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HIGHLIGHTS

e We established a techno-economic
model of non-aqueous hybrid redox
flow batteries.

o Sensitivity analyses in terms of cycling
and  material parameters  were
conducted.

e Developing cheap and soluble red-
xomers remains as the most critical task.

e This framework can evolve for general
analysis of various RFB systems.
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ABSTRACT

Renewable energy has become indispensable to improving human life, but its growth is hampered by a lack of
cost-effective energy storage systems to solve the intermittency problem. Non-aqueous hybrid redox flow bat-
teries (NAQHRFBs), based on lithium metal anode and organic redox molecules (redoxmers), have been inves-
tigated as an attractive energy storage option because of their high cell voltages and energy densities compared
to other redox flow battery candidates. However, little is known about the economic potential of NAqQHRFBs, as
well as the operational and materials impacts. This work establishes a techno-economic model to analyze the
capital costs of NAQHRFBs with selected organic redoxmers, including 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO). Sensitivity analyses for current density, area-specific resistance, cell voltage, electrolyte composi-
tion, redoxmer price, and equivalent molecular weight indicate the key factors in controlling NAQHRFB capital
cost. To make the current NAqQHRFB cost-effective, the first priority is to increase the operation current density
over 10 times of those used in lab-scale tests, followed by adjusting redoxmer-related characteristics to afford
more cost reduction space such as decreasing the unit price by ~20 fold. The results have shed light on potential
material development and system engineering directions to make NAqQHRFBs viable for renewable energy
storage.
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1. Introduction

For a long time, the development and implementation of renewable
energy technologies have been of great importance because of their
ability not only to help alleviate the greenhouse gas issue by reducing
fossil fuel consumption but to protect consumers when fuel prices surge.
One of the primary obstacles to broadening the application of renewable
energies is the lack of efficient, energy-dense and cost-effective grid
storage systems with the design flexibility to handle the intermittency
issue. Pumped hydro storage contributed 152 GW-96% of the world’s
storage capacity—in 2020 due to its extremely low cost, but its use is
limited because of its strong reliance on climate and geographical con-
ditions [1]. Redox flow batteries (RFBs), however, possess significant
advantages, such as high efficiency, fast response, long life, flexible
scalability, and distributed installation, and thus have attracted
considerable attention in recent years [2]. Among the various RFB
chemistries investigated, the aqueous all-vanadium redox flow battery
(VRFB) is the most commercially successful system to date, with a
number of megawatt (MW)-scale demo installations around the world
[3]. Other RFBs, such as zinc-bromine, all-iron, lead-acid, and, more
recently, organic systems, are also rapidly growing [4]. However,
wide-spread utilization of RFB technology is impeded by a variety of
critical factors including high capital cost, limited energy/power den-
sity, and long-term operational stability. For instance, the capital cost
for a4 MWh/1 MW VRFB system, as estimated in a cost model, is as high
as $447 kWh’l, primarily because of the expensive chemical (V20s)
used [5]. Thus, there is still a long way to go to meet the near-term and
long-term cost targets of $250 kWh ™! and $150 kWh ™, respectively, for
a storage system providing 4 h of storage set by the U.S. Department of
Energy (DOE) [6]. It would be extremely useful if the techno-economic
characteristics of an RFB candidate could be identified in its infancy
stage, before serious R&D efforts are implemented.

Non-aqueous electrolytes have wider electrochemical windows and
can enable higher cell voltages for RFBs than their aqueous counterparts
[7,8]. Taking advantage of the extremely low redox potential of Li anode
(—3.04 V vs. standard hydrogen electrode), nonaqueous hybrid RFBs
(NAQHRFBs) hold great promise to achieve high cell voltage (>3 V) and
energy density. The “hybrid” nature of NAqQHRFBs is derived from the
immobile Li metal anode and the flowing catholyte. The possibility of
delivering high energy density gives NAQHRFBs a significant advantage
over aqueous and other nonaqueous RFBs. A variety of catholyte
redoxmers, including 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
[9], ferrocene [10,11], anthraquinone [12], dialkoxylated benzene [13],
and polysulfide [14], have been investigated for NAQHRFBs. Among
them, TEMPO has the unique advantages of superior solubility (4-5 M),
high redox potential (3.5 V vs. Li/Li"), fast redox kinetics, and excellent
chemical stability. In our previous work, a Li/TEMPO NAqHRFB using a
concentrated TEMPO catholyte (2 M) [9] demonstrated a high discharge
energy density of 126 Wh-L ™!, which is approximately four times that of
VRFB at a comparable vanadium ion concentration [15]. The major
drawbacks of NAqQHRFBs are closely associated with the Li metal ano-
de—slow deposition/dissolution reactions, Li dendrite growth, coupled
energy and power at anode, and air sensitivity—but the recent advances
in Li metal anode have demonstrated practical and appealing cycle life
and safety features [16,17]. This has made it worthwhile to evaluate the
competitiveness of NAQHRFBs in terms of capital cost.

In an early cost analysis by Darling et al., NAQHRFBs were estimated
to have the lowest system price among various RFBs under generic,
unoptimized conditions [18], illustrating the encouraging attributes of
NAqHRFBs. However, this cost model was based loosely on physico-
chemical and electrochemical property sets that are typical for
nonaqueous RFBs, without either identifying a specific catholyte
redoxmer or examining the effects of relevant operational and material
metrics, such as current density, area-specific resistance (ASR), pump
loss, redoxmer price, and so on. These limitations have resulted in
missed opportunities to explore the system parameters for further cost
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reduction. In addition, despite various cost analyses developed for
aqueous RFBs and non-aqueous organic RFBs [19-22], a lack of such
studies for NAQHRFBs has hampered the discovery of key
cost-determining factors and slowed the development pace of this
unique RFB technology.

In this study, we have developed a techno-economic analysis (TEA)
model to investigate the system-level performance and cost elements of
NAqHRFBs. This model is constructed to include previously under-
addressed efficiency loss factors, such as pump loss and heat genera-
tion. TEMPO was selected as a model catholyte redoxmer because of its
above-stated advantages and established NAqQHRFB cell performance,
but other redoxmer candidates with different molecular weights, redox
potentials and unit prices are also considered as variables in the TEA
model. The effects of key operation- and redoxmer-related parameters
on the capital cost of NAQHRFBs are evaluated through associated
sensitivity analyses. Tailoring these parameters effectively reduces the
capital cost of NAqQHRFBs to a level competitive with VRFBs and close to
DOE’s cost target. Our TEA results indicate that the current density,
redoxmer price and electrolyte composition are among the most sig-
nificant cost controllers. The findings suggest future potential research
directions towards realization of cost-competitive and high-performance
NAQHRFBs.

2. Methods
2.1. NAqQHRFB stack components

The schematic of a NAQHRFB multi-cell stack system is shown in
Fig. 1. Each single cell in the stack consists of a graphite felt electrode at
the catholyte side, a Li-graphite anode, a porous separator, bipolar
plates (BPPs) that connect the two adjacent cells in series, and two
gaskets for sealing. The Li-graphite anode consists of directly stacked
lithium foil and graphite felt to provide improved anode protection.
Compared to a Li metal anode, the Li-graphite anode introduces inter-
calation electrochemistry with graphite felt as the Li* host, instead of
the more challenging Li metal deposition/dissolution reaction, to miti-
gate Li dendrite growth and increase cycle life while still maintaining
the same redox potential as Li metal [9,11]. At the ends of the stack are
two current collectors and two end plates that bolt all the components
together. The NAqQHRFB system also includes a pump for circulating the
catholyte, a tank that stores the catholyte, a heat exchanger (HEX) that
can cool down the reacted catholyte to retain safe working tempera-
tures, and a power conversion system (PCS, not shown in Fig. 1) for
DC-AC conversion. Fig. S1 in the Supporting Information shows an
exploded view of a single cell. Typical stack parameters are shown in
Table S1 in the Supporting Information [23].

2.2. Performance metrics and materials costs

The TEA model for a NAGHRFB system is based on an energy/power
scale of 4 MWh/1 MW. The capital cost of an RFB system is closely
associated with its practical performance metrics, such as working
voltage, current density, and efficiency, which affect the achievable
energy capacity and power output. Therefore, it is necessary to first
define these metrics with available parameters.

2.2.1. Effective discharge voltage

Given that NAqQHRFBs are for energy storage applications, the
discharge voltage is used to determine the power output [6]. In addition
to the energy loss caused by ASR, the use of a pump and possibly a heat
exchanger, as well as shunt current loss, results in efficiency drop.
Compared to aqueous electrolytes, nonaqueous electrolytes’ character-
istics include significantly high viscosity and resistivity. As a result, high
pump power and heat generation are expected during the operation of
nonaqueous RFBs. In this study, we do not consider the shunt current
due to the low electrolyte conductivity. According to a cost analysis, the
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Fig. 1. Schematic diagram of a NAQHRFB multi-cell stack. The cells are series-connected through carbon-stainless steel bipolar plates (BPPs) and are sealed via

compression. The arrows indicate catholyte flow direction.

shunt current loss of VRFBs is about 3% on the same 4 MWh/1 MW scale
[24]. Since the conductivity of our carbonate electrolyte is about 1%
that of the acidic vanadium electrolyte [25], the shunt current loss is
expected to be negligible for NAQHRFBs at the same stack voltage.
Therefore, in our TEA model, only the energy penalties caused by the
ASR, heat exchanger, and pump are considered.

To begin, we introduce a term called the average voltage, Vg, to
quantify the practical voltage of a single NAQHRFB cell caused by the
ASR-related loss, as shown in Eq. (1):

Vag = U—iR )}

where U is the theoretical cell voltage (e.g., 3.5 V for Li/TEMPO bat-
tery), i is the current density, and R is the ASR, which includes sum-
mative contributions from ohmic (Rg), kinetic (R¢r) and mass transport
(Rmr) losses in the flow cell. Assuming the stack contains m single cells,
as shown in Fig. 1, the average discharge voltage of the whole stack is
mV,yg. For a given flow cell test, the ASR can be obtained experimentally
by electrochemical impedance spectroscopy (EIS) measurements of the
flow cell. The Vg, can also be derived from the discharging voltage
curve of the flow cell by integrating the instantaneous voltage over the
state of charge (SOC) and subsequently dividing the integral by the
difference between the initial and the final SOCs [19]. For example, a
Vayg of 3.09 V was obtained from a Li-graphite/TEMPO flow cell (see
Fig. S2a in the Supporting Information for the voltage curve).

A second term, effective discharge voltage, Ve, integrates the loss
resulting from pump power consumption in a single flow cell with Vgy,.
Because ASR and pump use are inevitable in NAqQHRFB cells, they are
included in Vg, but since the heat exchanger is needed only at elevated
stack temperature conditions, it is not included in V4 and is analyzed
separately in Section 2.4. To estimate the Vigr, the pump loss is computed
based on the pressure drop across a single cell. The pressure drop is
divided into two parts: one part caused by electrolyte flowing through
the porous graphite felt electrode (APg) and the other part by the
electrolyte-pipe friction (4Pp). While regular RFBs require pumping both
electrolytes, an advantage of NAqQHRFBs is that only a single electrolyte
needs to be pumped, leading to reduced pump and piping loss. These
pressure drops are evaluated using Darcy’s law, as shown in Eq. (2), and
the Hagen-Poiseuille equation, shown in Eq. (3), respectively (see Sup-
porting Note S1 for a discussion of the Reynolds numbers of electrolyte
flows in porous electrode and in pipe) [26]:

L po

AP, =% 2
ETW Ktz 2

128l
AP, =— L’;Q (3)

where L, W, and tg are the length, width, and thickness of the porous
electrode used in a single cell, K is the permeability of the electrode, y is
the viscosity of the electrolyte, Q is the flow rate, and [ and D are the
length and inner diameter of the pipe. Typically, the through-electrode
pressure drop is significantly higher than the piping pressure drop. Each
cell in the stack contributes equally to the overall through-electrode
pressure drop. For a NAQHRFB stack containing m single cells, the
pump energy consumption (Wpump) used to overcome pressure drops at
each cell can be estimated using Eq. (4):

(APg + %)Q
n

4

Wpump =

where 7 is the pump efficiency. Here, the total piping loss is approxi-
mately equally split over the cells in the stack. Based on the results, the
Vegr of a single cell can be found using Eq. (5):

(VargiA = Woiamp)

Vg iA )

Vg = Vg

where A is the active electrode area of the cell.

2.2.2. Material and cell metrics
With the effective discharge voltage Vg, the amount of TEMPO (in
mole) needed for achieving the nominal energy (E4q) can be obtained
with Eq. (6):
E,

e 6
NTEMPO nVeﬁFDOD (6)

where n is the number of electrons involved in the reaction (e.g.,n =1
for Li/TEMPO), F is the Faraday constant, and DOD is the depth of
discharge retrieved as the ratio of the discharged to theoretical capac-
ities. The DOD value is 60% according to the voltage curve in Fig. S2 in
the Supporting Information. The catholyte consists of 2 M TEMPO in 2.3
M lithium hexafluorophosphate (LiPFg) in a solvent mixture of ethylene
carbonate(EC), propylene carbonate(PC), and ethyl methyl carbonate
(EMC) at 4/1/5 by weight with the presence of 15 wt% fluoroethylene
carbonate (FEC) additive [9]. Based on this composition, the amounts of
energy components were quantified, and the corresponding amount of
Li metal anode was determined.

Power components are also closely associated with the effective
discharge voltage Vg Using Ve, the actual power output of an
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individual stack containing m single cells can be determined with Eq.
(7). The power output of an entire NAQHRFB system depends on the
configuration of individual stacks. Assuming a storage time of 4 h, the
configuration of a NAQHRFB system including Np parallel strings of Ng
series-connected stacks can be determined using Eq. (8):

Py = iAmVyy @
Eq
No = 4iAmV, N, ®)

Based on Eq. (8), the carbon electrode size necessary for achieving
the nominal power can be quantified as NpNgmA. The total materials
cost for energy and power components is obtained by multiplying their
quantities by unit prices. The unit prices of most components at the
relevant scale have been obtained from various suppliers around the
world (see Table 1), except for the bipolar plate (BPP) that will be
modeled in the following section.

2.3. BPP model

For NAQHRFB cells, the traditional graphite material is not suitable
for use as the anode side enclosure due to possible Li" intercalation
reactions. Instead, low-carbon stainless steel demonstrated high elec-
trochemical stability in our previous Li/organic flow cells [9,11]. The
catholyte side enclosure still uses traditional graphite materials.
Therefore, the BPPs used in NAqHRFB stacks are composed of laminated
carbon stainless steel layers. To the best of our knowledge, newly
structured BPPs like these are not currently mass-produced. Although
certain manufacturers can offer customized BPPs at relatively high costs,
it makes good sense to compute the predicted BPP cost at a production
volume relevant to the NAQHRFB system. Inspired by Minke’s BPP
model for fuel cells and RFBs [5], we calculated the BPP cost based on
the unit prices of the raw materials used to produce the BPP (see
Table 2). The BPPs have the same size as the square graphite felt elec-
trodes, i.e., 0.25 m edge length. The amount of each raw material needed
follows an established BPP formulation [23], which is explained in
detail in the Supporting Note S2. The investments in manufacturing
facilities and processes, including machine and tools, maintenance,

Table 1
Cost inputs for the TEA model (See Table S3 in the Supporting Information for
the suppliers of each component material.).

NAQHRFB Component Unit Price (USD)

Graphite felt (4 mm thick) $75 m 2
Carbon/stainless steel BPP (by computation) $3.76 plate ™!
Microporous separator $10 m—2
Heat exchanger (HEX) $71 kw !
1” PVC ball valve $3.99 unit
PVC pipes diameter of 1” $1.08 ft !
PVC pipes diameter of 6” $10.81 ft !
Bolts and nuts $1.15 unit ™!
UHMW PE gasket $76 m—2

Cu current collector $90.60 m™>
Al end plat $93.43 m™2
PVC frame $31 m 2

O ring $1.50 unit "
Pump $44 GPM !
PCS $49.60 A"
TEMPO $86 kg~!
Ubiquitous cathodic active material $5 kgt
LiPFs $20 kg !

EC $1.66 kg !
PC $1.43 kg™!
EMC $3.05 kg !
FEC $90.16 kg "
Li metal $13kg™!
Tank $0.75 gal !
Labor $1 kwh !
Logistics $0.16 kg !
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Table 2

Parameters for BPP production model assuming an annual production volume of
192,000 plates [5]. (See raw material suppliers and more details of listed items
in Table S2 in the Supporting Information.)

Raw Material Tooling
Graphite flake (31 wt%") $1.8 kg’1 Investment $160,000 [5]
Ketjen black (12 wt%") $78.5 kg ! Cycle time 90 s [5]
Carbon nano-tube (3 wt%") $375 kg™ Energy
Chlorinated polyethylene $1.25 kg™! Installed capacity 150 kW [5]
(54 wt%™)
Stainless steel $0.8 kg ! Energy cost $0.0648
kwh™!
Material waste 10% Other energy $1 hr !
BPP dimensions Staff
Width 0.25m Labor $25 hr*
Length 0.25m Personnel 0.5
requirement
Thickness 4 mm Annual working 6000 h
hour
Machine Annual labor wage  $75,000
Investment $600,000
[5]
Depreciation period 8 years
Interest on initial 3%
investment
Maintenance cost 3%
Machine utilization 80%

# The gravimetric composition at the carbon side of the BPP.

labor, and interest on capital, are also taken into consideration for the
BPP cost estimation. The cash flow analysis of the BPP model is shown in
Fig. S3. Based on the material and manufacturing costs for producing the
needed number of BPPs over an extended period (8 years in this
example), the unit price of the BPP is obtained as $3.76 plate ™!, which is
then used in the calculation of NAQHRFB capital cost.

2.4. Heat exchanger model

Typically, RFB operation generates heat internally and elevates the
electrolyte temperature. Whether a heat exchanger (HEX) is needed
depends on the thermal stability of electrolyte. We obtained the
decomposition temperatures of TEMPO-based catholyte ingre-
dients—TEMPO, LiPF¢, EC, EMC, PC, and FEC—from literature reports.
They are shown in Table S4. The upper temperature limit for the cath-
olyte to avoid decomposition is defined as the lowest thermal stability
temperature among these ingredients. Heat generation originates
mainly from two sources: the enthalpy change of the redox reaction and
the internal resistance of the flow cell. The heat generated from the
enthalpy change and the resistive loss are defined in Eq. (9) and Eq. (10),
respectively:

mei-A-AH,
 ~iAAE, ©
Pr=i*Ro-m-A 10

where AH;, is the enthalpy of reaction.

The thermodynamic properties, including standard enthalpies and
specific heat capacities, of the redox species involved (TEMPO,
TEMPO™, Li, and Li") are not readily available, and experimental testing
of them can be labor-intensive. To obtain the enthalpy of the redox re-
action, we use density functional theory (DFT) to calculate these ther-
modynamic parameters, following widely available theoretical methods
[27-29]. The thermal enthalpies of the redox species illustrated in
Scheme 1 were obtained from DFT with B3LYP function and imple-
mented by Gaussian 16 in Bebop at the Laboratory Computing Resource
Center of Argonne National Laboratory. The enthalpy of the redox re-
action is computed by subtracting the thermal enthalpy of the overall
products from that of the overall reactants [30]. Similarly, any
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Scheme 1. The overall redox reactions of Li/TEMPO based NAqQHRFB.

unavailable specific heat capacity of a component in the electrolyte is
also estimated from DFT calculation. The results are listed in Table S4 in
the Supporting Information.

Because of the active thermal management in RFBs, the heat
generated inside the stack is mostly dissipated through the tubing and
tank walls. It is reasonable to assume that the electrolyte’s temperature
reaches ambient temperature before it re-enters the stack. Therefore, the
stack temperature dictates the thermal stability of electrolyte compo-
nent materials. To determine whether a HEX is needed, the temperature
of the electrolyte flowing out of the stacks is determined using Eq. (11):

P, + Pg

Tous = Tam
t » + pCov

(€8]

where T, is the ambient temperature (298 K), p is the density of
catholyte, C, is the normalized specific heat capacity of catholyte, and v
is the total flow rate. If Ty is higher than the upper temperature limit
(60 °C), a HEX will be used to cool the electrolyte down to below the
limit. The power required for the cooling HEX is defined in Eq. (12):

Pypx = (T(mt - Tnmiz)'/)CpV 12)

where Tiimit is the upper temperature limit. For this manageable thermal
model, the heat dissipation of the stacks is ignored, since for RFBs most
of the cooling results from the motion of electrolytes. Because of the
subtle difference between the specific heat capacities of TEMPO and its
charged species TEMPO™, the specific heat capacity of the entire cath-
olyte is considered to be independent of the SOC.

Combining the above TEA model with BPP and HEX models, the
capital cost of the system is calculated by dividing the total cost of all
components by the nominal energy stored. A series of sensitivity ana-
lyses was performed to explore the impact of various conditions,
including current density, FEC content, cell voltage, unit price, and
equivalent weight of catholyte redoxmers, on the capital cost of
NAQHRFB.

Note that the crossover effect is not considered in this initial study.
Because of the use of a porous separator, the crossover of redoxmers is
inevitable, causing reduced Coulombic efficiency and self-discharge
energy loss. Despite this drawback, porous separators have demon-
strated decent cyclability for NAQHRFBs [9,11], as can be seen in the
flow cell data we used to perform the baseline modeling (Fig. S2). Since
lack of reliable selective membranes has been an ongoing challenge for
all nonaqueous RFBs, the parasitic materials loss caused by redoxmer
crossover through the porous separator is not considered in this initial
TEA study.

3. Results and discussion

Using our constructed TEA model, we have obtained the effective
discharge voltage Veg from which to calculate the amounts of stack
component materials and derive the capital cost. Our baseline case
analysis was performed on the Li-graphite/TEMPO system under the
reported conditions: electrolyte using 2 M TEMPO in 2.3 M LiPFg in EC/
PC/EMC (4/1/5 by weight) with 15 wt% FEC, graphite felt electrode (4
mm thick), 800 pm-thick porous separator, flow rate of 50 mL-min~},
and current density of 15 A-m~2 These conditions were chosen because
they are the state of the art for NAQHRFB tests in high-concentration
regimes [9]. In addition, the TEMPO concentration is comparable to
mixed-acid vanadium electrolytes in commercial VRFBs, which allows
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for direct comparison [15]. Note that the low current density originates
from a combination of factors, including slow Li metal deposition or Li*
intercalation reactions and high electrolyte viscosity causing severe cell
overpotential. The experimental EIS spectrum of this flow cell is plotted
in Fig. S2b in the Supporting Information, which is fitted using the
included equivalent circuit to obtain a R of 194 Q cmz, aRcrof 28 Q
cm? and a Ry of 2 Q cm?, resulting in a total ASR of 224 Q cm?. With
such a concentrated electrolyte, the ohmic resistivity constitutes 87% of
the overall ASR and dictates the flow cell performance. This ratio is used
approximately in the following catholyte temperature and heat
exchanger (HEX) cost modeling, where ohmic resistivity is needed for a
specified ASR.

Based on the above conditions, the estimated capital cost turns out to
be $2525 kWh ! and $10,100 kW ! at the 4 MWh,/1 MW scale, which is
significantly higher than those of VRFB ($447 kWh ! and $4106 kW ™1)
[24]. As shown by the cost breakdown in Fig. 2, the cell parts, including
graphite felt electrode and BPP, are the most cost-intensive components,
while the chemical portion (TEMPO, solvents, and salt) is relatively low.
Despite the high discharge energy density (~110 Wh-L™!), the power
density is relatively low due to the small current density, which entails a
large mass of power components and results in the elevated capital cost.
The high capital cost represents a formidable barrier to the commer-
cialization of the Li/TEMPO NAqHRFB system. To evaluate its
techno-economic potential, it is necessary to analyze its sensitivity to a
few selected factors and explore the future space for performance
improvement and cost reduction.

Owing to the high power cost, sensitivity to current density was
analyzed first. Because of the low ionic conductivity of nonaqueous
electrolytes, NAQHRFBs typically exhibit high ASRs, which limits the
cells to low-current operation to achieve decent efficiency. With the
recent development of nonaqueous RFBs, there is still plenty of space for
decreasing ASR and improving current density compared with the above
test conditions of Li/TEMPO cells. For example, the use of thinner
porous separators (down to 175 pm thick) and graphite felt electrodes
(2.5 mm thick) have been demonstrated as viable methods to decrease
the ASR to a range of ~3-18 Q cm? in a nonaqueous all-organic RFB,
allowing for high operational current densities up to 600 A-m~2 with an
energy efficiency of >65% [31]. Selecting different electrode materials
will impact mass and transport behaviors. Compared to graphite felts,
woven carbon cloth electrodes with dual-scale pore sizes and low
thickness (~400 pm) could provide a large surface area to enable fast
transports and low ASRs while maintaining low pressure drop in the cell

Felt
BPP
Frame
O-ring

Salt

Components

FEC

TEMPO
PCS

Others
T

0 5 10 15 20 25 30 35
Percentage (%)

Fig. 2. Breakdown of the calculated baseline capital costs ($2525 kWh ! and
$10,100 kW) of TEMPO-based NAQHRFB at 4 MWh/1 MW scale. Here,
“others” includes separator, endplate, current collector, bolts, HEX, pump, PVC
ball valve, solvent, Li metal, pipe, tank, and labor; the cost portion of each
is <3%.



Z. Lietal

[32]. Changing the flow fields from the current flow-through fields to
serpentine or interdigitated designs is another possible way to decrease
the ASR [33]. These membrane, electrode and flow field engineering
strategies could facilitate transport properties and reduce ASR at the
catholyte side. However, the Li metal anode side is the limiting factor
and allows limited space for increasing current density. Accelerated
reaction rates, i.e., increased current densities, will aggravate Li
dendrite growth and shorten cycle life. The directly stacked Li strip and
graphite felt indeed improve the cyclability of concentrated NAqQHRFB
cells by transforming Li metal deposition to Li* intercalation reactions
without sacrificing cell voltage [11]. High current densities of up to 120
A-m~2 have been successfully demonstrated in Li-graphite/organic flow
cells [9,13,34]. However, these reactions involve redox processes in
solid phase redoxmers and still suffer from sluggish kinetics compared to
the solution phase reaction in the catholyte. These drawbacks are severe
technical barriers for high-current operations of NAQHRFB cells, espe-
cially in high-concentration regimes. Despite the limitations, exploring
the current density—capital cost relationship may shed light on the
boundaries and opportunities of NAqQHRFBs. Therefore, a sensitivity
analysis of the current density was carried out to better understand its
effects while assuming the same efficiency.

Following the techniques used for nonaqueous RFBs [31], three
different ASR scenarios of 3, 10, and 18 Q cm? were selected. Sensitivity
analyses of current density effects on capital costs in $ kWh™! and $
kW~! were built, and the results are plotted in Fig. 3a. Interestingly, all
cost curves show a dramatic drop as the current density increases from
15 to 150 A-m~2. A major reason is that at a higher current density the
output energy and power of a single cell are enhanced, reducing the
number of individual cells needed for achieving the rated energy and
power and so decreasing the cost of stack components. However, a
further increase in current density does not necessarily result in lower
costs. On the one hand, the overpotential (the product of the current
density and ASR) simultaneously increases, leading to a lower average
discharge voltage (Vayg). This is clearly indicated in the computed po-
larization curves of Li/TEMPO flow cells at the three ASRs in Fig. 3b. The
decrease in V,yy decreases the energy and power outputs and inverts
their cost trend versus current density.

On the other hand, a higher current density will generate more in-
ternal heat based on Ohm’s law, and this, in addition to the enthalpic
heat release, may necessitate a HEX to cool the electrolyte. Heat dissi-
pation is an important design consideration in RFB stacks. Electrolyte
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overheating can deteriorate performance and safety, shorten the life-
time, and even cause immediate failure of RFBs. For example, sulfuric
acid-based VRFBs need to maintain an operational temperature below
40 °C, because the V°' species may undergo parasitic reactions at
elevated temperatures, forming solid V05 precipitations and clogging
flow channels [35-39]. Although the circulating electrolytes can offer
the advantage of active heat management, in most scenarios this is not
sufficient, and passive heat dissipation units such as HEXs are still
needed to avoid electrolyte overheating. Similarly, for NAQHRFBs,
temperature control is an additional factor that needs to be considered,
because overheating can cause safety concerns and have a significant
effect on capacity retention. Among all the ingredients in TEMPO-based
catholyte, FEC has the lowest thermally stable temperature (60 °C) due
to its unstable essence in LiPFs-based electrolytes, which will generate
HF if heated above this temperature [40]. Therefore, we set the upper
temperature limit to 60 °C in this work to ensure the thermal stability of
the catholyte. This temperature limit could be adjusted if the solution
composition changes. Using Egs. (9)-(11), catholyte temperatures at the
stack outlet (Toy) were computed using DFT and are plotted in Fig. 3c.
The temperature clearly exhibits a rising trend as the current density
increases and is elevated to >60 °C at 882 and 659 A-m ™2 for an ASR of
10 and 18 Q-cm?, respectively. With an ASR of 3 Q-cm?, the temperature
remains below 60 °C throughout the range of current density under
investigation. These are the critical current densities at which HEX
operation becomes necessary and the HEX cost starts to be added to the
capital cost.

HEX power consumption and cost, as a function of current density at
the three ASRs, are plotted in Fig. 3d. These factors show a general trend
of flattening and then rising with the increasing current density. It
should be noted that ASR has an obvious impact on the capital cost. With
a higher ASR (e.g., 18 Q cm?), the turning point for the rise appears
much earlier with respect to current density, while an ASR of 3 © cm?
leads to delayed flattening of the cost curves even at a current density as
high as 750 A-m~2 As shown in Fig. 3a, for ASRs of 3,10, and 18 Q-cm?,
the current densities accounting for the minimum costs are 753, 393,
and 281 A-m~2, respectively, which correspond to the energy (power)
costs of $548 kWh™! ($2192 kW), $622 kWh™! ($2488 kW) and
$683 kWh ™! ($2731 kw1, respectively. These computed capital costs
drop by 78%, 75%, and 73%, respectively, from the initial values, again
showing that increasing the operational current density slashes the
system cost effectively. Therefore, for a specific measured ASR, the
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current density needs to be optimized within a certain range to achieve
the lowest cost. In the best scenario of our Li/TEMPO system, i.e., the
one with an ASR of 3 Q cm?, strategies that can manipulate the current
density within the range of 200-1000 A-m 2, without sacrificing other
performance parameters such as cycling efficiency and stability, will be
favored in terms of cost.

After the operational effect studies, we next investigated the effects
of redoxmer-related materials factors, including unit price, redox po-
tential, and equivalent molecular weight. A variety of catholyte
redoxmers with different redox potentials, equivalent molecular
weights, and unit prices can be or have been used in NAQHRFBs, such as
TEMPO or a derivative of TEMPO (3.5 V) [9], ferrocene (~3.1-3.5 V)
[10,11,41], anthraquinone (2e”, ~2.4 V) [12], dialkoxylated benzene
(~3.9 V) [13], phenothiazine (1e” or 2e”, ~3.6 V) [42,43], and cyclo-
propenium salts (~4.2-4.5 V) [44,45]. The redox potentials in paren-
theses are as compared to Li/Li". These candidates may form a new pool
for redoxmer selection and expand the space for cost reduction. With the
ASR target of 5 Q cm?in Darling’s cost model [18] in mind, we used an
ASR value of 3 Q cm? in the following studies. The current density was
set to 200 A-m ™2, instead of the 753 A-m~2 determined above, based on
a combined consideration of capital cost and operational practice. On
the one hand, the capital cost at this current density is reasonably close
to, only <10% higher than, the minimum value presented above. On the
other hand, this current density is considerably close to those reported in
realistic NAqQHRFBs. For example, up to 120 A-m~2 were used in
organic-based NAQHRFBs, albeit at low redoxmer concentrations (0.1
M) [9,13,34], particularly considering the slow reaction kinetics at the
anode side.

The first materials factor is the unit price of the redoxmer, followed
by the prices of other electrolyte components such as solvent and salt.
Compared to state-of-the-art VRFBs, the price of TEMPO ($86 kg_l),
much higher than that of V505 (~$28 kg™1), remains a concern. Inspired
by the above redoxmer candidates and the generally wide structural
diversity and tailorability of organic redoxmers, it is possible that less
expensive redoxmers with similar properties can be developed and used
in NAQHRFBs in the future, so it is of critical importance to explore the
effect of redoxmer cost. For this purpose, a sensitivity analysis using unit
prices from $5 kg™ to $100 kg~ was carried out, and the result is
plotted in Fig. 4a. Selecting $5 kg~ ! as the lower price limit is based on
the redoxmer price target of $5-$7 kg~ in Darling’s cost model [18].
Linear relations are shown between the redoxmer price and the capital
costs in terms of both kWh™! and kW™, indicating the direct conse-
quence of employing cheaper redoxmers. Compared with $86 kg™?
TEMPO, a $5 kg ! redoxmer decreases energy and power costs by 32%,
to $419 kWh™! and $1675 kW™!, respectively. These numbers are
impressively close to those of VRFB. Therefore, discovering a redoxmer
that can be massively produced under moderate conditions to afford a
low price is a straightforward approach to the development of
cost-effective NAQHRFB systems.

Other major materials used in the electrolyte are significantly less
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expensive than TEMPO, such as LiPFg ($20 kg’l), Li metal anode ($13
kg_l), and organic carbonate solvents ($1-$3 kg_l), so their effects on
capital cost are not studied here. However, the price of FEC is substantial
($90 kg’l). In our earlier work, an excessive amount of FEC (15 wt%)
was used in high-concentration Li/TEMPO flow cell testing in order to
form a stable and compact solid electrolyte interphase (SEI) that leads to
extended cycle life [9]. Nevertheless, a lower fraction of FEC, such as 3
wt%, was reported to work effectively in Li metal batteries [46]. This
shows that the optimal amount of FEC in Li/TEMPO systems can be
investigated to obtain even lower capital costs. A redoxmer unit price of
($5 kg™!) suggested by the sensitivity analysis in Fig. 4a is used to
investigate the effects of the FEC fraction. As shown in Fig. 4b, a linearly
declining trend is also observed for the capital cost as the FEC fraction
decreases. Reducing the FEC percentage from 15 wt% to 3 wt% cuts the
capital cost by 28%, to $302 kWh™! and $1210 kW™, respectively,
indicating its significant effect.

In addition to the unit price, expanding the redoxmer pool also
suggests variations in redox potential and equivalent molecular weight.
According to Egs. (6) and (8), a high redox potential, which produces a
high cell voltage, will decrease not only the amount of redoxmer but also
the number of cells required for achieving the target energy or power,
leading to reduced redoxmer and cell part costs. In addition, the
redoxmer’s equivalent molecular weight per electron involved in the
electrochemical reaction is also pertinent to the cost, as the redoxmer
price is defined in $ kg~!. Typically, an equivalent molecular weight
below 150 g-mol~!.e ! is favorable, according to Darling’s cost estimate
[18]. Therefore, it is of great importance to evaluate the impacts of the
redoxmer’s potential and equivalent molecular weight on the capital
cost. For this purpose, a 2-dimensional sensitivity analysis was per-
formed, with the redox potential ranging from 2 to 4.5 V and the
equivalent molecular weight in a range from 50 to 500 g-mol l.e71. As
shown in Fig. 5, a higher redox potential, a lower equivalent molecular
weight, or a combination of both leads to a lower capital cost. This trend
was indicated in Egs. (6) and (8). Because a high value of Vg correlates
to a high redox potential and also leads to a smaller number of total cells,
both stack parts and redoxmer costs are reduced. In a NAQHRFB scenario
with a cell voltage of 4.5 V, an equivalent weight of 150 g-mol~ e, a
redoxmer price of $5 kg™!, and a 3 wt% FEC content, the calculated
energy cost is $210 kWh™!, which is 53% less than that of VRFB.

To retrospect the impactful parameters on the capital cost of
NAQHREFBs, a series of cost breakdowns with the above progressively
modified techno-economic parameters are shown in Fig. 6. Interestingly,
the progressive sensitivity analyses also show an evolution in the cost
contributions of power and energy components. Compared to the
baseline case, Scenario A shows a sharp 75% drop in the capital cost at
all ASRs as the current density increases from 15 to 200 A-m™2, indi-
cating it as the most significant cost controller. The cost ratio of power
components (graphite felts, separators, BPPs, current collectors, etc.) in
the overall capital cost decreases drastically from 77% to 23%, while the
energy components (redoxmer, salts, solvents, etc.) become more cost-
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Fig. 4. Sensitivity analyses of (a) redoxmer unit price and (b) FEC fraction on capital cost in kWh~' and kW~'. Computation conditions: ASR 3 Q cm? and current
density 200 A-m 2, with a redoxmer price of $5 kg™! used in (b); other variables remain the same as Fig. 2.
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Fig. 6. Cost breakdown for a 4 MWh/1 MW
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intensive, responsible for more than 64% of the overall cost. In Scenario
B, the use of inexpensive redoxmers and a decrease in the fraction of
expensive electrolyte compositions further cuts the capital cost by more
than 50%, and it is quite clear that the cost reduction falls more heavily
on the energy components. Elevating the redox potential and pruning
the equivalent molecular weight of redoxmer to target values, as in
Scenario C, lead to a one third reduction in capital cost, but with almost
unchanged cost distributions. Finally, the optimal current density 753
A-m 2 obtained from the previous current density sensitivity analysis is
used to calculate the capital cost in an ideal scenario. The energy cost is
further reduced to $140 kWh ™!, which is impressively lower than DOE’s
long-term goal of $150 kWh ™! for stationary storage. In this scenario, it
is readily observed that the power components contribute only 20% to
the total cost, and the highest contributor to cost is the energy compo-
nents. Although the high current density might be operationally chal-
lenging for NAQHRFBs, the significantly low energy and power costs
suggest that NAQHRFBs can be an attractive cost-effective storage
solution.

These sensitivity analyses show that, to realize the computed cost
prospect of NAqQHRFBs, the most critical need is to overcome the barriers
to achieving high operational current densities in NAqQHRFBs that use
inexpensive redoxmers at a high concentration. Although challenging,
this future research objective requires urgent attention. As a predictive
TEA model, other practical issues associated with safety, operating at-
mosphere, and cycle life are not considered here, but these are also
essential challenges that need to be addressed to make NAqHRFBs
feasible at large scales.

4. Conclusion

In summary, a TEA model has been established to compute the
capital cost for NAGQHRFB systems at relevant scales of storage. This
model encompasses a number of key operational and materials param-
eters to identify determining factors and suggests research needs to
overcome the current limitations for NAQHRFBs. Starting with the
effective discharge voltage Vg, the pump loss, and heat exchange, we
obtained the amounts and costs of electrolyte and stack part materials
needed to achieve the target energy and power to derive the capital
costs. In a series of progressive sensitivity analyses, the key cost-
intensive factors have been determined, including the operational cur-
rent density, redoxmer price, and FEC content. Improving these system-
level operational and materials metrics, such as increasing the current
density by a factor of 10, decreasing the redoxmer price by a twentieth,
or reducing the FEC content by 80% compared to the current state of the
art, has been demonstrated effective to produce cost-competitive
NAqHRFBs. The results also suggest potential future research di-
rections to break through these major cost and performance roadblocks.
Under virtually optimized conditions, NAQHRFBs can have energy costs
lower than that of VRFBs and even below DOE’s cost target for sta-
tionary storage, suggesting their latent characteristics as cost-effective
storage solutions. Note that the NAqQHRFB system studied here is for a
4-h storage and the cost would be even lower for longer durations.

This model developed here is an effective tool for determining the
techno-economic performance of NAQHRFBs based on selected experi-
mental and materials parameters. While this model is not without lim-
itations, such as the omission of the shunt current and the lack of
levelized cost modeling (an indicator for operational cost), those can be
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addressed when long-term cycling performance under the identified
conditions is available. The universal framework of this model makes it a
tool generally suited for capital cost analysis. With more data regarding
material production cost and performance under standardized condi-
tions becoming available, this framework can evolve to provide more
comprehensive analysis of various RFB systems.
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