀerence, which originated from
the heat absorbed at the higher temperature.
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internal resistance at TH, and RL the cell internal resistance
at TL. The thermal energy required for the cell charging
includes the heat adsorption at TH (QH = THDS), and the
external heat requirement to raise the temperature of the cell
(QHX). Consequently, Zt can be expressed as35

Published on 21 December 2017. Downloaded by Pennsylvania State University on 14/02/2018 17:17:40.

Zt ¼

We Wmax  Wloss DTDS  I ðRH þ RL ÞnF
¼
¼
TH DS þ QHX
Q
QH þ QHX

(1)

The entropy change in the cell reaction of a TREC can be
calculated as DS = acellnF, where acell is the temperature
coeﬃcient of the electrochemical cell (V/K), n is the number
of electron transfer of the redox reaction, and F is the Faraday
constant (96 485 C mol1), producing
Zt ¼ ZC

1  I ðRH þ RL Þ=acell DT
1 þ ZC QHX =acell nFDT

(2)

Using the Carnot eﬃciency, ZC = 1  TL/TH = DT/TH, the
thermal-electrical eﬃciency relative to the Carnot eﬃciency is
therefore:
Zt=C ¼

Zt
1  I ðRH þ RL Þ=acell DT
¼
ZC
1 þ ZC QHX =acell nFDT

(3)

Power density is also a key parameter for evaluating conversion of low-grade heat to electricity. For a TREC, the average
power production is54
P¼

ðacell DT Þ2
8ðRH þ RL Þ

(4)

These equations show the relationship between the low-grade
heat temperature and thermal-electrical eﬃciency and power
production.
2.3.

Thermo-osmotic energy conversion

The concept of TOEC was recently introduced as an approach
for generating electricity from low-grade heat.34 In TOEC, a
temperature diﬀerence is used to drive liquid through a
membrane from a reservoir at ambient pressure to a highpressure reservoir (Fig. 4). As thermo-osmotic (i.e., temperaturedriven) liquid flow occurs through the membrane, the liquid
becomes pressurized. This flow is then depressurized through a
turbine to do work and generate electricity. In principle,
diﬀerent liquids and membranes can be used in the system.
Thus far, research has focused on systems utilizing water and
hydrophobic porous membranes.34,55 The hydrophobic membranes
trap air within their pores when immersed in water forming a
barrier between the two reservoirs (Fig. 4, inset). The temperature
diﬀerence across the membrane causes a partial vapor pressure
diﬀerence, which drives vapor flow from the hot to the cold side of
the membrane.
Energy conversion in TOEC occurs because the membrane
translates thermal energy to hydraulic energy. The maximum
hydraulic pressure diﬀerence, DPh, that can be theoretically

This journal is © The Royal Society of Chemistry 2018

Fig. 4 Schematic of the TOEC process. A temperature diﬀerence across
the membrane drives liquid from the hot feed to the cold permeate
reservoir against a hydraulic pressure diﬀerence, DPh. The pressurized
flow of water is directed through a turbine to generate electricity. Inset
shows water vapor transport through a hydrophobic porous membrane.

generated with a given temperature diﬀerence in thermo-osmosis
is defined by56


Q
TC
(5)
DPh;max ¼
1
VM
TH
where TC is the temperature on the cold side of the membrane,
TH is the temperature on the hot side of the membrane, VM is the
molar volume of the liquid, and Q* is the heat transferred per
mole of fluid permeating across the membrane. For systems
utilizing water and hydrophobic membranes, Q* is equal to the
enthalpy of vaporization of water (41 kJ mol1). Using this value
of Q*, the driving force from a given temperature diﬀerence is
very large. For example, with only a 5 1C temperature diﬀerence
across the membrane, the thermo-osmotic flow can theoretically
generate hydraulic pressures up to around 40 MPa (400 bar).34
The first experimental demonstration of the TOEC system
was conducted using water as working fluid and hydrophobic
polytetrafluoroethylene (PTFE) membranes with a pore size
around 77 nm.34 The membrane operated up to a hydraulic
pressure diﬀerence of 1.3 MPa (13 bar) before liquid water
began displacing air in the membrane pores. Using a temperature
of 60 1C in the hot feed reservoir and 20 1C in the cold permeate
reservoir, a power density of 3.5 W m2-membrane was obtained
at a hydraulic pressure diﬀerence of 1 MPa (10 bar).
The heat-to-electricity energy conversion eﬃciency of TOEC
is highly dependent on how heat is managed in the system.56
Heat transfer across the membrane will necessarily occur as
water vapor evaporates on one side of the membrane and
condenses on the other side, carrying with it the enthalpy of
vaporization. However, there is also non-essential heat transfer
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that occurs as heat is conducted in the membrane material and
air gap. The thermal eﬃciency of the membrane, Zm, is used to
quantify the eﬀectiveness of heat transfer for a given membrane.
This parameter is defined as the amount of heat transferred
across the membrane in the enthalpy of vaporization divided by
the total heat transferred.
Zm ¼

Jw hvap
Kc
Jw hvap þ DT
d

(6)

Here, Jw is the water flux across the membrane, hvap is the enthalpy
of vaporization, Kc is the thermal conductivity of the membrane,
and d is the thickness of the membrane. It is desirable to increase
the thermal eﬃciency by enhancing the membrane permeability
and reducing the thermal conductivity of the membrane.
Using a full-scale system analysis, the overall thermalelectrical eﬃciency, Zt, of TOEC can be obtained from the work
output, We, divided by the thermal energy input, Q:34


We DPh Zm DT  DTth;C  DTM
¼
(7)
Zt ¼
Q
hvap r DTth;H þ DTM þ DTHX
where r is the density of the liquid, DTM is the excess temperature
diﬀerence in the membrane module, and DTHX is the temperature
diﬀerence in the heat exchanger. The thermal-electrical eﬃciency
relative to the Carnot eﬃciency, Zt/C, can be obtained by dividing
eqn (7) with the Carnot eﬃciency, Zt/C = Zt/ZC.
Lower values of DTM and DTHX represent more eﬃcient
systems with larger membrane modules and heat exchangers.
In eqn (7), DTth,H and DTth,C are the threshold temperature
diﬀerences on the hot and cold sides of the membrane module.
These threshold temperature diﬀerences are needed to account
for the impact of hydraulic pressure on the driving force across
the membrane. They represent the eﬀective loss in temperature
diﬀerence across the membrane due to the applied hydraulic
pressure diﬀerence, DPh, and can be determined using eqn (5).
Further explanation of the parameters used in the eﬃciency
estimation is given elsewhere.34,56
Advanced models have been used to determine that the
maximum eﬃciency of a realistic TOEC system will be around
34% of the Carnot eﬃciency (4.1% overall eﬃciency) when
operated with hot and cold temperatures of 60 1C and 20 1C,
respectively.56 Obtaining this high eﬃciency will be possible if
membranes are developed that can reach pressures of 50 bar,
and if improvements that appear to be feasible are made in the
membrane permeability. However, heat exchanger losses are
also likely to reduce the obtainable eﬃciency by around 50%.
Since TOEC is at the early stages of development, further
experimental and theoretical studies will be needed to fully
characterize the potential of this process for power production.

3. Power generation through
regeneration of an external working fluid
An alternative approach to convert low-grade heat to electricity
is to use the available heat in a working fluid regeneration unit
instead of the power production unit. In this approach, the
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thermal energy can be stored for use until needed in an
electrolyte as chemical energy and then converted into electrical
power, enabling these technologies to both store energy and
produce power when needed.
3.1.

Technologies based on salinity gradients

Technologies have been developed to produce electricity from
mixing two solutions of diﬀerent concentrations or salinities.36,57,58
While naturally occurring salinity gradients (e.g., river water and
seawater) have been widely investigated for power production,
engineered salinity gradients generated by low-grade heat can also
be used.7,59–61 By using a thermally instable salt solution (i.e.,
thermolytic solution) as the working fluid, such as ammonium
bicarbonate, low-grade heat can be used in a conventional process
such as a distillation column to separate ammonia and carbon
dioxide, and generate streams with different salinities.62–64 The
practical efficiency of the process was estimated to be in the
range of 5–10% of the Carnot efficiency.63 Streams with different
concentrations of ammonium bicarbonate (i.e., working fluids)
can then be used in a previously developed SGE-based process
such as pressure retarded osmosis (PRO),36,65–67 reverse electrodialysis (RED),36,68,69 or capacitive mixing (CapMix).70–73 SGE
technologies with thermolytic solutions have several benefits
when compared with seawater and river water, including no need
of any chemical/physical pretreatment, and no constraints on
location near rivers and seawater.63,74 The power densities
produced using ammonium bicarbonate solutions in RED have
ranged from 0.20–0.84 W m2-membrane,75–78 and from
5–10 W m2-membrane using PRO.79,80 Maximum power densities
using CapMix have been significantly lower, with 6.3 mW m2
produced using manganese oxide and metallic lead electrodes.81
3.2.

Thermally regenerative batteries

A new approach developed in 2015 for producing electricity,
called a thermally regenerative battery (TRB), is based on
oxidation and reduction of metal electrodes.37 In a TRB,
chemical potential is generated from the formation of metal
ammine complexes, which are produced by adding a ligand
such as ammonia to one electrolyte making it the anolyte, but
not to the other electrolyte (catholyte). When the potential
diﬀerence between the electrodes is discharged, the anode
undergoes oxidative dissolution, and aqueous metal ions are
reduced and deposited on the cathode. After the cell discharges,
the ligand is separated from the anolyte using a conventional
heat-based separation technology, such as distillation, and then
added to the other electrolyte for the next discharge cycle. The
first developed TRB used copper electrodes and ammonia as the
ligand in the anolyte (a thermally regenerative ammonia battery,
TRAB). A copper nitrate salt with an ammonium nitrate as the
supporting electrolyte was used in both chambers (Fig. 5).37,82
TRBs have already produced significantly higher power densities
than the previous thermal-electrical conversion approaches. The
first TRAB using ammonia as the ligand produced a maximum
power density of P = B80 W m2-electrode area, with a thermal
eﬃciency relative to the Carnot eﬃciency of Zt/C = 6.2%.37 Both
power density and thermal-electrical eﬃciency were improved
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Fig. 5 Schematic of a TRB with copper electrodes and copper salts as well as ammonia only in the anolyte. Two chambers are separated by an anion
exchange membrane. After the cell discharges at room temperature, ammonia is separated from the anolyte using a conventional distillation process,
and then added to the other electrolyte for the sequel discharge cycle. Unlike TEC in which power is produced as long as a temperature gradient is
present inside the cell, TREC and TRB generate electricity in a cell with a constant temperature and utilize thermal energy to recharge the cell, enabling
the system to store energy (i.e., performing as a battery).

using an anion exchange membrane with lower resistance,
producing P = 106 W m2 with Zt/C = 7%.83 By using ethylenediamine as the ligand in a TRB, called a thermally regenerative
ethylenediamine battery (TRENB), power was further increased
to 120 W m2, which was 1.5 times higher that of a TRAB.84
However, because ethylenediamine is an azeotrope, its separation
from solution was estimated to require more energy than that of
an ammonia solution, and so the thermal eﬃciency relative to
the Carnot eﬃciency was lower, at Zt/C = 3.1%. Energy recoveries
could likely be improved for all these TRB processes through
optimization of the separation processes.
TRB performance can be improved through the use of elevated
temperatures. For example, a TRAB showed a linear increase in
maximum power densities with temperature, producing 236 W m2
(normalized to the projected electrode area) at 72 1C, compared to
95 W m2 at 23 1C.82 This was the highest power density reported
for a low-grade heat conversion system. A high Zt/C of 12.5% was
also obtained at 72 1C.82 The improved power at higher
temperatures was due to reduced electrode overpotentials and
more favorable thermodynamics for the reactions, particularly
copper oxidation at the anode. However, operation at higher
temperatures increased self-discharge as a result of reduced
membrane selectivity, due to ammonia transport across the
anion exchange membrane, which resulted in a decrease in
energy densities.
The main challenge of electricity production using TRABs is
long-term stability of the electrodes over multiple cycles. TRABs
based on copper electrodes could only be operated for a limited
number of recharging cycles due to unbalanced rates of gain
and loss of metal on the copper electrodes (i.e., low reversibility).
While the cathodic deposition of copper is eﬃciently regained
from the current (i.e., good cathodic coulombic eﬃciency, CCE),
the conversion of anode copper into current of TRABs is only
35% (i.e., anodic coulombic eﬃciency, ACE).37,82,85 The use of
ethylenediamine (TRENB) as an alternative ligand to ammonia
(TRAB) enhanced the ACE to 77%.84 Despite this significant
improvement in ACE by using ethylenediamine instead of ammonia,
irreversible losses of copper from the anode were not eliminated.

This journal is © The Royal Society of Chemistry 2018

To address the reversibility issue, a silver-based TRAB with an
ammonia ligand (Ag-TRAB) and carbon electrodes was proposed
as an alternative to the copper-based TRAB.86 With silver, the
cathodic and anodic coulombic eﬃciencies of the TRAB were the
same (B100%), resulting in a fully reversible system for converting
low-grade heat into electricity over many successive cycles. Successive
deposition and dissolution cycling showed the system was stable
over a hundred cycles. While the cost of Ag is much higher than that
of copper, the mass of Ag used in the Ag-TRAB was minimized by
using carbon electrodes and silver salt solutions rather than solid or
mesh metal electrodes used for the copper TRAB.
Both fed-batch and flow reactor configurations have been
examined for electricity production using TRABs. The first
TRAB configuration was a small fed-batch reactor, with relatively
large catholyte and anolyte chambers compared to the size of the
copper mesh electrodes, producing an overall electrode area per
volume of reactor of 6 m2 m3.37,87 The 1 cm distance between
the electrodes also contributed to a high proportion of the total
internal resistance due to the solution resistance. For example, in
this fed-batch cell with 0.1 M copper nitrate, 5 M ammonium
nitrate and 2 M ammonia, the solution resistance was 22% of the
total resistance of the cell.37 To improve the electrode specific
area and decrease the cell resistance, more compact flow
configurations were developed for copper and silver-based
TRABs.85,86 The electrode surface area per volume was increased
from 6 m2 m3 (fed-batch) to 600 m2 m3 (flow Cu-TRAB) or
10 000 m2 m3 (flow Ag-TRAB), resulting in higher energy
densities. For example, the energy density of a flow Cu-TRAB
increased by up to 40% compared to that of the fed-batch
Cu-TRAB.85 The power density of flow TRABs could be further
improved by simply stacking individual cells in series or parallel
configurations. The result showed that P of a Cu-TRAB
linearly increases with the number of cell pairs, with a slope
of 16 mW per cell pair.85
Thermal-electrical energy conversion in TRBs is a two-step
process: low-grade heat is first converted to the chemical energy
stored in the battery during the charge process, and then the
chemical energy is converted to electrical power during the

Energy Environ. Sci., 2018, 11, 276--285 | 281

View Article Online

Energy & Environmental Science

Review

discharge process.37,84 The charging energy eﬃciency (Zch) is
calculated as the ratio between the chemical energy stored in
the battery (DG) and the required thermal energy (Q) for
electrolyte regeneration (i.e., battery charging), as:
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Zch ¼

DG nFEOCV
¼
Q
Q

(8)

where EOCV is the cell open-circuit voltage. The discharge
energy eﬃciency (Zd) is the ratio of the discharged electrical
energy (We) and the chemical energy stored in the battery, or86
Ð
Pdt
We
Zd ¼
¼
(9)
nFEOCV nFEOCV
where the discharged electrical energy is calculated by integrating
the power-time profile.
The overall thermal energy eﬃciency (Zt) is then defined to
determine the eﬃciency of TRB for converting low-grade heat to
electricity, and is calculated as the ratio of the discharged
electrical energy and the thermal energy required for the
battery charge, as:
Ð
Pdt
Zt ¼
(10)
Q
To provide a better comparison between TRBs and other
techniques, the overall thermal energy can be compared to
the Carnot eﬃciency (ZC). The thermal eﬃciency relative to the
Carnot eﬃciency is therefore:
Ð
Pdt
Z

Zt=C ¼ t ¼ 
(11)
TL
ZC
Q 1
TH

4. Prospects for low-grade heat
conversion to electricity using
liquid-based technologies

Fig. 6 Comparison of the liquid-based approaches of converting low-grade
heat to electricity. The figure indicates (a) the power density and eﬃciency
relative to the Carnot limit and (b) research time of TEC (blue colored) with
platinum (TEC-Pt, open symbols)39 or with carbon nanotube electrodes
(TEC-CNT, filled symbols);31,40,42,49 SGE (gray colored) technologies including
RED (asterisk),75–78 and PRO (cross);79,80 TREC (red colored) with (filled
symbol),35 or without (open symbol)52 an ion-exchange membrane, or a
charging-free TREC (patterned symbol);51 TRB (green colored) with a batch
reactor and copper electrodes and ammonia ligand at room (filled
symbols)37,83 or elevated (vertical line) temperatures,82 a TRB with ethylenediamine ligand (diagonal line),84 and a flow copper (horizontal line)85 or silver
(open symbol) TRB;86 and TOEC (orange colored).34,56 The highlighted area in
part b indicates the time period that each technology has been developed.
The power densities reported here are for lab-scale systems with relatively
small electrode or/and membrane areas.

The conversion of low-grade heat into electrical power using
liquid-based technologies oﬀers many advantages over the
solid-state thermoelectrics, including higher power densities
and conversion eﬃciencies, the use of inexpensive materials, and
the possibility of energy storage. A comparison of the representative
higher power densities and eﬃciencies for the seven diﬀerent
thermally-based processes, the relatively newer technologies, TOEC,
TREC, and TRB, exhibit higher power densities and energy conversion eﬃciencies than older technologies (Fig. 6a). Considering these
three technologies are also quite recently developed compared to
the other processes (Fig. 6b), they may have a greater potential for
further improvement compared to other processes that have been
under development for decades. The older technologies have
improved in terms of power densities and thermal eﬃciencies,
but in general they lag behind those produced with the newer
technologies. For example, the highest P reported for a TEC of
12 W m2 was an order of magnitude lower than those of TRBs

(P B 100 W m2). Future applications of TECs are envisioned to
be focused more on designing this technology as wearable
devices for power production, where the utilization of body heat
could power small portable electronics that require very low
power densities, rather than for large-scale electricity generation.
To bring TOEC, TREC and TRB technologies to practical
applications at larger scales, improvements are still needed to
enhance the power densities and/or conversion eﬃciencies, while
further reducing the cost of materials. For example, to make
TRECs more competitive, power densities in particular would
need to be improved, as they are only B5 W m2-electrode area.37
The improvement in power density could be obtained through
optimizing the cell configuration and the salt concentrations,
using electrodes with faster charge transfer kinetics, and by
decreasing a cell’s internal resistance. For example, membranes
with lower resistances could be fabricated, and electrolytes with

This last result shows the direct relationship between electrical
power production and the low-grade heat temperature.
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higher conductivities could be used. The electrode reversibility
and cell durability are particularly important for TRECs. In
TRECs that use a copper anode, the rate of copper dissolution
during the cell discharge and the rate of deposition during the
charging process should be carefully monitored. An unbalanced
rate of dissolution and deposition leads to a loss of copper from
the electrode, which would impair long-term operation. In addition,
the durability of the cell materials, especially the membranes,
should be considered in future studies.
To advance TOEC systems, further experimental work is
needed to demonstrate that increased power densities can be
obtained by using higher pressures, which would shift this
technology in Fig. 6 toward the top right of the plot. To achieve
this goal, hydrophobic porous membranes must be produced
that are able to withstand hydraulic pressures of at least
50 bar by decreasing the membrane pore size and increasing
hydrophobicity.34 Improvements in membrane structure to
increase permeability and porosity will also aid in enhancing
performance. These improvements should be feasible given
recent advances in membranes for other applications such as
membrane distillation.88–90 The TOEC efficiency may also
benefit from using working fluids in closed-loop cycles with a
lower heat of vaporization (e.g., organic solvents) or by optimizing
the process to improve heat recovery.34,55
A variety of challenges remain to improve the performance
and sustainability of TRBs for producing electricity using lowgrade heat sources. For TRBs, power densities are the highest of
all these technologies, but the heat-to-electricity eﬃciency
of TRBs needs to be improved through optimization of the
charging process. To date, all estimates of thermal eﬃciencies
are based on process simulations using only a partially optimized
approach with a vacuum distillation column and not actual
systems. The heat duty was estimated by optimizing temperature,
pressure, and molar flow,37,82,85 but the thermal energy requirements could be further improved by optimizing other distillation
column parameters including the number of stages, feed stage
location, and reflux ratio. Alternative separation processes could
also be explored, such as air stripping, to decrease the separation
energy requirements, and thus, improve the overall thermalelectrical conversion eﬃciency. Higher power densities could
likely be obtained using Ag-TRABs, as the impact of temperature
has so far only been examined for copper-based TRABs
(Cu-TRABs).82 A stack of flow Ag-TRABs connected in parallel
or series could also likely improve power and energy densities
as shown for Cu-TRABs. The power densities of TRBs have only
been reported for lab-scale cells with relatively small electrode
areas. In order to have a more accurate estimation of power
density, a scaled up TRB should be built and operated.
A more comprehensive techno-economic analysis is needed
to better evaluate the extent that specific advances are needed
for these various technologies (TOEC, TREC, or TRB) to make
them competitive with electricity generation using other
technologies. An initial economic analysis for a Ag-TRAB system
based on just the materials showed that materials costs were
1.8 times more than the average electricity price in the U.S.
($120 MW h1), due primarily to the cost of the membrane and
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the silver.86 However, it was estimated that this could be reduced
to $120 MW h1 if the cost of just the membranes was reduced to
$10 m2. Such a reduction of membrane costs could likely be
achieved through mass production of the membranes, as shown
by the large decrease in reverse osmosis membrane cost as the
technology has achieved much greater market penetration in the
seawater desalination field. Other potential benefits of these new
low heat technologies, such as a lack of air pollution for the
electricity produced, and beneficial issues related to health and
climate change, should also be included in a full life-cycle
analysis. Although the costs of building and operating these
low-grade heat conversion technologies are currently higher
than that of conventional technologies, such approaches could
provide a clean method of electrical power generation from
resources that are currently not captured for this purpose.
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