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ABSTRACT: Redox flow batteries (RFBs) promise to fill a crucial missing link in
the energy transition: inexpensive and widely deployable grid and industrial-scale
energy storage for intermittent renewable electricity. While numerous lab-scale
and demonstration-scale RFBs have been delivered, widespread commercial
deployment is still limited by high electrolyte, stack, and balance of plant capital
costs. Increasing the power density of RFBs is correlated with lower stack costs,
primarily because the area needed for expensive electrode and membrane
components to reach a target power density is reduced. In the present
contribution, we summarize the areal power densities reported for lab-scale
RFBs, critically evaluate major pathways employed for power optimization, and
identify opportunities for developing yet-higher power density systems.

The deployment of grid-integrated renewable sources of
energy, such as solar and wind power, has accelerated
markedly in recent years, with the fastest growth

reported in 2022, constituting 27.3% of the total generating
capacity in the United States, with wind capacity increasing
56.6% and solar capacity growing 92.2% above the forecasts
made in 2019.1−3 While such renewable sources are leading
clean and sustainable options, their intermittent nature makes
them unreliable sources for large-scale power production. Clean,
reliable, and cost-effective energy storage technologies are
needed to effectively time-shift energy production to better
match supply and demand.
Redox flow batteries (RFBs) constitute an attractive renew-

able energy storage technology which, unlike Li ion batteries,
can be scaled up with independent control of the system’s energy
and power capacities. In RFBs, the output power (kW) is
controlled by the active area of the electrodes and membrane,
whereas the energy capacity (kWh) is set by the volume of the
electrolyte and the concentration of the electroactive species.
This spatial decoupling of energy and power can be leveraged to
easily create discharge durations from hours to days, while
typical Li ion installations are limited to up to 5-h discharge
duration.4 One major challenge impeding the successful and
ubiquitous deployment of RFBs is their high capital cost. A
recent assessment of current and future cost estimations of all-
vanadium RFBs (VRFBs), which are the farthest along the
commercialization pathway, estimates a current electrolyte and
stack cost of $280/kWh for a 1 MW VRFB with 4-h discharge
duration. This is projected to drop to $230/kWh by 2030.5

Because widespread, cost-effective deployment for price
arbitrage on the electrical grid requires installed costs closer to

$100/kWh, projected cost reductions are insufficient for this
objective.6 RFBs with higher power density should exhibit
reduced capital cost because fewer cells would be required for
the target power capacity. A review of reported prices for VRFB
cell stacks shows that battery stacks alone have prices with a
median of $130/kWh for an energy-to-power ratio of 8 h,7

already far from the target prices. Thus, stack cost reductions are
necessary, and the most likely direction for pursuing such cost
reductions is increasing power density.
In the present contribution, we examine the areal power

density performance of lab-scale RFBs with varying chemistries
and cell architectures. We find that only six chemistries have
enabled cells attaining >1W·cm−2 power density, and solely one
with >2 W·cm−2, a surprising result which motivates this work.
Major power optimization strategies employed in the literature
are identified and critically assessed, with implications for
attaining yet-higher power densities discussed. After an overview
of the current state of the field (section 1), the discussion is
organized into four parts. First, section 2 critically evaluates low
open-circuit voltage (OCV) batteries, cells with <1.3 V OCV,
that achieve high power densities of >1 W·cm−2 via cell
resistance optimization (top-left region of Figure 1). The next
part (section 3) examines chemistries and cells relying largely on
high OCVs to attain large power output (top-right region of
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Figure 1). This section additionally discusses chemistries with
high OCVs which have not yet demonstrated high power
densities (bottom-right region in Figure 1). The third part
(section 4) critically evaluates a VRFB with the highest power
density ever reported for any redox flow battery. The fourth part
(section 5) discusses conditions where mass-transfer losses can

become important when considering the power output of the
battery.

1. CURRENT STATE OF THE FIELD
Figure 1 presents a snapshot of measured maximum power
density versus open-circuit voltage for several flow battery

Figure 1. Power density versus open-circuit voltage of selected chemistries reported in the literature.8−28 The size and color of the circle next to
each chemistry represent the state of the charge and the temperature employed, respectively.

Figure 2. Typical flow battery polarization curve during discharging (voltage versus discharge current density) with dissected contributions of
ohmic, kinetic, and mass-transfer losses.
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chemistries reported in the literature. Note that hybrid flow
batteries, in which metal deposition occurs during the reaction,
are also included. In hybrid flow batteries, the power and energy
are not completely independent; nevertheless, they are still
sought after for other potential advantages, such as low cost of
the involved redox-active species (e.g., zinc). The maximum
power data was extracted from polarization curves, the same
curves from which the cell OCV and area-specific resistance
(ASR) were also obtained. Polarization curves describe the
current−voltage relationship of a given battery for a fixed
chemical state of charge (SOC). Marker color shows the battery
temperature during the experiment yielding the maximum
power density, and marker size shows the battery SOC during
the same experiment. We include all works, to our knowledge,
achieving≥1W·cm−2 that reported all the relevant experimental
data to be included (such as SOC and temperature). We found a
total of 11 such works. We also include representative papers for
other flow battery chemistries of note that have not achieved 1
W·cm−2 to date. Details of each work presented in Figure 1 are
found in Table S1.We believe it is informative to break down the
data using OCV, distinguishing cells with OCV above the water
electrolysis onset voltage (>1.3 V) from those below. We further
distinguish in Figure 1 cells which achieved a high power density
of >1 W·cm−2 from those achieving lower power density.
Ultimately, this allows for a breakdown of compiled data into
four quadrants: those achieving high power density with a high
cell OCV (8 works), those achieving high power density with
low OCV (3 works), and those with lower power density with
either high OCV or low OCV.
Motivation for our breakdown into the latter quadrants comes

from the parameters that affect maximum power density. A

simple relationship can be used to approximate the cell’s
maximum power density, Pmax:

=P
OCV
4ASRmax

2

(1)

Here, ASR represents the cell’s area-specific resistance (e.g., in
units of Ω·cm2). Equation 1 can be derived (see the Supporting
Information (SI)) by assuming a perfectly linear polarization
curve, absent of any significant nonlinearities such as those
associated with Butler−Volmer-type kinetic losses or mass
transport losses (see Figure 2). From eq 1, we can see that ASR
and OCV are two important parameters determining Pmax, and
that Pmax scales as OCV squared. Overall, for a battery to attain
high power density >1 W·cm−2 with low OCV, the battery
chemistry and cell components must be optimized for
exceptionally low ASR, for example, <250 mΩ·cm2 for a cell
with 1 V OCV according to eq 1. For cells with higher OCV,
larger cell ASRs are allowed, for example, <550mΩ·cm2 for a cell
with 1.5 V OCV to achieve >1 W·cm−2.
Polarization curves taken at higher SOCs generally yield

improved Pmax, as they are associated with higher OCVs. Thus,
measurements of Pmax shown in Figure 1 are most typically done
at SOCs nearing 100%. Although increasing battery temperature
can slightly reduce cell OCV, it also allows for significant
enhancements in the electrolyte’s ionic conductivity, so that
higher power can generally be attained by increasing the cell
temperature. For linear polarization curves, the maximum
power, Pmax, for a given SOC occurs at a discharge voltage of
OCV/2 for a linear polarization curve. Thus, operating the cell at
Pmax is typically not done in practice, as it is associated with low
voltage efficiency. However, Pmax is still a useful metric to
compare lab-scale cells and can be used to determine power

Figure 3. Area-specific resistance versus open-circuit voltage of selected chemistries reported in literature. The first color bar on the right side
and the color of the circle next to each chemistry present the error difference between the theoretical and experimental power densities. The
contours demonstrate the theoretical power densities calculated from eq 1 for a range of ASRs andOCVs, corresponding to the second color bar
on the right.
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density at more realistic operating conditions. For example, the
power density when operating at a discharge voltage that is 90%
of the cell’s OCV is (9/25)Pmax, assuming a linear polarization
curve (see the Supporting Information (SI)).
To get a better sense of the accuracy of eq 1 in predicting real-

life Pmax, we plot in Figure 3 the theoretically calculated Pmax for
various chemistries. The maximum power is plotted versus the
cell OCV and ASR extracted from the experimental polarization
curve. ASR is extracted from the linear region of the polarization
curve (see Table S1), where some experimental curves were
approximately linear for all current densities and others showed
characteristic nonlinear regions at low or high current densities,
which were not used in the ASR calculation. As can be seen, the
extracted ASRs vary widely, from 118 mΩ·cm2 for hydrogen−
bromine chemistry to >1300 mΩ·cm2 for PPBy/TEMPO.
Marker color in Figure 3 quantifies the error between the
theoretically calculated and experimentally measured Pmax. For
65% of the chemistries shown here, eq 1 is an accurate predictor
of Pmax given cell OCV and ASR with an error less than 10%. For
others, significant error is incurred: up to ∼40%, for example,
seen for a hydrogen−chloride system. The presence of
significant error is typically correlated with a distinctly nonlinear
activation region at low current densities, which reduce
measured Pmax compared to that predicted from eq 1.

2. HIGH-POWER BATTERIES WITH LOW OCV (<1.3 V)
For batteries with lower OCV, achieving high power density
relies on reducing the cell’s ASR, which can be achieved by
combining highly conductive electrolytes and reactants with
rapid redox kinetics with engineering optimizations of crucial
cell components. This is perhaps best exemplified by hydrogen−
bromine redox flow batteries. Hydrobromic acid can achieve an
exceptionally high ionic conductivity in excess of 700 mS/cm, so
that in cell architectures with thin or highly conductive
membranes, >1 W·cm−2 is achievable despite a low OCV of
∼1 V (Figure 1).15,16

Interestingly, very few works have demonstrated ASR < 250
mΩ·cm2 for batteries with OCV < 1.3 V, demonstrating that
such degrees of optimization pose a significant challenge. We
find three such works, all with bromine-based chemistries such
as hydrogen−bromine and quinone−bromine (Figure 2).15,16,21

Cho et al. achieved Pmax = 1.46 W·cm−2 when operating at room
temperature, largely via the use of an ultrathin (15 μm thin) ion-
exchange membrane to reduce the cell’s ASR.16 The ASR of
their highest power density cell was 184 mΩ·cm2 (Table S1),
with a high-frequency ASR of ∼100 mΩ·cm2, that is possibly
largely attributed to the membrane itself. Livshits et al. achieved
1.5 W·cm−2 when operating at 80 °C, through implementation
of a thin and highly conductive nanoporous ceramic membrane,

leading to a cell ASR of 115 mΩ·cm2 (Table S1).15 Chen et al.
achieved 1 W·cm−2 in an AQDS-bromine battery at 40 °C by
reducing cell ASR to 248 mΩ·cm−2.21 In a separate work, the
latter authors provided a detailed dissection of resistances in
their cell when operating at room temperature, showing that the
DC contributions of the negative and positive electrodes to the
cell ASR were, respectively, 143 mΩ·cm2 and 107 mΩ·cm2, and
the Nafion 212 membrane used contributed 62.1 mΩ·cm2.29

The latter resistance breakdown highlights that, for extremely
optimized cells with cell ASR < 250 mΩ·cm2, the dominant
contributor to ASR appears to be the porous electrodes.29 This
was also seen in optimistic calculations of cell and electrode ASR
by Milshtein et al., showing the porous electrodes dominated
cell resistance by contributing ∼150 mΩ·cm2 each.30 This was
further confirmed by Alfisi et al. via a detailed resistance
breakdown in a membraneless hydrogen−bromine cell, where it
was found that the porous positive (bromine) electrode
contributed ∼60% of the total cell ASR.31 The latter work also
found only a small contribution (<10%) of the negative
(hydrogen) electrode to cell ASR. This suggests that, for
electrodes with gas-phase reactants, where fast electrochemical
reactions occur at nearly planar interfaces decorated with
catalyst nanoparticles, the contribution to cell ASR may be
relatively small.32 This is in contrast to liquid-filled 3D porous
electrodes, where even with kinetically fast electrochemical
reactions, ion transport through relatively long pores and the
presence of distributed reaction zones can couple to dominate
cell ASR.29−31 Following this line of thought, it may be easier to
reach <250 mΩ·cm2 for batteries with only one liquid-solvated
reactant, which is thus far borne out by the data in Figure 1. In
the figure, we observe that the optimized hydrogen−bromine
battery has achieved ∼46% higher power density than the
optimized AQDS−bromine cell,16,21 despite operating at lower
temperature (room temperature vs 40 °C). Thus, breakthrough
work for achieving yet higher power density may rest on
reducing porous electrode ASR via either improved ion
transport or catalytic capability. Both Chen et al. and Alfisi et
al. identified that the largest contribution to losses in a porous
bromine electrode were Faradaic losses due to electron transport
across the solid−liquid interface, accounting for ∼50% of the
electrode’s ASR in both works.29,31 Thus, one promising strategy
is to improve the catalytic capability of the porous electrode via,
for example, doping or surface chemistry modifications.
To help guide efforts to further reduce the ASR associated

with porous electrodes, it is important to recognize that
operation at regimes of extremely low ASR (<250 mΩ·cm2)
leads to different considerations for battery characterization. For
example, at such ASR values, transport of electrons through the
porous electrode can no longer be neglected in linear circuit
models.29,31 In classical implementations of the transmission
line circuit model representing porous electrodes,33,34 the
resistance of the solid phase was justifiably neglected, as it was
generally over an order of magnitude smaller than that
associated with the electrolyte phase. As batteries push into
regimes of extremely high power density, this assumption may
no longer be valid. For example, let us consider a typical porous
electrode for high-power-density batteries, which has a porosity
of ε = 80% and a solid-phase (amorphous carbon) conductivity
of about 1 × 103 S/m. Implementing a Bruggeman relation for
tortuosity, τ = ε−0.5,31 the expected ASR of the electrode’s solid
phase for an electrode 0.5 mm thick would be ∼60 mΩ·cm2,
about that seen in experiments,35 and significant relative to an
optimized cell’s ASR of 250 mΩ·cm2. For these latter cases, the

For batteries with lower open-circuit
voltage, achieving high power density
relies on reducing the cell’s area-
specific resistance, which can be
achieved by combining highly con-
ductive electrolytes and reactants with
rapid redox kinetics with engineering
optimizations of crucial cell compo-
nents.
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correct equivalent circuit model must contain the solid-phase
resistance, as provided in Figure 4.

Using the correct circuit model with solid-phase resistance
leads to important differences in interpreting experimental data.
For example, the commonly measured high-frequency intercept
of the impedance of the porous electrode or battery is generally
interpreted as representing the equivalent resistance of all
battery components other than the electrodes, typically
dominated by the membrane resistance, Rmem (see inset
associated with the blue curve in Figure 4). However, for
batteries with extremely low ASR, at the high-frequency limit,
the equivalent circuit contains also a parallel combination of the
liquid and solid-phase resistances of the electrodes, RL and RS,
respectively (see inset associated with the red curve in Figure

4).31 Thus, utilization of the classical equivalent circuit to
interpret high-power-density battery impedance can lead to
errors for in situ measurements of the membrane resistance.
Using the correct circuit model provides an additional tool to
probe electrode quantities, namely the effective in situ
resistances of the solid and electrolyte phases of the electrode.
At the moment, only cells with both acid-based chemistry and

bromine-based posolytes have achieved >1 W·cm−2 with a low
OCV of <1.3 V (Figure 1). Can a cell with non-acid chemistry
and low OCV also reach such lofty levels of power density in the
future? For such cells, ion transport through the membrane will
typically be associated with higher resistive losses than those
achievable with acid chemistry. The molecular diffusivity of the
hydronium ion is about twice that of the hydroxide ion, which
typically carries membrane current in alkaline chemistry, and is
nearly an order of magnitude greater than that of inorganic salt
ions, which often carry current in neutral-pH chemistries. Thus,
for example, for a typical Nafion 212 membrane (50 μm
thickness), a reportedmembrane ASR for transport of K+ is 2700
mΩ·cm2,36 compared to ∼60 mΩ·cm2 for the same membrane
transporting hydronium ions.29 However, new membrane
chemistries have enabled significant reductions in membrane
ASR, as low as 170 mΩ·cm2 for K+ transport.37 Losses due to
ionic transport in porous electrodes may also be an important
factor in non-acid chemistries, and detailed breakdowns of
resistive losses for such cells would help precisely diagnose such
bottlenecks. Overall, neutral-pH chemistries will have a
significantly harder challenge achieving <250 mΩ·cm2 with

Figure 4. Nyquist plot of the impedance of a porous electrode and membrane in a redox flow battery. The top inset shows a schematic of the
physical structure considered, and immediately below is shown the equivalent transmission line circuit model used. Plotted are the impedance
curves when the electrode is characterized by negligible solid-phase resistance (Rs′ = 0, blue curve) and significant solid-phase resistance (Rs′ =
RL′, red curve). Lower insets show the high-frequency intercept equivalent circuit for the case of negligible and significant solid-phase
resistance. Analytical expressions used to plot porous electrode impedance are provided in Alfisi et al.,31 and parameters used includeRmem = 18
mΩ·cm2, RL′ = 2600mΩ·cm2,RF″ = 6.6mΩ·cm3, andCDL′ = 9000 F/cm, as well as the ASR of the electrode’s liquid phase, ASRL = 180mΩ·cm2.
Contact resistances, such as those between the electrode and current collector, were neglected.

In classical implementations of the
transmission line circuit model repre-
senting porous electrodes, the resist-
ance of the solid phase was justifiably
neglected, as it was generally over an
order of magnitude smaller than that
associated with the electrolyte phase.
As batteries push into regimes of
extremely high power density, this
assumption may no longer be valid.
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low OCV, relative to acid-based chemistries, or even alkaline-
based.

3. HIGH-POWER BATTERIES WITH HIGH OCV
The next category of redox flow batteries is based on systems
with large open-circuit voltage values (OCV > 1.3 V) that have
been reported to deliver high power densities (Pmax > 1.0 W·
cm−2). Possessing large open-circuit voltages brings the
advantage of not requiring a significant reduction in the ASR
of the battery for achieving high power densities. In order to
deliver a power density of 1 W·cm−2, a battery with an OCV
between 1.3 and 1.5 V requires an ASR range of 422−563 mΩ·
cm2, whereas the ASR must be reduced by about half (250 mΩ·
cm2) for a 1.0 V battery to be capable of delivering 1 W·cm−2

(see Figure 1). Although large OCV values loosen ASR
requirements, systems constructed from redox pairs with either
largely negative or largely positive electrochemical potentials (or
a combination of both) in an aqueous environment might
struggle with the presence of hydrogen evolution or oxygen
evolution side reactions or material instability. Side reactions
reduce the Coulombic efficiency of the battery and necessitate a
recovery strategy such as the use of electrolyte rebalancing.
Additionally, material selection can become challenging when
dealing with highly oxidative or reductive cell environments. An
example is the highly oxidative cerium redox-active species
which possess large positive cell potentials of 1.477−1.917 V vs
SHE (depending on the supporting electrolyte) but can easily
oxidize carbon-based electrodes and anion-exchange mem-
branes.38,39 Hence, in this regime, an additional effort would be
needed for enhancing the electrolyte and cell component
stability in the highly reducing and/or oxidative environments of
large-OCV aqueous batteries.
As shown in Figures 1 and 3, limited types of batteries fall in

the high-power and high-OCV region, and the majority of the
data points in this region are based on vanadium chemistry. The
all-vanadium flow battery (VRFB) possesses an OCV of ∼1.4 V
at 50% SOC.40 Although thermodynamically the electro-
chemical potential of V2+/V3+ on the negative side of VRFB
systems lies slightly out of the water stability window (E°V2+/V3+ ≈
−0.255 V versus SHE), kinetically the hydrogen evolution side
reaction is too slow at such overpotentials. Hence, with proper
distribution of local currents and prevention of large local
overpotentials, the presence of side reactions in VRFBs is
negligible. Nevertheless, in the event of gas evolution and cell
imbalance, strategies such as external cell rebalancing41 can be
employed.
The VRFBs reported in the high-power, high-OCV regime

have all achieved power densities between 1.2 and 1.9 W·cm−2

with area-specific resistances of 400−500 mΩ·cm2,12−14,26 with
the exception of the work by Jiang et al. In the latter, a power
density of 2.78 W·cm−2 was achieved by reducing the system’s
ASR to 223 mΩ·cm2.9 The work of Jiang et al. is, to our
knowledge, the sole example of a cell with both high OCV and
exceptionally low ASR (<250 mΩ·cm2) and will be further
discussed in the next section. The rest of the reported power
densities in this regime are discussed in the present section.
These high power densities were achieved by utilizing highly
conductive, low-resistancemembranes12 capable of reducing the
ohmic resistance of the cell, or by use of catalysts for reducing
vanadium redox kinetic losses,26 or by fabrication of high-
surface-area porous electrodes capable of cutting the electrode
kinetic and mass-transfer losses in the system.13,14

A prominent non-vanadium system in this category is a
neutral pH flow battery based on a CrPDTA metal complex
paired with ferrocyanide.8 CrPDTA has an electrochemical
potential of −1.1 V vs SHE and thus is 570 mV more negative
than the hydrogen evolution reaction (HER) potential at pH 9.
Nevertheless, the HER seems to have occurred negligibly in the
presence of CrPDTA. This extension of the kinetic water
stability window is hypothesized to occur due to the inhibition of
water coordination to the Cr metal center, creating a large
kinetic barrier for HER.42 The CRPDTA/ferrocyanide system
possesses a largeOCV of 1.62 V, and thus, as the contour plots of
power density in Figure 3 show, a 1 W·cm−2 cell can be easily
achieved by reducing the ASR to 656 mΩ·cm2. Benefiting from
such a large cell voltage, Robb et al.8 focused on reducing the
ASR of the cell by optimizing the membrane. Note that the
CRPDTA/ferrocyanide system is operated at a neutral pH with
potassium ions as charge carriers through the membrane as
opposed to protons in acid-based flow batteries such as all-
vanadium. The ASR of a flow battery assembled with Nafion 212
in 1 M KCl is reported to be 2.7 Ω·cm2, whereas this number is
only 0.2 Ω·cm2 for a cell assembled with Nafion 212 in 1 M
HCl,36 clearly demonstrating the lower conductivity of
potassium ions through Nafion 212 compared to protons. By
using an alternative membrane (E-610 K), which is thinner and
has a higher conductivity for potassium ions (ASR = 0.3 Ω·cm2

in a cell with 1 M KCl), and by utilizing a bismuth catalyst and a
higher operating temperature (40 °C), the CRPDTA/
ferrocyanide RFB achieved a high power density of 1.63 W·
cm−2.8

The zinc redox couple is another promising redox-active
species for hybrid flow batteries, with a large negative
electrochemical potential of −1.245 V vs SHE in alkaline
conditions.27 A large cell voltage of ∼1.8 V at 50% SOC is
achieved when Zn(OH)42−/Zn is paired with an Fe(CN)63−/
Fe(CN)64− redox couple, presenting a great opportunity for
constructing a high-power hybrid flow battery. The zinc/
ferrocyanide battery cycling is, however, complicated by the
formation of dendrites during zinc deposition, which can break
the membrane and result in a short-circuit. Yuan et al.27 resolved
dendrite formation by using an alternative negatively charge
nanoporous membrane. The dendrite formation was success-
fully inhibited by the repulsion between the negatively charged
membrane and the zincate ions. This battery demonstrated a
maximum power density of 1.056 W·cm−2 at 50% SOC and 1.2
W·cm−2 at 100% SOC. Given the large cell voltage of the cell,
along with the abundance and the low cost of zinc and iron
metals, further investigation into other approaches for ASR
reduction of zinc/ferrocyanide batteries for achieving a high-
power flow battery would be attractive.

More broadly, investigating the high-voltage quadrants in
Figure 1 reveals three distinct strategies for achieving highOCV:
kinetic inhibition, dual-membrane architecture, or construction
of the cell with non-aqueous chemistries. The first strategy,

This investigation reveals three distinct
strategies for achieving high open-
circuit voltage: kinetic inhibition, dual-
membrane architecture, or construc-
tion of the cell with non-aqueous
chemistries.
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kinetic inhibition, as shown for the cases of vanadium and
CrPDTA, involves developing redox couples with OCV > 1.3 V,
but together with electrodes or redox-active elements that
simultaneously inhibit water splitting. This strategy has yielded
several devices achieving >1 W·cm−2 (Figure 1).43 The second
strategy is use of a dual-membrane cell architecture, which
enables the pairing of redox-active species with positive and
negative ionic charges and at different pH values�pairings not
possible through conventional single-membrane cell config-
urations. For example, the Zn/Fe cell, which couples an acidic
Fe posolyte and an alkaline Zn negolyte, results in a highOCV of
∼2.0 V and a power density of ∼0.676 W·cm−2 (Figure 1), the
highest, to our knowledge, to date with dual-membrane
architecture.23 This strategy necessarily increases the cell ASR
by addition of a second membrane and a third electrolyte
channel, but future optimizations of such cells may allow for
breakthrough >1 W·cm−2 power densities. For example, in the
latter Zn/Fe system, an ASR of 2.3 Ω·cm2 was reported.23 A
quick calculation of the middle channel ASR (thickness, L = 0.5
mm, divided by electrolyte conductivity, ε = 0.17 S cm−1) results
in an ASR contribution of only ∼0.3 Ω·cm2, and thus likely the
cell ASR was dominated by membrane contributions. Note that
it is important to assess the financial implications of utilizing an
extra membrane, as it could potentially counteract the cost-
saving benefits derived from achieving a high power density and
reducing stack size. The third strategy involves the AzoB/
DBMMB flow battery,11 which here represents one of the
highest power densities achieved by non-aqueous cells. Non-
aqueous flow batteries can provide up to 4.5 V without solvent
decomposition,44 but reducing the ASR is more challenging due
to the relatively low electrolyte conductivity. The AzoB/
DBMMB cell demonstrated 2.5 V OCV and a maximum
power density of 0.336 W·cm−2, but with a cell ASR of ∼4 Ω·
cm2. The ASRmust be reduced by at least 40% to achieve≥1W·
cm−2 power density, motivating further research into increasing
the ionic conductivity of non-aqueous redox species.

4. COMBINING HIGH OCV AND LOW ASR FOR
ULTRAHIGH POWER DENSITY

The strategies of reducing cell ASR or increasing OCV can be
combined, leading to ultrahigh power density. In theory, one can
achieve >2.5 W·cm−2 at room temperature, for example for a
battery with an ASR of 250 mΩ·cm2 and 1.6 V OCV which
follows eq 1. From Figure 1, the chemistry to-date which best
combines these two approaches has employed vanadium.
Prominently, Jiang et al. demonstrated up to 2.78 W·cm−2

with all-vanadium chemistry by leveraging a high OCV of 1.64 V
and electrode and membrane optimizations to attain a cell ASR
of 223 mΩ·cm2.9 This means that likely each porous electrode
had an ASR ≲ 100 mΩ·cm2, as it is reasonable to attribute ≳20
mΩ·cm2 to the Nafion 211 membrane for the 3 M H2SO4
electrolyte used. Looking more deeply into these exceptional
results, as the only flow battery to our knowledge to achieve >2
W·cm−2, involves an analysis into the exceptionally low porous
electrode ASR obtained. In previous detailed resistance
breakdowns for batteries using hydrogen−bromine and
bromine−quinone chemistry,29,31 as well as optimistic calcu-
lations for electrode ASR,30 the porous positive electrodes
showed an ASR > 100 mΩ·cm2. Further, the bromine redox
couple is generally characterized by faster kinetics than
vanadium, and indeed the polarization curve presented by
Jiang et al. showed a characteristic nonlinear activation region at
low currents, indicative of substantial Faradaic losses�features

not seen in the linear curves associated with bromine-based
batteries.29,31 Also, there is about equal electrolyte ionic
conductivity between that used in vanadium batteries and
bromine batteries, with ∼700 mS/cm for 3 M HBr and 3 M
H2SO4 at room temperature, and seemingly negligible mass
transport losses for all batteries considered here due to operation
at high electrolyte flow rates and high SOC. Therefore, gaining a
comprehensive understanding of the underlying factors that
enabled the attainment of such a remarkable power density in
the work of Jiang et al. is crucial. In our opinion, detailed ex situ
characterization of such porous electrodes is warranted to
provide strong explanations for the exceptional performance
attained, for example including breakdowns of solid-phase,
liquid-phase, and Faradaic contributions to total electrode ASR.
Such investigations would not only deepen our understanding of
high-power-density systems but also provide valuable guidance
for reducing electrode ASR in future designs.

5. MASS TRANSFER FOR HIGH-POWER-DENSITY
BATTERIES

At current densities approaching the limiting current density of
the battery, mass-transfer losses can become significant. Such
mass transport losses can lower the discharge voltage, invalid-
ating eq 1 and potentially lowering Pmax, as well as inhibiting high
power density over a reasonable SOC range (e.g., 20%−80%
SOC). The limiting current density (ilim) of a cell, for the case
where one of the reactants is limiting, can be written as follows:

=i nFk Clim m bulk (2)

where n is the number of electrons transferred, F is the Faraday
constant,Cbulk is the bulk concentration of the reactant, and km is
the velocity-dependent mass-transfer coefficient, which is
affected by the electrode pore structure and the flow field
design. For infinitely fast reactant diffusion, km = v, where v is the
average velocity of the reactant entering the flow field. For a
linear polarization curve, eq 1 is accurate as long as, at the
extremes of the target SOC window, ilim > iP dmax

, where iP dmax
is the

current density at the SOC-dependent maximum power. If we
assume operating at V = 0.9OCV, then the needed operating
current would be 0.1OCV

ASR
, and the output power would be (9/

25)Pmax. Consequently, we need to have, for the entire target
SOC window,

>k C
nF

0.1
OCV

ASRm bulk (3)

for the power of (9/25)Pmax to be provided without
complications from the mass-transfer limitation. This result
highlights that ilim can be increased by employing higher Cbulk,
with an upper limit based on the electroactive species’ solubility.
Bulk concentration is also dependent on the SOC of the battery,
and thus mass-transfer limitations become more pronounced
toward the end of the charge and discharge phases, at the
extremes of the SOC window. Limiting current can also be
enhanced by employing higher flow velocity or engineering pore
structure for improved km. Increasing the operating flow rate
requires consuming a larger pump power, and for high-power-
density cells that can attain high-current-density operation,
pump power loss should be considered when calculating the
system’s net power, Pnet = Pcell − Ppump. The pump power
required (for 2 pumps) can be calculated from Ppump =
∑i=pos,negQiΔpi/ηpump, where ηpump is the pump efficiency, Qi is
the flow rate, and Δpi is the flow system pressure loss at the
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positive (i = pos) or negative (i = neg) side of the cell. The
pressure loss is caused by the stack and the flow tubing (see SI
section 3). For example, for an all-vanadium redox flow battery
at 50% SOC (1 M vanadium at each oxidations state), OCV =
1.4 V, and ASR = 0.49 Ω·cm2 (Pmax = 1 W·cm−2, P = 0.36 W·
cm−2 at Vp = 0.9OCV), the mass-transfer coefficient has to be at
least 0.003 cm s−1 to satisfy eq 3. Using an empirical equation
derived for carbon fiber/felt electrodes,45 relating the mass-
transfer coefficient to velocity (km = 1.6 × 10−4v0.4 in SI units),
we can approximately find that a velocity of 1.47 cm s−1 is
needed. From this velocity, a pressure loss of 9.78 × 103 N m−2

would be expected in the stack (ignoring pressure losses in the
pipe), which would result in a pump power of 0.034 W·cm −2,
constituting 9% of the cell’s power output. Nevertheless, doing
these calculations in reverse reveals that, for such an electrode,
the pump power would become equal to the cell’s power output
(zero net power) when the SOC drops to 30% during discharge.
Consequently, in the context of high-power-density cells, the
contribution of the pump power, especially at the extremes of
the target SOC window, must be taken into account.

To reduce the need for operating at high flow rates and
consequently having large pump losses, flow field and pore
structure engineering for improved km (eq 2) can be
implemented. Several studies have investigated the performance
of the common flow field designs (parallel, serpentine, and
interdigitated) as well as newer and niche designs (e.g., spiral) in
redox flow batteries.46−49 For example, serpentine flow fields,
with their single path extending over the electrode surface,
provide lower pressure drops compared to the interdigitated
flow fields with dead-end channels. Nevertheless, the mass-
transfer rates are higher with interdigitated design due to the
forced convective flow induced from the dead-end paths. This
illustrates the importance of the choice of flow field design and
its impact on pressure drop and the net power output of the
battery. As for the electrode structure, electrodes with bimodal
pore distribution50 have shown improved mass transfer, which is
attributed to simultaneous enhancements in permeability and
surface area in the electrode. While such performance
observations are beneficial, elucidation of the fundamental
relationship between the electrode microstructure and the
overall performance of the battery would allow for informed
design of electrode structures. Exploring microstructure−
performance relationships has been the theme of several studies
on commercial carbon paper and cloth electrodes.51−53 Such
studies have reflected the complex local flow behavior within
different porous commercial electrode structures; however,
drawing broad generalizations about the effects of micro-
structure on the performance is still challenging. Tools such as in
situ visualization techniques via fluorescence microscopy
coupled with electrochemistry can aid in developing a
fundamental understanding.54 This fundamental understanding
can be deepened with computational modeling and predictive
tools to accelerate the design of porous electrodes with the best
combination of properties for high-power redox flow batteries.55

6. SUMMARY
Given that widespread commercialization of RFBs is contingent
on cost reduction to meet the target installation price of $100/
kWh, major efforts should be directed toward not only
developing low-cost electrolytes but also enhancing power
density in order to cut stack costs. To date, a limited number of
studies have reported peak output power densities above 1 W·
cm−2 (Figure 1), and the majority of such works have studied
vanadium RFBs. The highest power density ever reported for
RFBs is 2.78 W·cm−2 for a VRFB system at room temperature.
We argue that, for systems claiming exceptionally high power
density, such claims should be combined with detailed
dissection of voltage losses to impart insight into the source of
this exceptional behavior and strengthen such claims. High cell
OCV is advantageous for reaching high power density, but high
ASR has, in many cases, kept the peak power density below 1W·
cm−2. To reach high power densities for cells with OCV below
the thermodynamic water stability window (<1.3 V),
minimization of cell ASR is crucial. Cell characterization in
this latter regime must be done with care�for example,
including the effect of porous electrode solid-phase resistance in
equivalent circuit models. Developing insight into the enabling
characteristics of high-power-density RFBs by conducting
careful system characterization and applying such insight into
other RFBs can pave the way for maximizing the power density
of RFBs and thereby accelerating their widespread deployment.
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1) Derivation of the maximum power density in the absence of kinetic and mass 

transfer losses 

In the absence of mass transfer and kinetic losses, the power density of the battery is only 

affected by ohmic losses (ASR). Thus: 

𝑃 = 𝑂𝐶𝑉 ∗ 𝑖 − 𝐴𝑆𝑅 ∗ 𝑖2   [1] 

To find the maximum power density (𝑃𝑚𝑎𝑥), the current at the point of 𝑃𝑚𝑎𝑥 is derived from 

taking a derivative of Eq. [1] with respect to current: 

𝑑𝑃

𝑑𝑖
= 𝑂𝐶𝑉 − 2 ∗ 𝐴𝑆𝑅 ∗ 𝑖 = 0 [2] 

𝑖𝑃𝑚𝑎𝑥
=

𝑂𝐶𝑉

2𝐴𝑆𝑅
  [3] 

Substituting Eq. [3] in Eq. [1], we find: 

𝑃𝑚𝑎𝑥 =
𝑂𝐶𝑉2

4∗𝐴𝑆𝑅
  [4] 

 

2) Derivation of the power density at 90% galvanic voltage efficiency 

Assuming a 90% galvanic voltage efficiency, the discharge voltage would be 0.9*OCV. At this 

discharge voltage the current would be: 

0.9 ∗ 𝑂𝐶𝑉 = 𝑂𝐶𝑉 − 𝐴𝑆𝑅 ∗ 𝑖0.9   [5] 

               𝑖0.9 = 0.1
𝑂𝐶𝑉

𝐴𝑆𝑅
               [6] 

Substituting Eq. [6] into Eq. [1] would yield: 

𝑃0.9 = 𝑂𝐶𝑉 ∗ 𝑖0.9 − 𝐴𝑆𝑅 ∗ 𝑖0.9
2   [7] 

𝑃0.9 = (
9

25
) ∗

𝑂𝐶𝑉2

4∗𝐴𝑆𝑅
    [8] 
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3) Calculation of the pump power loss contribution to maintain the operating current 

below the mass transfer limiting current 

The limiting current density (𝑖lim  ) of a cell, for the case where one of the reactants is limiting, can 

be written as follows: 

                                                                 𝑖lim  = 𝑛 ∗ 𝐹 ∗ 𝑘𝑚 ∗ 𝐶𝑏𝑢𝑙𝑘            [9]               

 

To have the operating current at 90% galvanic efficiency lower than the mass transfer limiting 

current: 

               𝑖0.9 <  𝑖lim    [10] 

0.1
𝑂𝐶𝑉

𝐴𝑆𝑅
<  𝑛 ∗ 𝐹 ∗ 𝑘𝑚 ∗ 𝐶𝑏𝑢𝑙𝑘  [11] 

𝑘𝑚 >  0.1
𝑂𝐶𝑉

𝑛∗𝐹∗𝐴𝑆𝑅∗𝐶𝑏𝑢𝑙𝑘
   [12] 

Using Eq. 12, a minimum bound for 𝑘𝑚 can be found. 𝑘𝑚 is the velocity-dependent mass 

transfer coefficient, which is affected by electrode pore structure and the flow field design. For 

each specific electrode under study, experimental and analytical techniques should be employed 

to find the minimum velocity needed to achieve the desired 𝑘𝑚. To find the pressure drop: 

Δ𝑝𝑠𝑡𝑎𝑐𝑘 =
𝜇𝑣𝐿𝑒

𝐾
  [13] 

where 𝜇 is the viscosity, 𝐿𝑒 is length of the electrode in the direction of electrolyte flow, 𝜇 is the 

viscosity and 𝐾 is the permeability of the porous electrode, which can be calculated by the 

Kozenye-Carman equation: 

𝐾 =
𝑑𝑓

2∗𝜖3

16∗𝑘𝑘𝑐∗(1−𝜖)2  [14] 

where 𝑑𝑓 is the fibre diameter, 𝑘𝑘𝑐 is the Kozenye-Carman constant and 𝜖 is the porosity of the 

porous electrode. In the calculations done in the manuscript, constants are 𝜇 = 4.928 ∗ 10−3 

Pa.s, 𝐿𝑒= 0.1 m, 𝑑𝑓 = 1.76 ∗ 10−5 m, 𝜖 = 0.93, 𝑘𝑘𝑐 = 4.28.  

From the pressure loss, the pump power can be calculated: 

𝑃𝑝𝑢𝑚𝑝 = ∑ 𝑄𝑖Δ𝑝𝑖/𝜂𝑝𝑢𝑚𝑝𝑖=𝑝𝑜𝑠,𝑛𝑒𝑔  [15] 

Where we assumed a pump efficiency of 𝜂𝑝𝑢𝑚𝑝 = 0.85. 

 


