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H I G H L I G H T S  

• Membrane conductivity was the primary driver of power density for the Cuaq-TRAB. 
• Theoretical energy efficiency limits were established for a range of operating conditions. 
• Volumetric footprint of Cuaq-TRAB relative to power output of a natural gas turbine was estimated.  
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A B S T R A C T   

Thermally regenerative ammonia batteries (TRABs) use low-temperature (T < 100 ◦C) heat to provide stationary 
energy and power with higher power densities and efficiency relative to other waste heat devices. TRABs are an 
active area of research in waste heat devices, but currently there is little consensus on what aspect of the system 
is limiting TRAB performance and what maximum efficiencies are possible. Experiments and numerical models 
were used here to examine the sensitivity of the battery and distillation column in a TRAB system to key 
operating variables, thereby establishing practical limits and identifying focus areas for improving performance. 
Battery power was eight times more sensitive to ohmic losses than kinetic and mass transfer losses, regardless of 
the operating temperature, and the peak power density was simulated to be 18.8 mW cm− 2 at 75 ◦C. Theoretical 
energy efficiency limits were defined for a series of ammonia concentrations and operating pressures, ranging 
from 5 − 12%, which is 2–3 times higher than previous experimental estimations. Atmospheric pressure column 
operation used a larger amount of waste heat compared to sub-atmospheric pressure. It is estimated that the 
volume of the battery would take up 9.2 m3 for every 1% of the power output of a natural gas turbine, but with 
realistic improvements to cell conductivity, the size would reduce to 2.5 m3. The results presented in this work 
will help streamline future development by focusing on minimizing ohmic losses and provide specific data for full 
system evaluation of future TRABs.   

1. Introduction 

It is estimated that there is roughly 262 EJ of low-temperature (T <
100 ◦C) waste heat available around the world, with over half of it being 
produced at stationary sources in the power generation and industrial 
sectors [1]. Many different devices such as thermoelectrics and heat 

pipes are being considered to generate power from low-grade heat, but 
they have low power densities and cannot store energy [2]. Recent re
views have demonstrated that thermally regenerative electrochemical 
cycles, thermos-electrochemical cells, and thermally regenerative bat
teries (TRBs) have relatively high efficiencies and power densities while 
also being able to store energy, with TRBs having the best efficiency and 
power to date [3–8]. TRBs use ligand chemistry to modify the 
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equilibrium potential of a single redox reaction thereby creating a po
tential difference between two otherwise identical electrolytes. These 
electrolytes are stored in external tanks and pumped into the reactor 
stack to undergo redox reactions that store or provide electrical energy. 
One electrolyte will contain a ligand that can be thermally recharged 
using the low temperature waste heat through a process such as flash or 
continuous distillation. The most commonly used ligand is ammonia; 
however, ethylenediamine and acetonitrile-based systems have also 
been demonstrated. Both ethylenediamine and acetonitrile can provide 
some battery performance improvements but have additional limita
tions such as the formation of azeotropes with water (which increases 
the complexity of battery recharging), lower solubility limits, increased 
pumping losses, and greater conductivity losses [9–12]. 

The metals and supporting electrolytes used in thermally regenera
tive ammonia batteries (TRABs) are critical to stability and perfor
mance. TRABs that are based on reversible solid copper deposition and 
ammonia electrolytes have been extensively studied [13–16] but suffer 
from thermodynamic instability of solid copper due to irreversible losses 
caused by metal salt precipitation in the presence of ammonia, which 
drives down coulombic efficiency [17–19]. Using silver instead of cop
per avoids metal losses due to precipitation and therefore had high 
coulombic efficiency [20], but higher material costs and issues with 
deposition uniformity [21] limit the potential of this approach. Bime
tallic TRABs using zinc and copper metal can significantly increase the 
power density of the battery as a result of large potentials during 
discharge. However, this chemistry has lower coulombic and energy 
efficiencies because copper-ammonia stability is not addressed, and the 
system design is more complex with multiple distillation steps and an 
electric recharging step [22–26]. Purging the electrolytes of oxygen 
using an inert gas and changing the anions to bromide, a weak field 
ligand, from nitrate and sulfate to stabilize Cu(I) rather than Cu(0) 
resulted in a new TRAB (referred to as the Cuaq-TRAB) that avoids these 
problems, producing a high coulombic efficiency, power density, energy 
density, and thermal efficiency relative to previous single-metal TRAB 
chemistries [27,28]. 

Thermally regenerative batteries are designed to use low tempera
ture heat for the thermal separation and therefore, there have been 
previous TRAB investigations to demonstrate the impact of temperature 
on battery performance with results showing moderate power increases 
with little energy density losses [13,25,29]. Due to low membrane 
conductivity in TRAB electrolytes, elevated temperature could help in
crease power because conductivity usually increases with temperature. 
The fluid temperature and pressure have also been shown to impact the 

energy required for thermal separation of ammonia from the anolyte 
[25,30–32]. However, basic relationships between battery temperature, 
electrolyte composition and energy required for thermal separation have 
yet to be determined and these aspects are of high importance because 
they impact both power density and energy efficiency. Recent work 
completed scaling analysis of a metal-based Cu-TRAB to compare its 
power output to an organic Rankine cycle (ORC) [32] and demonstrated 
that the TRAB would have lower power than the ORC. However, this 
analysis does not consider the amount of space and therefore equipment 
that each system would require for implementation which is pertinent 
for considerations of capital expenditures and geographical footprint. 
Therefore, additional analysis should be done for proper comparison 
between TRABs and ORCs. 

In this work, we developed a model supported by experiments to 
conduct a sensitivity analysis of battery power output at and above room 
temperature to quantify sources of kinetic, ohmic, and mass transfer 
losses to identify critical research directions that can realize significant 
gains in Cuaq-TRAB performance. The sensitivity of the Cuaq-TRAB to 
kinetic, ohmic, and mass transfer losses was quantified over a range of 
battery operating temperatures. To improve full system evaluation of 
TRABs, previous models of the thermal recharging process were 
expanded upon to estimate energy requirements for a range of ammonia 
concentrations and operating temperatures to define theoretical effi
ciency limits of the Cuaq-TRAB cycle more clearly. Furthermore, we 
demonstrated the current volumetric footprint of the Cuaq-TRAB in 
comparison to a natural gas turbine and project how much smaller the 
footprint could become with battery performance gains. This work 
clearly demonstrates methods that should be used to streamline per
formance assessments of all TRBs, not just the Cuaq-TRAB, and defines 
methods upon which technology improvements should be evaluated. 

2. Materials and methods 

2.1. Materials 

Electrolyte solutions were created using ammonium bromide (99%, 
Alfa Aesar), copper (I) bromide (98%, Alfa Aesar), copper (II) bromide 
(99%, Acros Organics), and deionized water (<1 MΩcm, Aqua Solutions, 
RODI-T2). The source of ammonia was a 28 wt% ammonium hydroxide 
solution (Sigma-Aldrich). All electrolytes were purged with argon 
(99.997%, Praxair) to prevent undesired oxidation of the copper during 
testing. Nafion 117 was the separator for all full cell tests, and the 
electrodes were carbon felt (AvCarb G300A); both were used as 

Nomenclature 

Variables 
a Activity coefficient (–) 
c Concentration (mol L− 1) 
D Diffusion coefficient (m2 s− 1) 
E Potential (V) 
ECSA Active specific surface area (m− 1) 
F Faraday’s constant (C mol− 1) 
j0 Exchange current density (mA cm− 2) 
K Electrode permeability (m2) 
n Number of electrons (–) 
p Fluid pressure (MPa) 
Q Power (W) 
R Molar gas constant (J mol− 1 K− 1) 
T Temperature (K) 
u Electrolyte inflow velocity (m s− 1) 
û Ideal energy density (Wh L− 1) 
V̇ Volumetric flow rate (m3 s− 1) 

α Transfer coefficient (–) 
ε Electrode porosity (%) 
η Efficiency (%) 
µ Fluid dynamic viscosity (Pa s) 
ρ Fluid density (kg m− 3) 

Superscripts 
0 Standard 

Subscripts 
a Anolyte/Anode 
c Catholyte/Cathode 
heat Thermal 
i Species 
init Initial 
o Oxidized 
out Outlet 
r Reduced 
tot Total  
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received. 

2.2. Electrochemical characterization 

All full cell tests were run using a 25 cm2 column-pin flow field 
(FuelCellStore) on a graphite plate in a flow-through configuration, 
similar to previous work [28]. The catholyte and anolyte (100 mL each) 
were pumped into the reactor stack at 50 mL min− 1 using a peristaltic 
pump. Electrochemical characterizations were completed using a Gamry 
Reference 3000. Polarization curves were obtained by linearly sweeping 
the cell potential from the open circuit potential to 0 V at a sweep rate of 
10 mV s− 1. Discharge curves were conducted at 10 mA cm− 2 with a 
cutoff voltage of 0.35 V. The temperature of the system was controlled 
by heating the electrolyte tanks and steel reactor endplates (Fig. S1a). 
The electrolyte tanks were stored in an oil bath with a built-in heater and 
temperature control system (ThermoScientific). A thermocouple was 
inserted into the graphite flow field to monitor the temperature inside 
the electrochemical cell, and the thermocouple was connected to a 
controller that modulated the heat output of resistive heating elements 
that were adhered to the steel endplates to control the cell temperature 
(T ± 1 ◦C). 

2.3. Battery numerical model 

A 3-dimensional numerical model was created using COMSOL Mul
tiphysics to simulate polarization curves and assess the sensitivity of the 
Cuaq-TRAB to polarization losses (ohmic, mass transfer, and charge 
transfer) for a range of operating temperatures. The model was 
composed of three domains: 1) porous positive electrode, 2) membrane, 
and 3) porous negative electrode, with a simplified pin-column structure 
in each electrode chamber to capture the influence of the flow field on 
system performance (Fig. S1b). Complete details on the equations used 
to construct the model are in the supplementary information. The model 
used symmetric boundary conditions on the external walls parallel to the 
flow path to reduce the model size and computational time. The model 
depth was 0.8 cm in comparison to the actual electrode depth of 5 cm. 
Current and power density results were scaled linearly to account for the 
smaller projected area. The membrane was modeled as a linear ohmic 
drop with a fixed conductivity acting as a sink/source of NH4

+ ions to 
maintain electroneutrality within each electrode chamber. The elec
trodes were assumed to be homogenous porous media of uniform 
porosity and permeability and were assumed to be isothermal at the 
desired operating temperature. It was found that active surface area and 
permeability of the electrodes had very little impact on the polarization 
curves over possible ranges of values of these variables (Fig. S2). 
Laminar, incompressible Brinkman and continuity equations governed 
the fluid flow through the porous electrode [33]. A no-slip boundary 
condition was imposed at all non-symmetry boundary condition walls 
(flow field and membrane). The electrolyte flow path was modelled 
through the porous electrode to obtain a steady-state solution of fluid 
flow in the absence of electrochemical transport (just Eqs. S1 and S2). 
This solution was then used in the electrochemical model as a fixed flow 
path/boundary layer distribution in the electrode. It was assumed that 
the change in concentrations produced by the electrochemical reactions 
would not change the flow distribution. This method reduced total 
computational time by not having to solve the fluid mechanics and 
electrochemistry simultaneously. Fluid parameters used in the simula
tions were measured experimentally (Table 1). 

The flux and concentration change of all species in the electrode 
channels were governed by the conservation of mass and con
vection–diffusion equations [34]. We estimated the diffusion co
efficients of all copper species using the Levich equation for a rotating 
disk electrode system and data from our previous work (Table 2) 
[27,35]. It was assumed these would not change significantly with 
temperature, and this assumption was shown to have no impact on the 
power curves (Fig. S2c). Diffusion coefficients of ammonium, bromide, 

and ammonia species at all temperatures were estimated using tabulated 
molar conductivity data [36,37]. 

We modeled the kinetics within the porous electrode using the 
linearized form of the Butler-Volmer equation (Eq. S6). We assumed that 
the sum of the transfer coefficients for each reaction was one. The local 
current density was scaled to the current output of the electrode through 
the active specific surface area. The electrochemical reactions in each 
electrolyte were assumed to be single-step, one-electron redox reactions 
that did not impact the concentration of free ligand in the electrolyte 
because of the high concentration of ligand relative to copper ions. The 
positive electrode half-reaction can be written as 

CuBr2 + e− ↔ CuBr−2 . (1) 

The negative electrode half-reaction can be written as 

Cu(NH3)
2+
3 + e− ↔ Cu(NH3)

+

3 . (2) 

While the degree of copper complexation (3) is an estimation based 
off previous calculations [27], there is no impact on the voltage as a 
result of how we defined the Nernst equation and because standard 
potential values were measured experimentally. The equilibrium po
tential of each electrode was modelled using the Nernst equation, which 
for the positive electrode was 

Eeq,c = E0
c +

RT
nF

(
acCu,co

acCu,cr

)

. (3) 

Table 1 
Fluid flow parameters.  

Description Variable Value Units 

Fluid pressure p 0.1013 MPa 
Catholyte density (25, 50, 75 ◦C) ρc 1270, 1271, 

1254 a 
kg 
m− 3 

Anolyte density (25, 50, 75 ◦C) ρa 1202, 1149, 
1152 a 

kg 
m− 3 

Catholyte dynamic viscosity (25, 50, 
75 ◦C; x 10-4) 

µc 9.05, 6.40, 4.89 
a 

Pa s 

Anolyte dynamic viscosity (25, 50, 75 ◦C; 
x 10-4) 

µa 9.87, 6.62, 5.05 
a 

Pa s 

Electrolyte normal inflow velocity u 0.002 m s− 1 

Fluid outlet pressure pout 0 MPa 
Electrode permeability K 1 × 10-11 b m2 

Electrode porosity ε 90 b %  

a Measured value. 
b Estimated parameter, see Fig. S2. 

Table 2 
Electrolyte properties.  

Description Variable Values Units 

Cu catholyte species diffusion coefficient 
(I, II; x 10-10) 

DCuI,c, 
DCuII,c 

9.16, 7.52 a m2 s− 1 

Cu anolyte species diffusion coefficient (I, 
II; x 10-10) 

DCuI,a, 
DCuII,a 

4.18, 9.10 a m2 s− 1 

NH4
+ diffusion coefficient (25, 50, 75 ◦C; x 

10-10) 
DNH4+ 9.26, 12.3, 

14.5 b 
m2 s− 1 

Br- diffusion coefficient (25, 50, 75 ◦C; x 
10-10) 

DBr- 9.84, 13.1, 
15.4 b 

m2 s− 1 

NH3 diffusion coefficient (25, 50, 75 ◦C; x 
10-9) 

DNH3 1.60, 2.37, 
3.14b 

m2 s− 1 

Cu initial concentration cCu,init 0.5 mol L- 

1 

NH4
+ bulk/initial concentration cNH4+,init 5 mol L- 

1 

Br- bulk/initial concentration cBr-,init 6 mol L- 

1 

NH3 initial concentration cNH3,init 4 mol L- 

1  

a Estimated using[27]. 
b Estimated using[37]. 
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The negative electrode was written as 

Eeq,a = E0
a +

RT
nF

(
acCu,ao

acCu,ar

)

, (4) 

where Eeq is the equilibrium potential, E0 is the standard potential of 
a reaction, n is the number of electrons transferred, a is the activity 
coefficient, c is the species bulk concentration, subscript c denotes a 
species in the catholyte, subscript a denotes a species in the anolyte, 
subscript o is an oxidized species, and subscript r is a reduced species 
[35]. All activity coefficients were assumed to be one because the initial 
state of charge was used to match the open circuit potential. The initial 
state of charge of the battery (dictating the ratio of oxidized to reduced 
copper species in each electrolyte) was 99.5%, and this was the only 
value that was modified to fit the model results to the experiment. This 
choice is what enabled us to assume the activity coefficients were one 
because the concentration of each species does not change significantly 
during a polarization test and because the charge number of each species 
is similar and largely cancels out in the Nernst equation [38]. The 
standard potential of each reaction was measured using a three- 
electrode setup at a range of temperatures using a temperature 
controlled mineral oil bath (Table 3) [39]. 

To estimate cell conductivity within the electrochemical reactor, we 
measured the ohmic resistance of the full cell for a range of temperatures 
using electrochemical impedance spectroscopy. Given the high con
ductivity of the non-membrane components of the cell, it was assumed 
that the ohmic resistance was primarily due to the membrane resistance 
and contact resistances between the membrane, electrodes, and flow 
fields. Using the wetted thickness of the membrane (212 µm [41]) and 
the projected geometric area of the membrane, the cell conductivity was 
0.233, 0.282, and 0.334 S m− 1 at 25, 50, and 75 ◦C, respectively. Our 
experimental setup was only able to sustain a temperature of 65 ◦C at the 
flow cell, thus the conductivity at 75 ◦C was an extrapolation based on 
conductivities measured at lower temperatures, and the results pre
sented for 75 ◦C are a projection. 

The numerical model was used to conduct a sensitivity analysis to 
evaluate the contributions of ohmic, mass transfer, and kinetic losses to 
battery performance by modifying cell conductivity, flow rate, and ex
change current density. The “baseline” parameters for comparing per
formance were those measured experimentally at each temperature and 
a flow rate of 20 mL min− 1. To evaluate the sensitivity of the Cuaq-TRAB, 
flow rates of 10 and 50 mL min− 1 were used, and the membrane con
ductivity and the exchange current density were varied by ±20% rela
tive to experimentally measured values. These independent variables 
were chosen because they regulate ohmic, mass transfer, and kinetic 
losses in flow batteries, and they can be manipulated relatively easily (e. 
g. changing membranes, increasing pumping rate, changing catalysts). A 
range of ±20% is reasonable based on previous investigations that have 
measured the membrane conductivity with different custom membranes 
[42] and rate constants for multiple ligands at a range of concentrations 

[27]. Polarization curves were modeled for each case by increasing the 
applied current to the cell in discrete steps, with the model then esti
mating the resultant cell voltage at each applied current density. These 
were turned into power curves by p = iV, where p is the power density, i 
is the current density, and V is the cell potential difference (voltage). The 
current density was normalized to the projected geometric area of the 
cell. 

2.4. Distillation column numerical model 

For the thermal regeneration of the battery electrolytes, only the 
ammonia-water separation was taken into account due to its energy 
requirement being much higher than the energy required for separation 
of the ammonia from the copper complex [15]. Aspen HYSYS V12.1 was 
used to estimate the energy requirement of ammonia-water separation, 
with the Peng-Robinson equation of state being used for the thermo
dynamic properties and binary coefficients of the ammonia-water 
mixture [43]. We modeled the distillation column to have 10 stages 
with the feed at stage 5 (Fig. 1). The condenser operated under full 
reflux, therefore sending all the liquid back to the column, with a vapor 
product stream of >99% NH3 venting before the condenser. The bottoms 
stream was required to have a water purity of 99.9% water. The reflux 
ratio (defined as the ratio of the amount of distillate going back through 
the condenser to the amount of distillate leaving as product) was 
minimized to decrease condenser duty without sacrificing the purity of 
the distillate NH3 product stream. After the distillation column, both the 
distillate and bottoms outlet streams were sent through heat exchangers 
whose heat inputs were adjusted to set the outlet temperature of product 
streams to be equal to the temperature of the inlet stream of the distil
lation column. The operating pressure and pressure drop of the sub- 
atmospheric column and all streams were kept consistent with previ
ous TRAB distillation column models of 0.24 atm [32,44]. The atmo
spheric column had all streams at atmospheric pressure and the pressure 
drop across the column was the same as the sub-atmospheric column, to 
be consistent with previous models. 

Table 3 
Electrode kinetic and thermodynamic parameters.  

Description Variable Value Units 

Cathode exchange current density j0,c 29 a mA 
cm− 2 

Anode exchange current density j0,a 8.4 a mA 
cm− 2 

Cathode cathodic transfer coefficient αc,c 0.33 a – 
Anode cathodic transfer coefficient αc,a 0.25 a – 
Specific surface area SSA 44,010b m2 m− 3 

Anode standard potential (25, 50, 
75 ◦C) vs. SHE 

E0
c 0.53, 0.54, 0.55c V 

Anode equilibrium potential (25, 50, 
75 ◦C) vs. SHE 

E0
a − 0.21, − 0.17, 

− 0.12c 
V  

a See ref.[27]. 
b See ref.[40]. 
c Measured parameter. 

Fig. 1. Schematic of HYSYS distillation column model used for sub- 
atmospheric and atmospheric simulations. 
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Because the distillation column is modelled as a continuous process, 
the duties of each heating and cooling unit are calculated in units of 
power. This power was converted to energy using the volumetric flow 
rate to compare it to the energy output of the battery through the 
following equation 

Etot =

∑
Qi

V̇
(5)  

where Etot is the total energy requirement of the column (normalized to 
Wh L− 1 of anolyte), Qi is the power of each component (reboiler, 
condenser, distillate heater, and bottoms cooler), and V̇ is the flow rate 
into the distillation column [8]. To compare the energy requirement of 
just the units that use waste heat to the total column energy, Eq. (5) was 
modified to only include the power requirement of the reboiler and 
ammonia heater as 

Eheat =
Qreb + Qheater

V̇
(6)  

where Eheat is the heat energy requirement of the column (normalized to 
Wh L-1 of anolyte), Qreb is the power of the reboiler and Qheater is the 
power of the ammonia heater. The flow rate was 1 L s− 1 to be consistent 
with the most recent TRAB thermal regeneration publication [32], but 
by using Eqs. (5) and (6), the analysis becomes independent of flow rate 
since the power requirement of the column scales linearly with flow rate. 

To establish theoretical limits of the Cuaq-TRAB system, the theo
retical energy density of the discharge process and the thermal 
recharging energy density requirements were used to estimate cycle 
energy efficiencies. The theoretical energy density was calculated using 
values and methods from a previous publication [28], with the solubility 
limit of copper changing with the ammonia concentration. The total 
energy efficiency and efficiency relative to Carnot were evaluated as, 

ηtot =
û

Etot
, and η tot

carnot
=

ηtot

1 − TC
TH

, (7,8)  

where ηtot is the total energy efficiency, û is the theoretical energy 
density of the discharge processes, ηtot/carnot is the efficiency relative to 
Carnot, TC is the cold temperature, and TH is the hot temperature [8,28]. 
Similar to Eq. (5), Eq. (7) and (8) were modified to only account for 
heating units. Consequently, the equations were modified to use Eheat 
instead of Etot as 

ηheat =
û

Eheat
, and η heat

carnot
=

ηheat

1 − TC
TH

, (9,10)  

where ηheat is energy efficiency relative to the reboiler and ammonia 
heater and ηheat/carnot is the efficiency relative to Carnot for the same 
thermal units. For the sub-atmospheric column, TC = 23 ◦C and TH =

70 ◦C, resulting in a Carnot efficiency of 13.7%. For the atmospheric 
column, TC = 23 ◦C and TH = 100 ◦C, resulting in a Carnot efficiency of 
20.6%. The condenser and reboiler temperatures used here are consis
tent with previous investigations and reboiler temperatures are similar 
to recently published experimental values that analyzed the impact of 
electrolyte concentration on the solution vapor pressure [31,32]. 

3. Results and discussion 

3.1. Battery sensitivity analysis 

Experimental full cell tests and model results showed that the peak 
power of the Cuaq-TRAB increased by 14% as the operating temperature 
increased from 25 to 50 ◦C (Fig. 2). The peak power density at 50 ◦C was 
22 mW cm− 2, which is among the highest reported values for a single- 
metal TRB system reported. Most of the increase was attributed to 
15% lower ohmic resistance of the cell from the elevated temperature. 
Gains in power were despite a 30 mV decrease in open circuit potential 

which occurred due to the standard potential of the negative electrode 
increasing with temperature more than the positive electrode (Table 3). 
The numerical model accurately replicated the experimental polariza
tion curve, with the open circuit potential, polarization curve slope, and 
therefore peak power density being <5% different. 

The sensitivity analysis at 25 ◦C showed that ohmic contributions 
had the largest impact on battery performance (Fig. 3). The baseline 
peak power density was 17.1 mW cm− 2, the peak power density for low 
and high membrane conductivity were 14.2 and 19.9 mW cm− 2, and the 
peak power densities at 10 and 50 mL min− 1 were 15.8 and 18.6 mW 
cm− 2. Changes in the exchange current density resulted in a change of 
peak power density <0.05 mW cm− 2, likely due to the very fast reaction 
rate of the Cu(I/II) redox couple [27] and high active surface area of the 
porous carbon electrode [45]. Therefore, even if catalysts or alternative 
ligands were used to increase the reaction rate, there would be no 
change in battery performance. While the change in peak power due to 
flow rate was half that of the change in peak power due to membrane 
conductivity, when comparing the percent change in power to the 
percent change in the independent variable, membrane conductivity 
contributes significantly more than flow rate. The flowrate varied from 
− 50% to +150% from the baseline case but only resulted in an 8% 
change in peak power. For the ±20% change in the membrane con
ductivity, there was a ±16% change in peak power relative to the 
baseline. Therefore, when normalizing the change in peak power to the 
percent change in the independent variable, membrane conductivity 
had roughly eight times the impact of flow rate. These findings are 
consistent with previous TRAB investigations that show large ohmic 
losses in the battery [13,20], and that flow rate has a diminishing impact 

Fig. 2. Comparison of model and experimental polarization/power curves at 
two operating temperatures with a flow rate of 50 mL min− 1. 

Fig. 3. Sensitivity of power density curves to membrane conductivity and flow 
rate at 25 ◦C. Baseline parameters are 20 mL min− 1 and all other values as 
measured experimentally. Sensitivity to exchange current density is not shown 
because change was negligible compared to baseline. 
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on power density as it is increased [21,46,47]. These results demonstrate 
that future Cuaq-TRAB studies should focus on minimizing ohmic losses 
in the system to improve battery performance, and this is likely to 
extend to other TRABs given the similar nature of the battery 
chemistries. 

Because of the outsized impact of membrane conductivity at 25 ◦C, 
only the sensitivity to membrane conductivity was investigated for 
elevated temperature battery operation. The baseline peak power den
sities were 18.0 and 18.8 mW cm− 2 at 50 and 75 ◦C (Fig. 4) because the 
membrane conductivity increased more at elevated temperature than 
the open circuit potentiall decreased (Fig. S3). At 50 ◦C, the low and high 
peak power densities were 15.1 and 20.7 mW cm− 2, and at 75 ◦C the low 
and high peak power densities were 15.7 and 21.5 mW cm− 2. These 
changes in peak power density were 15% and 14% at 50 and 75 ◦C, 
suggesting that even as temperature and therefore conductivity 
increased, the ohmic losses were still the dominant contribution to 
battery performance. Experimental discharge curves showed that there 
was little change in energy density at elevated temperature battery 
operation (Fig. S4). It was expected that at elevated temperature diffu
sive transport of NH3 would increase, resulting in an energy loss, but this 
was likely offset by higher membrane conductivity and lower ohmic 
losses. While reducing ammonia transport is a pertinent issue in TRABs 
[18,48], reduction of ohmic losses can also result in significant perfor
mance improvements even if ammonia transport is similar. As shown by 
these results, there is little drawback to battery operation at elevated 
temperatures since higher power can be achieved with minimal energy 
losses. Future work that increases energy density by controlling 
ammonia crossover at room temperature should directly carry over to 
elevated temperature operation. The energy used to heat the battery 
could come from the waste heat stream that is already in use by the 
TRAB system but could also come from the stack itself since large-scale 
flow battery stacks are known to produce heat and require cooling and 
thermal management. 

3.2. Thermal recharging 

The total column energy requirement generally decreased as the inlet 
stream temperature increased, until a critical temperature was reached 
(Fig. 5a and b). For the sub-atmospheric column, the minimum column 
energy occurred at 56, 49, and 48 ◦C for ammonia concentrations of 1, 3, 
and 5 M, respectively (Fig. 5a). After the minimum duty was reached, 
the column energy increased due to the ammonia purity in the distillate 
decreasing, causing an increase in condenser duty to keep the ammonia 
at the required purity specification. The low ammonia concentration 
consistently had the lowest column energy requirement; however, the 

difference between the energy requirement at 1 and 5 M NH3 was lowest 
at their respective optimal inlet temperatures. The total column energy 
was less sensitive to ammonia concentration when operating at atmo
spheric pressure (Fig. 5b). For low ammonia concentrations, the mini
mum column energy was at the highest inlet temperature studied 
(75 ◦C), and for 5 M NH3, the optimal inlet temperature was 71 ◦C. 
Atmospheric column pressure resulted in higher total column duty, but 
despite this, sub-atmospheric column operation may not be worth the 
lower energy requirement since the column will have more complex 
design and operation [32]. 

The reboiler and condenser consumed the majority of the energy for 
both column pressures analyzed (Fig. 5c and d). Generally, the ammonia 
heater required the smallest energy input because of the low weight 
percent of ammonia (~10%) even at the highest concentration studied. 
For the sub-atmospheric column, the contributions of the reboiler and 
condenser each represented about 40 % of the energy input, while at 
atmospheric pressure, the reboiler contributed 57% of the total energy 
requirement. This resulted in the atmospheric column having a much 
higher Eheat than the sub-atmospheric column with a heating to cooling 
ratio of 2.4:1 for the column (Table S1). Further reduction of the total 
energy requirement could be achieved with additional engineering of 
the system. For example, the cold, pure ammonia stream and hot bot
toms stream could be run countercurrent in a heat exchanger, reducing 
the total column energy requirement by as much as 3.6–7.4% (double 
the contribution of the ammonia heater). The highest theoretical total 
energy efficiency was 5.5% at sub-atmospheric and 5.0% at atmospheric 
pressure, corresponding to efficiencies relative to Carnot of 40.1% and 
24.3% (see Table S1 for more detailed values). The highest theoretical 
heat efficiency was 12.2% at sub-atmospheric and 8.6% at atmospheric 
pressure, corresponding to efficiencies relative to Carnot of 88.7% and 
41.7%. No previous TRB investigation has previously defined these 
limits, and this demonstrates that the Cuaq-TRAB has the potential to 
achieve much higher efficiencies with performance improvements. 

While high ammonia concentrations increased the total energy 
required for the thermal recharging step, the higher discharge capacity 
of the battery (caused by higher copper solubility) compensated for 
these increases resulting in higher efficiencies (Fig. 6a and b). The sub- 
atmospheric column efficiency relative to Carnot was significantly 
higher because the energy requirement of the reboiler of this column 
was much lower and the temperature drop across the column was low. 
At face value, this would indicate that the sub-atmospheric column 
would be preferred due to the more efficient utilization of the waste heat 
stream, but the inverse is likely to be the case. The primary reason that 
TRABs are designed to use low temperature heat as the input energy 
source is because the low temperature heat is a very cheap energy 
source, especially in comparison to whatever electrical energy is used for 
the condenser and bottoms cooler. Therefore, it would likely be more 
prudent to operate the column at atmospheric pressure because it uses 
more waste heat compared to expensive cooling energy, despite the 
column using the waste heat less efficiently. It is then recommended that 
future TRAB reports use Eheat at 1 atm for system evaluation because it is 
the most representative value and use of non-waste heat energy could 
potentially be minimized further. 

Experimentally, the Cuaq-TRAB has produced efficiencies of around 
2% at the maximum, which is well below the theoretical maximums 
presented in this work due to inefficiencies in the electrochemical cell 
(Fig. 7). As demonstrated in Section 3.1, ohmic losses dominate battery 
performance, thus exploring methods to minimize ohmic losses such as 
alternative membranes and thinner electrodes could be beneficial for 
efficiency by increasing realizable energy outputs. Prevention of energy 
losses due to crossover has also been shown to increase battery perfor
mance and this can be accomplished though better transport control and 
decreasing free ammonia concentration, but thus far methods to do this 
have only increased ohmic losses. These results also demonstrate the 
ease in which reported performance metrics can change simply by using 
different battery and system results that, despite being pertinent 

Fig. 4. Sensitivity of power density curves to membrane conductivity at 50 and 
75 ◦C. Baseline parameters are 20 mL min− 1 and all other values as measured 
experimentally. Solid lines represent baseline, long dashes represent + 20% 
conductivity, and short dashes represent − 20% conductivity. 
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considerations and technology advancements, can misrepresent actual 
system performance gains. For example, the data could be underrepre
sented by using average power density and Etot at 1 atm (Fig. 7, Point 1), 
or overrepresented by using peak power density and Eheat at 0.24 atm 
(Fig. 7, Point 4). While the battery can be operated at peak power 
(Fig. 7, Point 3), this is unlikely to be done if the system were to be 
installed on the grid due to high overpotentials decreasing the amount of 
energy that can be discharged. Therefore, the most appropriate condi
tions for reporting TRAB metrics would be the average power density 
and Eheat at 1 atm (Fig. 7, Point 2), as this is the most similar metric to 
the rated power of a grid-scale flow battery. This is well below the 
current peak power density and theoretical efficiency limit (Fig. 7, red 
star), demonstrating that there is potential for significant future devel
opment of the Cuaq-TRAB. 

3.3. Integration with natural gas turbine system 

TRBs have been proposed as technologies to be coupled with systems 
that are already in operation and producing waste heat in order to 
extract additional power and energy out of the waste streams of the 
system. Natural gas turbines are one of such systems that are commonly 
used on the grid for power production and are stationary systems that 
produce a large amount of low-temperature heat that is not used by the 
system. As an example, a Solar Turbines Taurus 60 turbine produces 
6.15 MW of power when averaging over the whole year (Fig. S5a). Given 
that the exhaust temperature is over 500 ◦C (Fig. S5b), the heat 
exchanger between the turbine fluid and the Cuaq-TRAB anolyte would 
have a small footprint. While any device could be scaled to produce a 

certain amount of power, the size of the device is a pertinent metric to 
consider because practical implementation of new technologies is 
limited by capital cost and geographic footprint. Per a recent review, 
system power density and efficiency are the two most critical metrics for 
waste heat technologies [3]. Basic calculations were done to estimate 
the size of the Cuaq-TRAB that would be needed to produce 1% of the 
power of the turbine (61.5 kW). To scale the Cuaq-TRAB, an average 
power density of 6 mW cm− 2, a 40 × 40 cm electrode stack [49,50] and 
4.5 mm of thickness to account for the electrodes, flow fields and bipolar 
plates were used. This analysis does not consider auxiliary equipment 
for either system, but rather uses the perspective of just the power 
generation systems. For these conditions, the electrodes would take up 
9.2 m3 of space or about 4.0% of the size of the Taurus 60 turbine (229 
m3). If the system were designed to store approximately 2.5 Wh L-1, and 
therefore 61.5 kWh of energy, it would require 49.2 m3 of total elec
trolyte in two reservoir tanks. With improvements in ohmic losses to the 
point where the peak power density (22 mW cm− 2) becomes the average 
power density, the total size of the electrodes would be reduced to 2.5 
m3, or 1.1% of the volume of the turbine. If the theoretical maximum 
energy density (9.5 Wh L-1) can be achieved, the total volume of elec
trolytes would be 13.0 m3. 

4. Conclusions 

Membrane resistance was found to be the dominant source of per
formance loss in the Cuaq-TRAB system, and therefore, future research to 
minimize ohmic losses in the Cuaq-TRAB should be the focus to improve 
battery performance. Based on our 3D model, there was a 15% response 

Fig. 5. Total column duty at various temperatures and ammonia concentrations for a) sub-atmospheric column and b) atmospheric column. Breakdown of con
tributions of each individual thermal unit to total energy at minimum column duty and 5 M NH3 concentration for c) sub-atmospheric column and d) atmo
spheric column. 
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in peak power density when the membrane conductivity was changed by 
±20% for operating temperatures ranging from 25 to 75 ◦C. Peak power 
density increased to 21.5 mW cm2 at 75 ◦C and a flow rate of 20 mL 
min− 1 when the membrane conductivity was 20% above the experi
mentally predicted value. For the first time, theoretical efficiency limits 
were estimated for any TRB by a systematic study of distillation column 
operation at different temperatures, pressures, and ammonia concen
trations. The theoretical efficiency limit of the Cuaq-TRAB system was 
estimated to be 8.6% when using 5 M NH3 and operating the distillation 
column at atmospheric pressure. It was estimated that current capabil
ities of the Cuaq-TRAB would require a geometric footprint of 9.2 m3 for 
power production and 49.2 m3 for energy storage but could be reduced 
to 2.5 m3 and 13.0 m3 given advancements in minimizing ohmic losses 
and controlling parasitic ammonia transport. 
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[45] González-García J, Bonete P, Expósito E, Montiel V, Aldaz A, Torregrosa-Maciá R. 
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