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Redox flow battery (RFB) is a promising technology to store large amounts of energies in liquid electrolytes
attributable to their unique architectures. In recent years, various new chemistries have been introduced in both
aqueous and non-aqueous electrolytes as pathways to lower-cost systems, eventually meeting the long-term cost
target of USD$ < 100 (kW h) ! for board market penetration. Since there is a lack of capital cost data available
for flow batteries under the same criteria and assumptions, a fact-based techno-economic analysis is evaluated
based on real systems to facilitate the explorations of more competitive systems. In total, nine conventional and
emerging flow battery systems are evaluated based on aqueous and non-aqueous electrolytes using existing
architectures. This analysis is attempted to evaluate the feasibility of these emerging systems to meet the cost
target and to predict their technological prospects for energy storage applications. The capital costs of these
resulting flow batteries are compared and discussed, providing suggestions for further improvements to meet the

ambitious cost target in long-term.

1. Introduction

For modern electrical grids, large-scale energy storage systems are
often coupled with conventional and renewable power generations to
provide stable outputs for various applications ranging from unin-
terruptible power to load-levelling [1,2]. Rapid growth of these systems
has received significant attentions from both academia and industries. It
is important to store excess electricity generated from conventional
power plants and intermittent renewable energy sources grid-connected
and off-grid. Pumped hydro storage is still the commonest and the most
cost-effective form of energy storage, accounting for more than 95 % of
installed global capacities [3]. However, due to the concerns of envi-
ronmental issues and the dependency of specific terrains, it remains
challenging to find suitable sites for implementing this type of energy
storage [4].

By comparison, electrochemical energy storage systems, such as
batteries, have the advantages in terms of operational flexibilities and
are not limited by geographical constraints. The use of batteries has
increased rapidly due to their versatility and scalability for various
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applications, from consumer electronics to load-levelling. The global
demand of batteries is expected to grow 25 % annually from 185 GW hin
2020 to over 2,000 GW h by 2030 [5]. For the United States and China,
the demands of using batteries for energy storage and electrification of
transport will increase by more than 100 and 10 times, respectively. By
comparison, such demand for consumer electronics is expected to grow
less than twice and will represent only < 5 % of the global battery
market [6].

Despite the high energy densities, the performance of lithium-ion
batteries degrades rapidly under over-charge or deep discharge condi-
tions. Importantly, they are also considered not suitable for storing en-
ergies at large-scale (such as load-levelling) due to the increasing safety
concerns in cases of failure/thermal events [7,8]. Unlike most batteries,
redox flow batteries have unique architectures that store all or part of
their energies in liquid electrolytes instead of electrodes within cells.
Since other batteries have a fixed energy to power (E/P) ratio, the ar-
chitecture of flow batteries enables energy and power to be decoupled,
which can be adjusted with the amount of the electrolytes and the sizes
of the total electrode areas, hence the power rating is based on the stack
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Fig. 1. Schematics and charge-discharge profiles of the selected aqueous and non-aqueous flow batteries evaluated in this techno-economic analysis [26-34].

size or number. For the same power output, only more electrolytes are
needed to increase the discharge capacities/durations. By contrast, the
cost per kW h of lithium-ion batteries tends to flatten out beyond 4 h
storage duration as more cells and essential components are required.
Due to the modular configurations, redox flow batteries are more scal-
able and have longer lifespans than other batteries, making them more
suitable for energy storage in the range of kW/ kW h to MW/ MW h [9].

Over the past decades, although various flow battery chemistries
have been introduced in aqueous and non-aqueous electrolytes, only a
few flow batteries (i.e. all-V, Zn-Br, Zn-Fe(CN)¢) based on aqueous
electrolytes have been scaled up and commercialized at industrial scale
(> kW) [10-12]. The cost of these systems (E/P ratio = 4 h) have been
evaluated in a range of USD$ 350 — 600 (kW h)! by several US na-
tional laboratories [13] and compared with other major energy storage
systems (electrochemical and physical systems). However, new systems
of using inexpensive and earth-abundant active materials (inorganic
species and tailored organic molecules) have been introduced in
different configurations using aqueous and non-aqueous electrolytes as
pathways to lower-cost systems [14,15]. Also, advances in electrode and
membrane materials have the tendency to reduce cost to a further
extent. Thus, for applications from load-levelling to electric vehicles, the
costs of these batteries vary with chemistries, performances and cell

components. Realistic improvements of these aspects identified by cost
evaluations shall facilitate the designs of new systems and cost re-
ductions of meeting the Department of Energy (DoE, US) target of USD$
< 100 (kW h)’1 for board market penetration in long-term [16].

In general, cost reduction of aqueous batteries is known to be ach-
ieved by decreasing the active material costs, considering the costs of
water and its salts are almost negligible (USD$ 0.1 kg_l). However, it is
also influenced by the aforementioned factors. The objectives of new
systems are to obtain high solubility and cell voltages simultaneously,
although the stability windows are limited to < 2.0 V due to water
electrolysis. By contrast, non-aqueous systems (including > 3.0 V hybrid
system with lithium anodes) enable possibilities of electrochemical
stability, multi-electron transfers and increased solubilities, especially
when organic active materials are used [17]. The main challenges are
the high cost and the resistances of these salts and solvents. Therefore,
increasing power density is considered as the most effective strategy in
cost reduction, since fewer cells and parts are required to deliver the
same energy and power outputs.

Prior to this work, there is a lack of capital cost data available for
flow batteries under the same criteria and assumptions, especially for
those emerging or conceptual systems. Cost evaluations of a few aqueous
flow batteries have been conducted using techno-economic analyses
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[18,19]. There are also some investigations focusing on life-cycle as-
sessments [20] and costs associated with the manufacturing of cell
components [21], production/commercial pricing of active materials
[22] and other miscellaneous items (i.e. depreciation, labour, overhead,
profit and warranty for specific systems [20,21]. Conventional cost
performance models were introduced by Sprenkle and co-workers based
on electrochemical models taking account of pump losses and shunt
current for 1 MW all-vanadium and iron-vanadium batteries [23]. These
models were later expanded to other chemistries, e.g. iron-chromium,
and showed the costs of these systems were still more than USD$ 190
(kW h)~! for 8 h applications [24]. Since the durations or capacities are
dependent on the electrolyte volumes/concentrations, the resulting
electrolyte costs dominate with systems of longer durations/ smaller
power ratings (as at high E/P ratios). Brushett and co-workers have
developed several cost models to evaluate design pathways for aqueous
and non-aqueous flow batteries by considering the material costs and
performance parameters in the design iterations [25]. For instance, an
ambitious cost target of USD$ 100 (kW h)’1 can be achieved for aqueous
systems with the combination of USD$ 2 kg™! active material, 100 g
mol ! molar mass of active materials, 0.5 Q cm? area resistance and 0.79
V cell voltage. Similarly, to achieve the same cost target for non-aqueous
systems, a combination of 100 g mol~! molar mass of active materials,
2.5 Q cm? area resistance, 3.0 V cell voltage, 0.2 salt ratio and 3.3 mol
kg’1 specific amount of active material is required [16].

However, these conditions were not based on real systems and are
still well beyond the foreseeable capabilities of most non-aqueous flow
batteries. Techno-economic analyses shall consider real systems other
than conventional chemistries that are emerging in both aqueous and
non-aqueous electrolytes, including those organic-based and hybrid
systems using different architectures. This analysis was attempted to
evaluate the feasibility of these emerging systems to meet the cost target
and to predict their technological prospects for energy storage applica-
tions. It is important to define further improvements required for larger
cost reduction with the recent advances and mass productions of func-
tional materials. This analysis is underpinned by a fact-based cost model,
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in which performance and cost parameters based on real systems are
used. The capital costs of these resulting flow batteries are compared
and discussed, providing suggestions for further improvements to meet
the ambitious cost target for more effective market penetration in long-
term.

2. Methodologies
2.1. The relevant RFB systems and grid storage applications

The proposed cost models are similar to previous models developed
by Brushette and co-workers [16], taking account of raw active mate-
rials, solvents, cell components and performances based on well-known
chemistries of different architectures (Fig. 1). This includes three com-
mercial aqueous systems: acidic all-vanadium (all-V), acidic
zinc-bromine (Zn-Br) and alkaline zinc ferricyanide (Zn-Fe(CN)g); and
six new organic based systems using aqueous (neutral viologen-TEMPO
(Vi-TEMPO), acidic anthraquinone-bromine (AQ-Br) and alkaline
phenazine-ferricyanide (Ph-Fe(CN)¢) and non-aqueous electrolytes
(fluorenone-DBMMB (FL-DBMMB), all-metallocene (all-metallocene)
and lithium-TEMPO (Li-TEMPO) [26-34]. The selections of emerging
chemistries tended to be based on the citations of their first research
documents in the relevant categories.

In addition, the model considers the actual cell settings, perfor-
mances (e.g. cell voltages (V), efficiencies (1)) and architectures (true
and hybrid) that were documented in the referenced articles (summa-
rized in Table 1). For further cost reductions of these systems, the per-
formances of the existing flow batteries need to be further improved in
terms of usable active species concentrations, discharge voltages,
number of electron-transfers and active material costs. The costs of
organic active materials and non-aqueous solvents were assumed to be
USD$ 5 kg! and USD$ 3 L1, respectively, taking account of large
volume productions. The costs of salts were USD$ 0.1 kg™~* and USD$ 5
kg~! for aqueous and non-aqueous electrolytes [16,35]. In this model,
electrolyte formulations were also simplified to only containing active

Table 1
The specifications and performances of the nine selected aqueous and non-aqueous flow batteries evaluated in this techno-economic analysis [26-34,37].
Flow batteries Chemicals Relative molecular Current density, j (mA cm~2) Columbic Efficiency, Cost, C References
mass, Mr (g mol ') CE (%) Concentration, ¢ (mol L™') Discharge (USD
voltage, U (V) Number of electrons, N kg’l)
all-v Vanadium 50.94 j: 60 / CE: 86 23.6 J. Mater. Chem. A, 2015,
c:1.5 3,
U:14/N:1 16913
Zn-Br Zinc (-) 65.38 j: 30 / CE: 95 2.3 Handbook of Batteries,
Bromine (+) 159.82 c(-):3/c(+)3 2.3 Chapter 37, McGraw-
U:16/N:2 Hill, 2002,
1-20.
Zn-Fe(CN)g Zinc (-) 65.38 Jj: 20 / CE: 99 2.3 Joule, 2019, 3,
Ferricyanide (+) 212 c(-):0.12/c(+):0.8 2.3 2255-2267
U:16/N:2
Vi-TEMPO BTMAP-viologen (-) 360.22 Jj: 40 / CE: 99 5 Chem., 2019, 5,
4-[3-(trimethylammonio)propoxy]-2,2,6,6- 272.25 c(-):01/¢c(+):0.1 5 1861-1870
tetramethylpiperidine-1-oxyl (TMAP-TEMPO) U:1.0/N:1
chloride (+)
AQ-Br 9,10-anthraquinone-2,7-disulphonic acid (-) 368.3 Jj: 500 / CE: 99 5 Nature, 2014, 505,
Hydrobromic acid (+) 80.9 c(-:1/¢c(+):3 0.5 195-198
U:0.6/N:2
Ph-Fe(CN)g 7,8-dihydroxyphenazine-2-sulfonic acid (-) 292.3 Jj: 100 / CE: 99 5 Nat. Energy, 2018, 3,
Ferricyanide (+) 348.8 c(-):1.4/c(+):0.6 2.3 508-514
U:13/N:2
FL-DBMMB 2,1,3-benzothiadiazole (-) 136.17 Jj: 40 / CE: 90 5 ACS Energy Lett. 2017,
2,5-di-tert-butyl-1-methoxy-4-[2’- 222.11 c(-):01/c(+):0.1 5 2,5,1156-1161
methoxyethoxy]benzene (+) U:2/N:1
all-metallocene Cobaltocene (-) 189.1 j: 1.5/ CE: 95 5 Energy Environ. Sci.,
Ferrocene (+) 186 c(-):01/c(+):0.1 5 2017,10, 491-497
U:1.7/N:1
Li-TEMPO Lithium (-) 6.9 j: 5/ CE: 99 7 Ady. Mater. 2014, 26,
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 156.3 c(-):2/¢c(+):01 5 7649-7653
) U:3/N:1
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Fig. 2. The capital costs ((a) - (c)) and volumes ((d) - (f)) of aqueous and non-aqueous flow battery systems used in different applications (Application 1: solar
energy integration (2 MW x 6 h), Application 2: industrial load shifting (5 MW x 4 h), Application 3: rural microgrid-households (5 kW x 8 h), Application4: demand
charge management (10 MW x 11 h). Different colours in the bar chart represent different application scenarios.

materials, salts and solvents without specific additives, except the costly
sequestration agents for bromine (USD$ 28 kg’l) [36] systems.

The power ratings and discharge durations vary with applications.
For redox flow batteries, typical applications are solar energy integra-
tion (e.g. 2 MW X 6 h), industrial load shifting (e.g. 5 MW x 4 h), rural
microgrid-households (e.g. 5 kW x 8 h) and demand charge manage-
ment (e.g. 10 MW x 11 h), as defined by Gortz et al.[37,38]. Although
storage capacities are often proportional to the electrolytes (in true flow
batteries), the cell voltages and power densities are associated with the
chemistries and cell settings (sizes, architecture and electrolytes). For all
aforementioned systems, it is assumed that commercial Regenesys®
type flow cell stacks (Fig. S1) with adjusted architectures (e.g. hybrid)
were used in this cost model [37], since there was no standardised
system available for direct comparison in the existing literatures. The
component costs are based on previous works and current market prices
as summarized in Table S1.

Key assumptions are as follows:

(1) The cost of organic active materials and non-aqueous solvents are
the same for all systems.

(2) The types of component materials (including electrode and
membrane) are identical for all systems (but in different archi-
tectures/configurations).

(3) Commercial Regenesys® type flow cell stacks with adjusted ar-
chitectures (e.g. hybrid) are used for all systems.

(4) Electrolyte formulations are simplified to active materials, salts
and solvents without additives (except bromine sequestration
agents).

(5) Crossover of active species across membranes and electrolyte
leakage are not allowed.

(6) Battery performances are independent from mass transport phe-
nomena, current distribution (including shunt current), temper-
ature and viscosity.

(7) Electrical power is proportional to the number of stack, regard-
less of electrical/electrolyte connections.

(8) Number of stacks can be a fraction instead of whole number.

(9) Capital cost of flow battery system does not include any cost
associated with construction, labour, depreciation, overhead,
profit and warranty.

2.2. The components and capital cost evaluation methods for RFB systems

The capital cost of flow battery includes the cost components of cell
stacks (electrodes, membranes, gaskets and bolts), electrolytes (active
materials, salts, solvents, bromine sequestration agents), balance of
plant (BOP) (tanks, pumps, heat exchangers, condensers and rebalance
cells) and power conversion system (PCS). Electrode materials includes
bipolar plates, end-plates and graphite felts. The total costs of flow
battery (Crgg) are expressed in terms of $ (kW h) ! through dividing the
costs of all these components (Cstack, Celectrolytess Cop and Cpcs) by the
required energies of the applications (Eiotai=P X tdischarge, Where
P=V4ischarge X tdischarge)- It is assumed that power losses have been taken
account as form of discharge voltages obtained from the source data.

Crrg = Cyack + Ceiectrotyres + Cpop + Cpcs 2.1
C:tark = Celcz‘rrodcs + Cmembrarws + Cgaskets + Cbz)lfs (2~2)
Cﬂlectrolymx = Lactives + C:ahs + Csolvems + CBSA (2~3)
Celeclm/ym.v = marzivexéavzive.x + Malrs Csall.r + Vsolvemx C‘wlvem.x + mBSAxCBSA (2-4)
Cor = Cuanks + Coumps + Cheatexch + Ceondenser + Crepatancecells (2.5)
Csop = Avanks Cranks + 1(2Cpump + Cheatexcn + Coondenser) + Evorat Crebatancecetts

(2.6)
Crcs = Cays = nCpys 2.7)

where the electrolyte cost (Crpp) consists of the masses of active mate-
rials (Mactives), Salts (Mga1ts) and sequestration agents (mpgp) multiplying
their cost per kg (C) and the volume of solvents (Vsolvents, Unit: m®
multiplying their cost per volume (Csolvents). The masses of active
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Fig. 3. The cost breakdowns of aqueous and non-aqueous flow battery systems used in Application 1 (2 MW x 6 h).

materials were calculated by Faradays law, taking account of coulombic
efficiencies in the charge-discharge processes. The cost of tank (Cianks) is
estimated by multiplying the exposed areas to the electrolytes
(Atanks=27(1+ Vsolvents/10007), unit: m?) with the cost of building
(insulating) material per m? (Ctanks)- The cost of rebalance cell depends
on the total power output Eiu,, and obtained by multiplying with its
cost per KW (Crebalance cells)- The costs of the other BOP items and battery
management system both are proportional to the number of cell stacks,
however two pumps are required in each stack. C‘pump, Cheat exch,
Ceondenser and Cpys are the cost of each pump, heat exchanger, condenser
and battery management system (BMS), respectively.

2.3. The calculation of relative sensitivity index of components

The relative sensitivity index of components was defined by Eq. (2.8)
[39]:

) 2.8)

Relativesensitivityindex = abs( Z/BCP X 7
X 0

where BCP is the base case point, x is the cost component variable, f is
the capital cost function, xg is the variable at the base case, and fj is the
overall capital cost at the base case. The relative sensitivity index is the
measure of the rate of change of the capital costs for a particular variable
at the base case. It is expected that more influences of these variables on
the capital costs with higher relative sensitivity indexes.

3. Results and discussion

3.1. Conventional and emerging flow batteries for grid storage
applications

To-date, redox flow batteries are mainly used for different grid-scale

applications, which have different power ratings and discharge dura-
tions [4]; and are assumed as follows: solar energy integration (as
Application 1: e.g. 2 MW x 6 h), industrial load shifting (as Application
2:e.g. 5 MW x 4 h), rural microgrid-households (as Application 3: e.g. 5
kW x 8 h) and demand charge management (as Application 4: e.g. 10
MW x 11 h) [37,38]. In this techno-economic analysis, the capital costs
and volumes of cell stacks and electrolytes were evaluated for existing
commercial and emerging systems using aqueous and non-aqueous
electrolytes as shown in Fig. 2. It should be noted that the y-axes are
not adjusted to the same scale. Regardless of systems, the capital costs
per kW h are observed to be lower for applications with higher E/P ratios
(i.e. smaller power rating and longer duration). This is because small
power implies fewer cells or stacks required but energy (content or ca-
pacity) increases with the amounts of the electrolytes. By increasing the
discharge durations, lower capital costs per kW h were observed as the
increased electrolyte cost fractions offset the expenses per kW h of the
cell stacks [18].

Existing commercial systems are all based on aqueous electrolytes,
three of the commonest systems are evaluated in this cost model: (1) all-
vanadium (all-V), (2) zinc-bromine (Zn-Br) and (3) zinc ferricyanide
(Zn-Fe(CN)g) (Fig. 2a and d). The capital costs of all-V and Zn-Br systems
were estimated to be USD$ 170 — 580 (kW h)_1 and comparable with
previous reports (USD$ 350 — 600 (kW h)’1 at E/P =4) [40,41], which
are still higher than the DoE cost target (USD$ < 100 (kW hH. Despite
the lower cost of active materials (Zn: USD$ 2.3 kg’l), the costs of these
zinc-based hybrid systems were higher than that of all-V system. This
was because more cell stacks are required for the same power output due
to the uses of lower current densities (< 50 mA c¢cm~2) associated with
the electrodeposition processes. However, bromine electrolytes involve
sequestration agents (USD$ 28 kg™!) that are as expensive as vanadium
(USD$ 24 kg’l). For the case of Zn-Fe(CN)g batteries, although the
electrolyte costs were as low as USD$ 13.75 (kW h)! (E/P =4), the
current densities were even smaller (20 mA cm’z) in alkaline
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Fig. 4. The cost projections of aqueous and non-aqueous flow battery systems under the influences of (a, b) current density and (c, d) duration used in Application 1

(2 MW x 6 h).

electrolytes to avoid dendritic/mossy electrodeposits, resulting in high
stack costs of more than USD$ 200 (kW h)_l.

For alternative systems, three emerging aqueous batteries were
evaluated (Fig. 2b and e): (1) all-organic (Vi-TEMPO), (2) organic-
inorganic (halogen) (AQ-Br) and (3) organic-inorganic (metal) (Ph-Fe
(CN)g). Vi-TEMPO battery was the only system more costly than the
existing commercial systems. Similar to many all-organic aqueous bat-
teries, this battery tends to have lower cell voltages (< 1.4 V) and cur-
rent densities (< 80 mA cm™2), leading to one of the highest stack costs
in aqueous systems [28-30]. Although organic active materials are
reasonably low-cost in long-term (USD$ 5 kg’l), the electrolyte costs
were still higher than their vanadium counterparts. This was mainly
attributed to the relatively large molecular weight of these organic
molecules (several times larger than metals) [11,42]. Unlike other
organic material (e.g. quinone, ketone) [43], the reactions of the
all-organic Vi-TEMPO battery only involves one electron-transfer and
yields a lower cell voltage of c.a. 1 V [29]. On the other hand, the
selected organic-inorganic batteries appear to have the lowest capital
costs (USD$ 115 — 339 (kW h)™1), this can be explained by their sig-
nificant cost reduction in stack number due to their impressive current
densities (> 100 mA cm’z). It is worth noting that the costs per kW h of
these electrolytes (organic-inorganic systems) were comparable with
those using low-cost metals (e.g. Zn and Fe) when no expensive additive
or complexing agent (e.g. bromine sequestration agent) is used. Despite
the negligible cost of water solvent (USD$ 0.002 L [37], the elec-
trolyte volumes are mainly proportional to the usable concentrations but
also their energy contents in terms of cell voltages and electron-transfers
regardless of applications, much larger than the unit energy volume of
Li-ion batteries (5 L (kW h)™H) (Fig. 2d to f) [44]. Due to the low con-
centration (0.1M) and high molecular weight (272 and 360 g molfl),
all-organic Vi-TEMPO battery has the largest volume (per kW h) as
shown in Fig. 2e.

In addition to aqueous flow batteries, three representative systems
using non-aqueous electrolytes were considered: FL-DBMMB, all-met-
allocene and lithium-TEMPO batteries (Fig. 2¢ and f) [32-34]. These
non-aqueous batteries exhibited higher cell voltages (> 1.7 V) than
aforementioned aqueous systems [45], the capital costs of these system

remained prohibitively expensive of over USD$ 800 (kW h)~!. The main
reasons were the low usable concentrations (0.1 M) of active species,
hence large volume of higher cost non-aqueous electrolytes (USD$ 3
L’l) were used instead of water (Fig. 2f). The costs of these non-aqueous
electrolytes were up to USD$ 9400 (kW h)~! but less volume can be
achieved with active materials of larger energy contents (i.e. cell
voltage, electron-transfers) and smaller molecular weights as the given
case of Li-TEMPO electrolytes (USD$ 1237 (kW h) 'atE/P =4 (Fig. 2¢
and f). For all-metallocene and Li-TEMPO batteries, stack costs were the
other main contributors of high capital costs, since more stacks were
required due to the use of relatively low current densities (< 5 mA
cm~2). However, FL-DBMMB flow battery demonstrated the use of 40
mA cm 2, resulting in comparable stack costs with some aqueous sys-
tems of similar current densities.

3.2. Cost breakdowns of redox flow batteries

The capital costs of flow batteries have been simplified into several
cost components of cell stacks (electrodes, membranes, gaskets and
bolts), electrolytes (active materials, salts, solvents, bromine seques-
tration agents), balance of plant (BOP) (tanks, pumps, heat exchangers,
condensers and rebalance cells) and power conversion system (PCS).
Using solar energy integration (e.g. 2 MW x 6 h) as an example, the cost
breakdowns of conventional and emerging flow batteries are shown in
Fig. 3. It can be seen that the total capital costs are lower using aqueous
systems (USD$ < 700 (kW h)™1), especially for those organic-inorganic
systems that have relatively low stack costs due to the uses of relatively
large current densities (> 100 mA em~2) [30,31]. For most aqueous flow
batteries with smaller current densities, the cost proportions of mem-
brane are significant, up to more than 40 %. However, the case of AQ-Br
system is exceptional as they effectively reduce the use of cell stacks due
to their impressive current densities (500 mA cm*2), membrane only
accounted for about 10 % of the total capital cost. For most aqueous
systems, the costs of active materials and sequestration agents are the
other major cost components, especially when bromine was used as
active species. Compared to membranes and electrolyte constituents, the
cost proportions of the other components, such as electrodes and
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(2 MW x 6 h).

ancillary components, were even less significant.

For non-aqueous emerging systems, the capital costs are prohibi-
tively high for both cell stacks (USD$ > 150 (kW h)™ and electrolytes
(USD$ > 400 (kW h)’l). Since non-aqueous electrolytes are less
conductive than water [17], it is challenging to develop systems with
comparable current densities (> 100 mA cm’z) to their aqueous coun-
terparts, leading to higher stack costs. Unless obtaining relatively high
current densities as in the case of FL-DBMMB battery, the cost fractions
of stack component materials, particularly membranes and electrodes,
are the most significant as in aqueous systems. Otherwise, non-aqueous
solvents are likely the highest cost components of the flow batteries
depending on the usable concentrations of their active species, given the
fact that the three selected non-aqueous systems only use active species
of 0.1 M concentrations. Despite the significant costs of non-aqueous
solvents, the active material costs of these systems were relatively low
(USD$ < 50 (kW h)~1). The cost fractions of other components (pump,
heat exchange and battery management system) were not significant but
are entirely dependent on the required stack number.

3.3. Further cost reductions for existing flow batteries

Previous sections evaluated the capital costs of existing flow batte-
ries for grid-scale applications. Further cost reduction may be achieved
with these systems if improved operating conditions and lower-cost
components are possible in the future. Regardless of systems,
increasing current density is known to be an effective approach to
reduce the stack number for the same power ratings (Fig. 4a and b) [39].
The use of higher current density is subjected to reaction kinetics, mass
transport of active species, resistance of systems and quality of electro-
deposits [46]. As demonstrated in recent aqueous and non-aqueous
systems, it is feasible to increase the current densities of up to 500 mA
em™2 (e.g. AQ-Br [30]) and 40 mA cm ™2 (e.g. FL-DBMMB [32]),
respectively, for true flow batteries, although hybrid batteries tend to
use lower current densities due to the electrodeposition reactions [12].

This approach is particularly effective for systems of using low-cost
electrolytes (solvents and constituents), e.g. Zn-Fe(CN)g (hybrid) and
Ph-Fe(CN)g batteries. However, the effect was less pronounced when
current densities increased to more than 100 mA cm ™2 (Fig. 4a) and 20
mA cm ™2 (Fig. 4b) for aqueous and non-aqueous systems, respectively.
Certain flow batteries may meet the DoE cost target (USD$ 100 (kW
h)~1) within reasonable ranges of current densities (e.g. Ph-Fe(CN)g at c.
a. 240 mA cm™2). For their non-aqueous counterparts, their capital costs
remained prohibitively high (USD$ > 480 (kW h)’l), indicating that
increasing current densities was still not sufficient for commercial
reality.

In addition to current densities, it is also known that the capital costs
of flow batteries are lower at higher E/P ratios, characterized by smaller
power ratings and longer discharge durations. However, these are very
dependent on the applications or/and the demands of the end-users,
thus very limited rooms for further adjustments. Similar to increasing
current densities, cost reductions can also be achieved by increasing the
discharge durations (Fig. 4c and d), especially for those using low-cost
electrolytes or expensive stacks. As a form of energy storage capac-
ities, discharge durations increase only with the amount of electrolytes,
the increased electrolyte cost fractions tend to offset the expenses of the
cell stacks, leading to lower capital costs per kW h [25]. When the
discharge durations were increased up to 14 h, the capital cost of
aqueous Ph-Fe(CN)g battery would be lower than USD$ 110 (kW !
(Fig. 4c¢). Thus, increasing current densities and discharge durations (or
E/P ratios) are both effective approaches for further cost reductions.

Further capital cost reductions can be achieved with lower-cost
membranes (Fig. 5a and b) and electrode materials (Fig. 5c and d), the
current prices are up to USD$ 500 m~2 and USD$ 77 m™2, respectively
[37]. Ha and Gallagher [21] suggested that the future cost of membranes
and electrodes may be reduced to USD$ 50 m~2 and USD$ 20 m~2 with
high-volume productions of 20,000 stack per year, suggesting drastic
drops in membrane cost of up to 90 % are expected in the future. As one
of the emerging membranes, the cost of polybenzimidazole (PBI)
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Fig. 6. The cost projections of aqueous and non-aqueous flow battery systems under the influences of usable active material concentrations (a, b), number of
electron-transfers (c, d) and discharge cell voltages (e, f) used in Application 1 (2 MW x 6 h).

membrane has been reported to be as low as USD$ 40 m~2 but not yet
commercialized at large-scale [47]. Furthermore, future membranes
shall also be both conductive and selective without sacrificing the cell
performances.

Taking account that cost fractions of membranes are among the
largest compared with other cell components (in some systems up to 40
%, such as all-metallocene, Li-TEMPO, Zn-Fe(CN)g, Vi-TEMPO and Zn-
Br), cost reductions are more pronounced with future state mem-
branes than with electrodes. Thus, it may also be useful in exploring new
hybrid flow battery systems that may eliminate membrane/ separator.
For instance, the capital cost of a membraneless RFB (Zn-pBQ) can be
lower than USD$ 100 (kW h)~! (Application 4: 10 MW x 11 h) in this
cost model (Table S8).

With the use of low-cost membranes and electrodes (at future state
costs), the capital cost of aqueous Ph-Fe(CN)g battery was estimated to
be USD$ 107 (kW h)~! and USD$ 154 (kW h)~?, respectively (Fig. 5a
and c). When these materials are used simultaneously, the capital cost is
further reduced to USD$ 92 (kW h)’l, reaching the cost target (USD$
100 (kW h)~1) without further improving the cell performances. For
non-aqueous systems, more number of stacks (higher stack cost) is often

expected due to the uses of lower current densities (< 20 mA cm’z). Itis
known that membranes and electrodes are major stack components,
notable cost reductions were still observed with these materials at future
state costs, except for the case of FL-DBMMB battery (Fig. 5b and d).
However, the solvent costs of the three non-aqueous systems were still
too high (USD$ > 400 (kW h)™1), suggesting that the cost reductions of
electrode and membrane materials are not sufficient for competitive
systems.

3.4. Pathways to lower-cost flow batteries based on existing systems

Despite the possibilities of further cost reductions for existing flow
batteries, explorations of more competitive systems need to be
continued and facilitated with new chemistries of enhanced properties
in both aqueous and non-aqueous electrolytes. Based on the existing
architectures, capital costs of the aforementioned flow batteries were
evaluated with several variables, i.e. usable active material concentra-
tions (Fig. 6a and b), number of electron-transfers (Fig.s 6¢ and d) and
discharge cell voltages (Fig. 6e and f). These variables are only associ-
ated with active materials and are independent from engineering



L. Tang et al.

Table 2
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Sensitivities of capital cost of aqueous and non-aqueous flow batteries at different design parameters and material costs (Application 1: 2 MW x 6 h)

Sensitivities Current density Duration Membrane cost Electrode cost
RFBs

all-v 0.7298 0.8132 0.6327 0.5323
Zn-Br 0.7131 0.7820 0.6347 0.5158
Zn-Fe(CN)g 0.9173 0.9653 0.7522 0.5255
Vi-TEMPO 0.7371 0.8034 0.6363 0.5331
AQ-Br 0.5403 0.5785 0.5252 0.507
Ph-Fe(CN)g 0.7187 0.8182 0.6271 0.5312
FL-DBMMB 0.5284 0.5454 0.5186 0.5052
all-metallocene 0.8157 0.8612 0.6736 0.5403
Li-TEMPO 0.7403 0.7973 0.6572 0.5179

Usable species concentration Discharge voltage Number of electron-transfers

0.5014 0.9425 0.5914
0.5003 0.9659 0.6105
0.5012 0.9641 0.5084
0.5123 0.9712 0.5977
0.5006 0.9525 0.6822
0.5048 0.9163 0.5464
0.6289 0.9902 0.8949
0.5277 0.9977 0.5630
0.5922 0.9877 0.6018

approaches. Further improvements are challenging unless organic-based
active materials are considered. Also, enhanced properties are required
for both negative and positive electrode reactions simultaneously.
However, cost reductions of improving these design variables are only
effective in certain flow batteries. For instance, increasing usable active
material concentrations and number of electron-transfers reduce the
electrolyte volumes, cost reductions are insignificant for aqueous bat-
teries considering the negligible cost of water (Fig. 6a and c). By
contrast, cost reductions are more pronounced with non-aqueous sys-
tems with larger cost fractions of electrolytes (or with higher current
densities) (Fig. 6b and d). The estimated cost of FL-DBMMB battery was
down to USD$ 614 (kW h)’l(up to 40 % reduction) and USD$ 573 (kW
h)’l(up to 37 % reduction) if 3 M usable concentrations and 6 electron-
transfers were realized, respectively.

Increasing discharge voltage is another effective approach in
reducing the capital costs of flow batteries (Fig. 6e and f). This is because
increasing discharge voltage not only implies fewer stacks but also re-
duces the amount of the electrolytes. However, cell voltages are sub-
jected to the selections of redox couples and the stability windows of
solvents. Despite the stability window of water is only 1.23 V [48], some
aqueous systems have been demonstrated to yield the cell voltages of
more than 2 V by suppressing the gas evolutions [49,50]. If the cell
voltage of Ph-Fe(CN)g battery (1.3 V) was increased to 2 V, the capital
cost could drop to the DoE target (from USD$ 168 (kW h)~1) with cost
reductions of greater than 40 % for both stacks and electrolytes (Fig. 6e).
On the other hand, most non-aqueous solvents have stability windows of
more than 4 V but suitable redox pairs with high cell voltages (i.e. >2V)
remain rare (except hybrid systems with lithium anodes). Nevertheless,
it is still realistic to obtain cell voltages of 3 and 4 V for true and hybrid
flow batteries, respectively. Based on these targets, the capital costs of
the three non-aqueous batteries are still significantly higher than USD$
400 (kW h)_l, requiring simultaneous measures to meet the DoE cost
target.

4. Conclusions

In this techno-economic analysis, the capital costs of existing com-
mercial and emerging systems were evaluated using aqueous and non-
aqueous electrolytes. Regardless of systems, the capital costs per kW h
are lower for applications with higher E/P ratios (i.e. smaller power
rating and longer duration). Existing commercial flow batteries (all-V,
Zn-Br and Zn-Fe(CN)g batteries; USD$ > 170 (kW h)™Y) are still far
beyond the DoE target (USD$ 100 (kW h)’l), requiring alternative
systems and further improvements for effective market penetration.
Compared to conventional redox couples, organic active materials offer
possibilities in terms of improved properties (e.g. solubilities and multi-
electron transfers) and are expected to be low-cost in long term (USD$ 5
kg™!). However, organic-based batteries (e.g. Vi-TEMPO battery) do not
necessarily guarantee lower capital costs because of their relatively large
molecular weights (> 100 g mol™1) and lower cell voltages (aqueous: <
1.3 V; non-aqueous: < 2.2 V), also some do not involve multi-electron
transfers. If no expensive additives or complexing agents are used,
some aqueous organic-inorganic batteries (e.g. Ph-Fe(CN)g battery)

have the lowest capital cost (USD$ ~115 (kW ) owing to their
impressive current densities (> 100 mA crn’z). By contrast, non-
aqueous batteries are all prohibitively expensive (USD$ >800 (kW
h)1) as these systems use relatively low concentrations (< 0.5 M) and
current densities (< 20 mA cm™2), implying more amounts of electro-
lytes and stacks.

Based on the existing systems, further cost reductions were examined
with improved operating conditions and lower-cost stack components.
The sensitivities of capital costs to different variables are summarized in
Table 2. Discharge voltage, duration and current density were observed
to have the highest influences on cost reductions (higher relative
sensitivity indexes), hence further improvements are required prefer-
ably. Regarding the operating conditions, increasing current densities
and discharge durations (or E/P ratios) are effective approaches for
overall cost reductions. Although current densities can be improved
through engineering approaches (e.g. minimizing resistances), the latter
are mainly dependent on the applications. As an alternative, the stack
costs can be reduced effectively with the expected drops of membrane
and electrode material costs (over 70 %) benefiting from high-volume
productions. Since membranes account for the largest cost fractions of
stack components and have higher relative sensitivity indexes, cost re-
ductions are more pronounced than those with electrodes. With these
materials at future state costs, the capital cost of aqueous Ph-Fe(CN)g
battery (USD$ 93 (kW h)~1) is lower than the DoE cost target without
further improving the cell performances. The aforementioned ap-
proaches are also effective for non-aqueous batteries, their capital costs
(USD$ >400 (kW h)_l) remain too high, especially for those using low
active material concentrations with large volumes of non-aqueous
solvents.

To facilitate the exploration of more competitive systems, capital
cost evaluations of new chemistries with enhanced properties (usable
active material concentrations, number of electron-transfers and cell
voltages) were evaluated using existing batteries/ architectures, which
are only associated with active materials and independent from engi-
neering approaches. Increasing usable active material concentrations
and number of electron-transfers effectively reduce the electrolyte vol-
umes, and hence their costs. Despite significant savings for non-aqueous
systems (down to USD$ <410 (kW h)lat6e” transfers), this approach
was not pronounced for their aqueous counterparts due to the negligible
cost of water. Unlike the other variables, increasing discharge voltage is
among the most effective approach in cost reduction, as it not only
implies fewer stack but also reduce the amount of the electrolytes. It is
also found that the cost reductions are briefly proportional to their
capital cost reduction. Even though impressive properties have been
obtained, it may not be sufficient to meet the DoE cost targets unless
different measures are taken simultaneously. Based on the sensitivity
data, quantitative iterations were conducted by considering the afore-
mentioned parameters. With the modest improvements to these vari-
ables, realistic design pathways for aqueous and non-aqueous flow
batteries (true and hybrid) towards the cost targets are suggested by
avoiding ineffective cost-cutting strategies (Table 2). It can be seen that
competitive systems are still realistic from the current status of aqueous
flow batteries, while their non-aqueous counterparts remain challenging



L. Tang et al.

unless tremendous improvements (e.g. higher current density, wider
voltage window) have been made on several aspects. The dedicated
focus on capital cost estimations of existing systems may provide
important insight for designing economically viable flow batteries.
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