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Flow batteries are one option for future, low-cost stationary energy storage.
We present a perspective overview of the potential cost of organic active
materials for aqueous flow batteries based on a comprehensive mathematical
model. The battery capital costs for 38 different organic active materials, as
well as the state-of-the-art vanadium system are elucidated. We reveal that only
a small number of organic molecules would result in costs close to the vana-
dium reference system. We identify the most promising candidate as the
phenazine 3,3’-(phenazine-1,6-diylbis(azanediyl))dipropionic acid) [1,6-DPAP],
suggesting costs even below that of the vanadium reference. Additional cost-
saving potential can be expected by mass production of these active materials;

major benefits lie in the reduced electrolyte costs as well as power costs,
although plant maintenance is a major challenge when applying organic
materials. Moreover, this work is designed to be expandable. The developed
calculation tool (ReFlowLab) accompanying this publication is open for
updates with new data.

With an increasing focus on renewable energy resources, the search
for economic stationary energy storage systems is more important
than ever'?. One promising electrochemical storage technology is
the redox flow battery (RFB) in which the charge carriers are stored
in liquid electrolytes and pumped through an electrochemical cell
referred to as flow cell. This open cell architecture allows to
decouple the place of the electrochemical reaction from the place
where the energy is stored; peak power and capacity can be scaled
independently from each other’. Thus, RFBs are very versatile and
can be applied in different ranges of applications®. Additionally, in
the case where aqueous electrolytes are applied, safety concerns
are low in comparison to other energy storage systems like the
lithium-ion battery technology®.

The most advanced RFB technology is based on vanadium salt
electrolytes. Assemblies of all-vanadium redox flow batteries (VRFB)
are used in residential storage systems, as well as in large-scale energy
storage systems for grid applications®. They show good long-time
stability with a battery lifetime of up to 20 years’. One major dis-
advantage is the high acquisition cost for the needed electrolytes, as
well as the used ion exchange membrane. Moreover, the high costs of
vanadium salts are fluctuating because of their connection to indus-
trial steel production®. To overcome this burden and to reduce the
overall cost of a redox flow system, current research is focused on
finding novel active materials®®’.

Organic active materials are very promising for replacing VRFBs in
either aqueous or non-aqueous systems because they can be tailored
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for the specific application needs®’. These organic compounds are
based on, or can be synthesized from, abundant resources*'°*, Fur-
thermore, applying especially larger organic molecules has the
potential of further cost reduction due to additional separator options.
Thereby, the more expensive ion exchange membranes could be
substituted by cheaper size-selective separators, which reduces one of
the major cost factors*”. By changing substituents or the base struc-
ture of molecules, the solubility or the number of electrons transferred
in the redox process of active materials can be improved. Therefore,
many tailored active materials and electrolytes, with various energy
density, have been proposed in literature®’. The main focus is thereby
on the characterization of the active materials and the cycling stability
over a few days, while studies on the long-term cycle stability of RFBs,
as well as the economic point of view, are less considered. This
common practice can overestimate the benefit of the investigated
materials without seeing the long-term goal, which is to realize an
economic and cost-efficient RFB.

Despite being convincing in terms of their potential advantages,
organic active materials for RFBs are still struggling with drawbacks.
Organic molecules undergo multiple degradation reactions, which
could have a significant impact on the overall battery performance.
Currently, the long-term stability of organic active materials cannot
compete with their inorganic counterparts'®. Additionally, many
molecules that are studied show low solubility in water-based elec-
trolytes, in some cases not fully compensated by an increased number
of transferred electrons, leading to insufficient energy density™.

Although finding novel organic active materials is still the focus of
research, multiple start-up companies on organic RFBs have been
founded recently, illustrating the increased relevance of this technol-
ogy. Companies such as Kemiwatt” (France), CMBIU (Germany),
CERQY (Germany), or Quino'® Energy (USA) are promoting RFBs with
organic active materials”.

Independent of the organic material being used, the commer-
cial success of RFBs will be governed by the overall system cost. The
cost calculation for RFB systems is not trivial, because many aspects
such as the stack design, the balance-of-plant, or the maintenance
costs, need to be considered. So far, Brushett et al."* presented an
economic model that separates the total cost of RFBs into three
major parts: stack costs, electrolyte costs, and costs due to elec-
trolyte exchange. In this work, we present a techno-economical (TE)
model that extends the already proposed method in order to cal-
culate the total costs of various active materials in an industrial-
scaled RFB system. Instead of a general view of organic materials for
RFBs, we compare active materials on the cell level. Our approach
focuses on the individual properties that change when applying
different active materials. As an additional extension, the required
number of stacks is calculated by applying a polarization model
taking the electrochemical kinetics and mass transfer effects into
account. In this study, aqueous negolytes and posolytes of organic
active materials are considered and compared to the VRFB. (Note
that we use “posolyte” and “negolyte” electrolytes as is common in
latest literature reviews instead of the traditional terms “catholyte”

and “anolyte” to avoid confusion, since the latter is only valid for
discharging®.)

The proposed RFB cost model has the potential to be updated
continuously, as various parameters that are implemented (such as
future active material prices or application-related electrolyte capacity
fade rates) can change daily, or can be predicted more precisely in the
future. With a comparison at cell level, including capacity and power-
determining properties, as well as electrolyte degradation, our study
gives the reader an assessment of the capability of the considered
active materials. Furthermore, our calculation model can serve as
benchmark for the buildup of viable organic RFB systems for large-
scale energy storage. Finally, we give the reader an outline of the
projected cost results for state-of-the-art active materials and identi-
fied the phenazine 1,6-DPAP (3,3’-(phenazine-1,6-diylbis(azanediyl))
dipropionic acid) as the most promising one out of 38 studied
molecules.

The code of the developed tool ReFlowLab using the herein pre-
sented TE model can be obtained from the following link: https://
github.com/Domeml94/ReFlowLab”.

Results & discussion

Based on the model described in the section Method we calculated the
capital costs of 38 organic active materials. In the following, we present
the obtained results and break down the individual factors that con-
tribute to the overall costs of an RFB with the respective active
material class.

To adjust for possible changes in costs due to possible optimi-
zation states of the RFB system, we discuss the results for both the
AqORFB and the VRFB by means of two self-defined scenarios (cf.
Table 1), with: (a) “Present Case”, using state-of-the-art values as
reported in literature or given by industry/companies. This choice
implies that we apply an estimated material price at the present
moment given by literature. The Nafion membrane is selected as
separator material. Further semipermeable materials like poly-
benzimidazole (PBI) or anion exchange membranes, to account for
different pH values and chemistry of organic active materials, are not
considered due to lack of available data and the scope of thiswork on a
general outline of all RFB cost contributions?.

(b) “Future Case”, where on the one hand the mass production of
organic active materials and on the other hand the recycling of vana-
dium electrolytes is well-established on industrial scale. To account for
a potential price drop for organic molecules due to mass production
and optimized synthesis strategies we apply the active material cost
proposed by Gregory et al.” for AQORFBs as future state. Furthermore,
to incorporate vanadium recycling we use the selected vanadium
electrolyte price as future recycling value assuming no loss of material
during the operational lifetime of the RFB: e.g., 20.52 $ kg™ per mass
active material leads to 2.41 $ kg™ per mass electrolyte calculated with
a solvent density of 1.24 g cm™ % for 4 M H,SO,. Due to high fluctua-
tions in the vanadium raw material price, we extrapolate a possible
future vanadium price based on the historical development of the last
ten years. In addition, with current research aiming to develop

Table 1] Overview of the assumptions made for both scenarios, Present Case and Future Case, and a statement on why we have

made these projections

Parameter Present Case Future Case Remarks

VRFB

-2.41(20.52 $ kg™ V,05)
-7.45(63.49 $ kg V,05)

Crepl. Elhl/$ kgi1 0

Recycling of vanadium electrolytes is assumed to be well-established. The selected vanadium prices
reflect the high price fluctuations of V,Os. See the section Energy costs of first Supplementary Note for

-0.65 (5.51 $ kg™ V,05) more details.
AGORFB
Coctive/$ kg 9% 3.48% Assuming a price drop for organic molecules due to mass production.
Separator Nafion membrane size-selective separator Size-selective separators are assumed to be developed and established in future AQORFBs.
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enhanced size-selective separators for bulky organic molecules, we
assume a future state AQORFB system applying this low-price separa-
tor alternative. We use state-of-the-art literature values for the para-
meters Rasg (area-specific resistance) and separator cost (see Table S1
and Table S2) in our calculations.

Table 1 specifies the assumed values and explains the conditions
for each of the two scenarios used for the model evaluation.

With the predefined RFB system in terms of capacity and power as
well as the targeted working point (WP) and operational lifetime the
capital cost of the selected active materials is calculated and visualized
in Fig. 1.

Figure 1 represents the main results of the evaluated 38 organic
compounds and VRFB in view of the aforementioned two different
scenarios. Figure 1a, b show the resulting capital cost in $ kWh™ for
each active material class. A material class contains several individual
derivatives of the base structure. Therefore, several values for the
capital cost are displayed for one class, representing an individual
derivative, with the lowest value being highlighted for each class with
its numeric value. Since most literature reports on organic compounds
focus on the design of either the negolyte or posolyte, we group the
obtained results respectively for the cost evaluation (see also subsec-
tion Energy cost in Supplementary Note 1). The VRFB is evaluated for
different material prices corresponding to the discussed scenarios
shown as a baseline for better comparison.

Looking at Fig. 1a, b in detail, a wide range (approximately
400 $ kWh™ to 10° $ kWh™) of material cost results for AQORFBs is
depicted. In both cases, almost all of the 38 molecules are more
expensive than the vanadium reference system (results above the
reference lines of VRFB 676.7 $ kWh™ Present Case, up to 758.0 $ kWh™
Future Case, respectively). In the Present Case, only three phenazines
yield capital costs underneath the 676.7 $ kWh™ of the vanadium
electrolyte, with 1,6-DPAP (3,3’-(phenazine-1,6-diylbis(azanediyl))
dipropionic acid) having the lowest cost with 504.7 $ kWh™.

By shifting from the present to the Future Case, two quinone
negolytes exhibit lower expected costs than VRFBs in the case of a
high vanadium price of 63.49 $ kg™. Here, the anthraquinone DBAQ
(4,4’-(9,10-anthraquinone-diyl)dibutanoic acid) scores best within
this material class with expected costs of 553.1 $ kWh™. Overall, 1,6
DPAP yields the minimum capital cost with 370.0 $ kWh™ for the
Future Case as well. Going from the Present Case to the Future Case
shows that the capital cost is reduced for all active materials. Addi-
tionally, the span from minimum and maximum costs per molecule
class decreases considering the Future Case, using the highlighted
scope of phenazines as an example (1.4 x10® $ kWh™ in the Present
Case to 7.2x107° $ kWh in the Future Case). Furthermore, we can
also see significantly fewer data points for the posolyte group than
for the negolyte half-cell. Additionally, a lower amount of distin-
guishable material groups on the posolyte side is noticeable. A shift
to lower cost values in the Future Case data is visible for the posolyte
materials, too.

According to the observations above, the to-be-expected capital
cost is highly influenced by the difference in physical and electro-
chemical properties of active materials. The results reveal that only few
promising active materials with Future Case capital costs lower than
VRFBs are reported in the literature. Thereby, 1,6-DPAP is the active
material with the lowest expected cost. It might be reasonable to steer
future research in the direction of finding active materials within the
molecule groups of phenazines and quinones for negolytes. Pang
et al.”? already published highly stable phenazines where the capacity
loss was not detectable, further highlighting this material class but
excluded in our calculations due to a missing value of the capacity
faded rate.

The shown capital costs for industrial-scaled systems represent
expected benchmark values due to the required assumptions in this
model. The literature values of active materials used for our

calculations are based on lab-scale RFB setups. These tests are usually
performed under controlled conditions such as a constant room
temperature and an inert gas atmosphere. The air stability of the
organic active materials may serve as another criteria in assessing
applicability within future studies. Maintaining an inert atmosphere to
prevent parasitic oxidation of the molecules with atmospheric oxygen
would increase the overall RFB costs in real applications'®*. A transfer
of the herein-gained knowledge to an industrial scale would be parti-
cularly useful.

The shift in capital costs of negolytes, but also posolytes materi-
als, to lower values in the future scenario shows the cost-saving
potential that would come with the mass production of active mate-
rials or with vanadium recycling (see also Fig. S2). However, with the
current state of technology, we are limited in displaying the actual
impact of mass production because a generalized approach with equal
material prices for all active materials is applied according to the self-
defined cases. Additional reaction steps can increase costs when
upscaling the synthesis, altering the outcome of actual achievable RFB
capital costs by applying different organic active materials?. The
synthesis of the phenazine base structure can be achieved by a 1-step
condensation reaction, as shown by Hollas et al.”. But to produce the,
within this study, favorable 1,6-DPAP, further steps are involved
starting with a bromination of the phenazine precursor and functio-
nalization by amino acids afterwards?®.

The observation that fewer molecule classes for posolytes are
discussed in literature indicates the challenge for researchers in this
field. With a distinct lack of promising posolyte active materials, much
effort needs to be invested into the development of new molecules
with high redox potential.

To further understand the cause of the wide price range observed,
analyzing merely the capital cost is not sufficient. Therefore, Fig. 1c
unravels the three main contributions to Ceapital-

Figure 1c is a bar plot of the minimal capital cost for the Future
Case scenario from each group (negolyte, posolyte) and the mid-price
VRFB, showing a detailed breakdown of the cost contributions.
Focusing on the power cost a difference between VRFB and the organic
molecules is visible, with the VRFB showing a higher value. The para-
meter Celectrolyte Feveals a significantly smaller contribution by the
organic active materials. The posolyte TEMPTMA (N,N,N-2,2,6,6-hep-
tamethylpiperidinyl-oxy-4-ammonium chloride) shows the lowest
electrolyte cost. Moreover, using organic molecules requires main-
tenance costs, with TEMPTMA exhibiting a substantial cost contribu-
tion. The VRFB has negative maintenance costs due to recycling
earnings marked as striped bar.

Equation (2) in the section Method shows how Cpower is calculated
with the parameter Cg,qoysem highly influenced by the material
selected. The sum of all battery stacks is scaled by the necessary
electrode surface area A to reach the target system power as well as the
area-specific stack price (see Eq. (3)). The more expensive Nafion
separator increases the stack cost of VRFB (1661.02 $ per stack instead
of 993.82 $ per stack for Future Case, see SI).

To better understand the differences in the electrolyte costs
between the selected materials a closer look at the calculation of this
summand is necessary. In Eq. (5) the electrolyte cost scales pro-
portionally with the active material price. While a vanadium price of
20.52 $ kg is assumed in our model, the costs of the organic materials
are calculated with a value of 3.48 $ kg for the results depicted in
Fig. 1c). The differing outcome in Cejectrolyte Of 1,6-DPAP and TEMPTMA
result from the used molecule specific parameters (see Table S8).
TEMPTMA has a higher solubility (3.2molL™|3.2 mol, L) than
1,6-DPAP (1.005 mol L™[2.010 mol,- L™), and therefore less mass of
conducting salt is necessary in the electrolyte with target capacity of 4
MWh. Furthermore, 1,6-DPAP possesses a higher molar mass
(354.37 g mol™ vs. 249.803 g mol™) leading to a higher active material
mass and therefore resulting price in the calculation.
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Fig. 1| Main result of the calculations performed with the RFB cost model
assuming the working point WP1 (0.1 W cm™ specific power). a Data points
representing the outcome of calculations assuming the Present Case conditions.
b Points depicted show data obtained by applying assumptions for the Future Case
scenario. Negolytes and posolytes are considered full cells with a predefined
standard half-cell as counter electrode. A distinction is made between the two
scenarios discussed above, Present Case and Future Case, as well as between dif-
ferent classes of molecules and half-cell sides, i.e., for the posolyte and the

negolyte. Minimum capital cost per active material group is depicted in darker
color. ¢ Bar plot that shows the total cost broken down into the three main con-
tributions for the most economical active materials per group (negolyte, posolyte,
and VRFB) based on the Future Case results. The dashed field in the VRFB elec-
trolyte cost contribution marks the recycling value of vanadium assumed for the
Future Case scenario. (All data points are listed in Tables S10, S11, source data are
provided as a Source Data file).
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Next, the plant maintenance cost for the chosen posolyte material
stands out. According to Eq. (6) the plant maintenance cost contains
costs for the stack as well as the electrolyte exchange. Due to the
capacity fading of 0.27% d™ the TEMPTMA electrolyte needs to be
exchanged frequently over the operational lifetime of the considered
RFB with an annual exchange fraction f of 0.99 y™. 1,6-DPAP in com-
parison is reported with a capacity fading of 0.0015% d™ leading to an
annual exchange of 0.005475y™ %%,

Based on the analysis above, the major benefits of organic active
materials over vanadium lie in the reduced electrolyte cost as well as
power cost. Plant maintenance in particular is a major concern when
applying organic posolyte materials. The following paragraph further
unravels this relation.

Figure 2a shows the future state capital costs for the active
material’s normalized redox potential £. Here, the redox potentials are
referenced to the potential of hydrogen taking the individual electro-
lyte pH value into account. Figure 2b shows the capacity fade rate fas a
function of the same normalized redox potentials E. The future state
capital costs Ceapicar are shown in Fig. 2¢) plotted against the publica-
tion year of the literature values used to calculate the data points.
Figure 2d depicts the capacity fade rate f of the active materials for the
same years. The VRFB costs for the Future Case scenario and mid-
range material cost are marked in both, Fig. 2a, c, as reference lines
(dotted line). Negolyte and posolyte active materials are indicated as
blue and red solid circles, respectively.

Observing the potential range of the calculated molecules of
Fig. 2a the molecules with the lowest cost can be found in the mid-
range redox potential of about 0.75 to around 0.85V vs. RHE. Besides,
the overall active materials results spread across the entire potential
range, with materials more distant to this potential region showing
higher capital costs. Particularly higher potentials above 1.1V vs. RHE
yield higher costs. This trend can be explained by the capacity fade rate
shown in Fig. 2b. In both figures, potential values close to one of both
ends of the depicted range lie close to the stability window of water,
with O Vvs. RHE defined as £(H'/H,). With the trend observed in Fig. 2a,
the least cost-intensive active materials lie in the mid-range redox
potential, away from the potentials at which water splitting occurs. The
correlating trend of b proves that the elevated costs can in fact be
traced back to stability challenges due to redox potentials close to the
stability window of water. Therefore, active materials with promising
redox potentials, especially for the posolyte side, might not be suitable
for application due to lack of stability, which is one of the problems
that has to be addressed within future research. However, it should be
noted that besides the decomposition of the active materials, cross-
over effects could also contribute to capacity fade rates, depending on
the selected measurement technique® *°. Hence, the search for novel,
highly selective separator materials should not be overlooked. In
addition, regeneration of already decomposed electrolyte may be an
option for selected active materials, further increasing their lifetime
and thus reducing capacity fade relative to the overall battery
lifetime®.

When putting the results in order of publication date (Fig. 2¢) it
becomes apparent that the active materials with low expected capital
costs have been published only in recent years. While the capital
costs are scattered over a wide range with each year of publication,
the minimum projected AqQORFB costs reach lower values. Molecules
yielding lower cost than the benchmark value for VRFBs have not
been reported before the year 2021. Comparing this plot with the
capacity fade rates depicted in Fig. 2d) the same trend holds for the
lower cost values. Although only recently published active materials
lie below the cost of VRFB, which is the original intent of using
organic active materials, it might be likely that this trend will con-
tinue. As the graph in Fig. 2d) shows a very similar curve for the
capacity fade rate the visible trends in c must be connected to active
material degradation. It can therefore be assumed that the stability of

the molecules and the corresponding plant maintenance are the
main drivers for the often very high expected costs associated with
organic active materials.

Figure S3 shows the Future Case capital costs Ceapical as a function
of the electrolyte pH. The pH-dependent results reveal that the active
materials with the lowest capital costs lie in the pH range of 8 to 12,
including 1,6-DPAP at pH 8. While acidic RFBs are not represented in
the data as much, a higher number of active materials can be found in
neutral to alkaline pH ranges, with low-cost active materials being
applied in alkaline solutions. Therefore, the alkaline pH range of 8 to 12
may be of interest for future research. It is remarkable that so far, no
organic posolytes have been proposed for the alkaline pH range. With
a lack of posolytes in the pH area that is most interesting for the
negolytes, a suitable combination is missing to create an RFB com-
prising organic active materials at the both positive and negative sides.
For this reason, the aforementioned pH range should have priority in
future research for posolyte materials.

The inorganic ferrocyanide salt represents an inorganic posolyte
that is already used in neutral to alkaline pH range. Luo et al.** showed
that [Fe(CN)¢]* gains stability when combined with ammonium cations
NH,". Table SI2 lists the expected cost of RFB applying
(NH4)4[Fe(CN)¢] as posolyte material. The calculation was performed
for an RFB with a Nafion separator and an active material price of
1.28 $ kg *%. A capital price of 651.7 $ kWh™ for an RFB including an
ammonium ferrocyanide electrolyte is calculated, applying the herein
presented model. In comparison, the cost of the inorganic active
material is significantly lower than the result for the organic TEMPTMA
(3785.5 $ kWh™). Those results lead to the conclusion that instead of an
all-organic RFB, a combination with inorganic materials, leading to a
hybrid RFB, may be a promising concept for future development.

As an additional working point, further calculations were per-
formed based on the fixed discharge voltage efficiency (,, 4) of 0.916.
The corresponding results are depicted in Figure S5 and a detailed
discussion can be found in the corresponding subsection of Supple-
mentary Note 3. The VRFB reveals a significant increase of Ceapical fOr
both the Present Case and Future Case scenarios due to major increase
in Cpower and Cmaintenance-

At this working point, the VRFB is operating at a very low specific
power of 6.31 x10™* W cm™ (see the polarization curve in Fig. S6). This
leads to a significant increase of necessary cell stacks (443 stacks with
WP1 vs 70227 stacks for WP2) to reach the target power, increasing
Cpower as Well as the stack replacement costs in Craintenance- The con-
sidered organic active materials are less influenced by this working
point change due to improved kinetics of the electrochemical con-
version (1,6-DPAP: 513 x10*cms™ 2 vs. VO*: 3.0 x107cms™ *) and
therefore a less prominent activation region (see Fig. S6).

Figure S7 shows a local sensitivity analysis with the input for 1,6-
DPAP at WP1 (fixed specific power) as reference point. The input
parameters are varied by +50% and categorized (see section 4. Sup-
plementary Note: Sensitivity analysis of Supplementary Information
for a detailed discussion).

The influences of certain input parameters depicted in Figure S7
indicate that by adapting the properties of the best-performing
organic active material 1,6-DPAP even lower Ccapical might be achiev-
able. A lower redox potential or higher solubility might help reaching
the goal of low-cost organic RFBs while already optimized parameters
like the annual electrolyte replacement fraction f show less potential
for further improvement.

Summary and perspective

A comprehensive model for redox flow batteries was introduced as a
capital cost benchmarking tool for comparing various electrolyte
compositions. Based on this model, we calculated the capital costs for
38 different electrolytes with organic active materials, as well as for the
VRFB system, with assumptions for a present (no vanadium recycling;
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Fig. 2 | Side-by-side comparison of capital costs and capacity fade rates refer-
enced to the redox potential or publication year of each active material using
Future Case calculations. a Future Case capital costs Ceapicai and b capacity fade
rate f, as a function of the active material redox potential £ referenced to the proton
redox potential at the pH value (RHE) of the individual electrolyte for negolyte and

posolyte materials. ¢ Overview of Future Case capital costs Ceapira, and d capacity
fade rate f, in relation to each active materials individual publication year. The
minimum capital cost value for each publication year is represented in dark color
triangles while values above the minimum are depicted in lighter color (source data
are provided as a Source Data file).

low production volume of organic active materials) and a future state
(vanadium recycling, vanadium price fluctuations; mass production of
organic active materials, size selective separator). A wide range of
costs for AQORFBs was obtained, of which just a few lie close to the
calculated VRFB reference values. Only the active material phenazine
1,6-DPAP would imply results below that of the vanadium system in
both scenarios. Comparing the present state capital cost with the
future state indicates possible cost-saving potentials. Notably overall,
there was a lack of data as well as limited options for low-cost organic
active materials for the positive electrode side. This deficit could be

attributed to the fact that active materials with higher redox potentials
are less stable and degrade faster and are thus currently an under-
explored topic of research. Calculations with ferrocyanide show a less-
expensive inorganic alternative as posolyte material. Additionally, we
use a local sensitivity analysis to reveal that adapting the physico-
chemical properties of the 1,6-DPAP active material can lead to lower
capital cost results.

In conclusion, based on the costs obtained by our model pro-
posed, it appears that AQORFBs could be a future alternative to the
current commonly applied VRFB. In this regard, the molecule base
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structures phenazine as well as quinone show the most promising
results on the negolyte side and should therefore be in focus in future
research regarding this half-cell side. Furthermore, an analysis of the
publication dates of the molecules considered reveals a trend that
allows speculation about future low-cost active materials. However,
our study also shows that the selection of active materials is still very
limited and that the lack of organic posolyte materials makes the
future deployment of an all-organic, aqueous RFB uncertain. Never-
theless, a hybrid cell with an inorganic posolyte, such as ferrocyanide,
is a conceivable alternative.

It should be mentioned, however, that the calculations presented
can only outline trends that can help to identify promising candidates
rather than predict potential future systems. The input values used are
based on results from laboratory tests and are therefore a limited
representative for the final application. Furthermore, the selection of
only two separator materials represents the present- and future-case
scenarios. Further semipermeable materials might need to be con-
sidered in the following studies to reflect possible technological
developments. In addition, the calculations are based on using an
idealized counter electrode. It remains to be seen through upscaling
tests whether the results shown can also be confirmed for industrial
applications along the entire lifetime of a RFB system.

For this reason, the calculation tool developed in our study was
designed to be expandable. If more and more accurate data becomes
available in the future as a result of further industry reports, or if
additional active materials are published, these can be added to the
tool as required and further cost calculations can be performed.
Combining the latest trends of artificial intelligence in material
search”** and material synthesis, and testing can help to propel data
acquisition regarding novel molecular structures. Adding more and
more data consistently to the tool/database used herein might allow
more accurate calculations in the future, and should thus be estab-
lished as a regular feedback tool in upcoming RFB research, and the
search for the best active material candidates.

Method

The calculations for our study are based on a model proposed by
Brushett et al.", a further developed TE model by Dmello et al.*,
which is an extension of the approach by Darling et al.*®. Addition-
ally, we combine the aforementioned studies with reasonable
assumptions for the size and costs of redox flow stack components
by Minke et al.>*’. Furthermore, we extend the TE model approach
with a more detailed polarization model that incorporates kinetic as
well as transport phenomena to account for individual differences
in the physico-chemical properties of the active material. This sec-
tion provides an overview of the calculation model used in our
study. For an in-depth description, we refer the reader to section1in
Supplementary Information.

We consider a comprehensive model incorporating all relevant
cost contributions in detail (see the first section in Supplementary
Information for all applied equations) to enable a comparison of active
materials. Our study focuses on the individual properties that change
while applying different active materials and compare systems in detail
accounting for the individual parameters on the cell level. We only
consider water-based electrolytes, i.e., the aqueous organic redox flow
battery (AqQORFB), due to a lack of relevant cyclization data for non-
aqueous systems. Furthermore, hybrid-RFBs with non-flow counter
half-cells like in the work of Xia et al.*® or solid capacity boosting as
shown by Zanzola et al.** and Huang et al.*° are not considered due to
the additional complexity and low technical development state.
Recently published separator materials (e.g., Ye et al.*) are also
excluded from our study due to a lack of possible future market prices
of those materials. Additionally, we apply an idealized counter half-cell
without electrode polarization, electrolyte degradation, and the sta-
bility window of water at the individual pH value as redox potential.

This approach allows in the end the comparison of RFB costs for var-
ious active materials.

For this study, we use a battery energy capacity £4 of 4 MWh and a
discharge time ¢4 of 4 h resulting in a discharge power P4 of 1MW as
target system. A battery stack with 40 cells n . and a single cell elec-
trode area A of 0.06 m? are assumed’. Furthermore, a fixed working
point (WP) needs to be specified to scale the necessary number of
battery stacks. In our calculation, the model is analyzed for a specific
power of 0.1W cm™ (WP1)*. As an alternative option (see subsection
Power cost in first Supplementary Note), a discharge voltage efficiency
(&v, = Uq/Uocy) of 0.916 was used in the calculation (WP2)*.

In this TE model, the overall RFB price C,pyi, shown in Eq. (1)
includes three major contributions: electrolyte cost Cejecirolyer POWET
oSt Cpoyer, and the plant maintenance cost Crintenance-

$ ) Coower
Ceani <— =C + P
capital KWh electrolyte td

+ Cmaintenance (1)

With: Ciea = capital cost ($ kWh™), ¢4 = discharge time (h), Cejectrolyte =
electrolyte cost ($ kWh™), Cpoyer = power cost ($ kW™), Crnaineenance =
plant maintenance cost ($ kWh™)

Herein the power cost C,q,, includes the costs for the cell stack
and balance-of-plant equipment like pumps as well as manufacturing
cost and further contributions. Therefore, it represents the overall
capital cost for the completion of an RFB system without any capacity-
determining contributions.

$ ¢
Cpower (m) = Cstack,system : Fj + CBOP + Cadd (2)

With: Cyack system = System stack cost ($), Cop = balance-of-plant cost ($
kW™, C,4q4 = addition to capital cost ($ kW™), E4 = energy delivered by
battery system (kWh)

The stack cost is scaled by the electrode area and calculated by the

following equation.

Cstack,system ($) = Cstack,area : Atotal (3)

With: Cyqarea = Stack cost per unit area (§ m?), Ay, = electrode
area (m?)
The electrode surface area A is calculated as follows:

Esysd la - Ug -ty Egysq g~ Ug

Atotal (mZ) = (4)

With: €, 4 = efficiency accounts for losses associated with auxiliary
equipment (including power conversion, electrolyte pumps, and heat
exchanger during discharge), i = discharge current density (A m™), Uy
= discharge cell voltage (V), P4 = discharge power (W)

To take differences in active material properties into account, a
polarization curve is considered incorporating ohmic resistance,
charge transfer polarization, and concentration overpotentials (see
subsection power cost in first Supplementary Note for more details).
Depending on the selected working point the necessary electrode
surface area is calculated by Eq. (4).

The electrolyte cost Cejecirolyte (EQ- (5)) includes the acquisition of
active materials, conducting salt, and solvent as well as the cost for the
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electrolyte tanks.

C $ — Celectrolyte ($)
electrolyte kWh Ed
Cartg” SIM" 4 Cone SMY 49 p - Migie - Coe + 52 Coopvent + C
xXPz.P XNz N “Tavg " Msalt * salt T B " solvent tank

F- Ud : gsys,d h gq,rt

(©)

With: r,, =mean molar salt ratio (mol mol™) (rayg = Z51%), by = Mean
actives molality (mol kg™) ( bayg = 25 ), Cearc = salt cost per unit mass
($ kg ™), Cyopvene = sOlvent cost per unit mass ($ kg™), Co,ni = electrolyte
tank costs per quantity ($ mol™), M = molecular weight of species s
(g mol™) (P: Posolyte; N: Negolyte), s° = stoichiometric coefficient of
species s, &4, = round-trip coulombic efficiency, x = maximum SOC
range, z, = number of electrons per battery storage reaction

The plant maintenance cost Cintenance 1S the third major expense
accounted for in this study by Eq. (1). Here, we separate maintenance
cost due to necessary electrolyte exchange and stack replacement with

parameters CNPV,repIacement and Cypy seack- Tespectively.

$

Cmaintenance (m) = CNPV,replacement + CNPV,stack (6)

Data availability

All data generated in this study are included in the manuscript and
Supplementary Information file. Source data are provided in
this paper.

Code availability
The calculation tool used to calculate the shown results is available via
GitHub repository: https://github.com/Domeml94/ReFlowLab?.

References

1. Noack, J., Roznyatovskaya, N., Herr, T. & Fischer, P. The chemistry of
redox-flow batteries. Angew. Chem. Int. Ed. 54, 9776-9809 (2015).

2. C.Roth, J. Noack & M. Skyllas-Kazacos. Flow Batteries. Flow Bat-
teries (Wiley, 2023). https://doi.org/10.1002/9783527832767.

3. Winsberg, J., Hagemann, T., Janoschka, T., Hager, M. D. & Schubert,
U. S. Redox-flow batteries: from metals to organic redox-active
materials. Angew. Chem. Int. Ed. 56, 686-711 (2017).

4. Sanchez-Diez, E. et al. Redox flow batteries: Status and perspective
towards sustainable stationary energy storage. J. Power Sources
481, 228804 (2021).

5. Minke, C. & Dorantes Ledesma, M. A. Impact of cell design and
maintenance strategy on life cycle costs of vanadium redox flow
batteries. J. Energy Storage 21, 571-580 (2019).

6. Pan, M., Shao, M. & Jin, Z. Development of organic redox-active
materials in aqueous flow batteries: current strategies and future
perspectives. SmartMat 4, 1198 (2023).

7. Sorkun, E., Zhang, Q., Khetan, A., Sorkun, M. C. & Er, S. RedDB, a
computational database of electroactive molecules for aqueous
redox flow batteries. Sci. Data 9, 718 (2022).

8. Chen, R. et al. A comparative review of electrolytes for organic-
material-based energy-storage devices employing solid electrodes
and redox fluids. ChemSusChem 13, 2205-2219 (2020).

9. Ding, Y., Zhang, C., Zhang, L., Zhou, Y. & Yu, G. Molecular engi-
neering of organic electroactive materials for redox flow batteries.
Chem. Soc. Rev. 47, 69-103 (2018).

10. Goulet, M.-A. & Aziz, M. J. Flow battery molecular reactant stability
determined by symmetric cell cycling methods. J. Electrochem.
Soc. 165, A1466-A1477 (2018).

1. Lin, K. et al. Alkaline quinone flow battery. Science 349,
1529-1532 (2015).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Huskinson, B. et al. A metal-free organic-inorganic aqueous flow
battery. Nature 505, 195-198 (2014).

Minke, C. & Turek, T. Materials, system designs and modelling
approaches in techno-economic assessment of all-vanadium redox
flow batteries: a review. J. Power Sources 376, 66-81 (2018).
Brushett, F. R., Aziz, M. J. & Rodby, K. E. On lifetime and cost of
redox-active organics for aqueous flow batteries. ACS Energy Lett.
5, 879-884 (2020).

Organic Flow Battery - KEMIWATT | Your Energy Bank. https://
kemiwatt.com/.

Disrupting Bulk Energy Storage | CMBlu Energy AG. https://www.
cmblu.com/en/home/.

Metallfreie Redoxflowspeicher - CERQ. Strom sicher speichern.
https://www.cerg.com/.

Quino Energy - Practical, Affordable Grid Energy Storage. https://
quinoenergy.com/.

Fontmorin, J.-M., Guiheneuf, S., Godet-Bar, T., Floner, D. & Geneste,
F. How anthraquinones can enable aqueous organic redox flow
batteries to meet the needs of industrialization. Curr. Opin. Colloid
Interface Sci. 61, 101624 (2022).

Frith, J. T., Lacey, M. J. & Ulissi, U. A non-academic perspective on
the future of lithium-based batteries. Nat. Commun. 14, 420
(2023).

Emmel, D. Domeml94/ReFlowLab: v1.0.0-DOI. (2023) https://doi.
org/10.5281/ZENODO.8363030.

Ye, R. et al. Redox flow batteries for energy storage: a technology
review. J. Electrochem. Energy Convers. Storage 15, 10801-10802
(2018).

Gregory, T. D., Perry, M. L. & Albertus, P. Cost and price projections
of synthetic active materials for redox flow batteries. J. Power
Sources 499, 229965 (2021).

D. R. Lide. CRC Handbook of Chemistry and Physics. (Taylor &
Francis, 2005).

Zhang, Y. et al. Insights into an air-stable methylene blue catholyte
towards kW-scale practical aqueous organic flow batteries. Energy
Environ. Sci. 16, 231-240 (2023).

Deller, Z., Jones, L. A. & Maniam, S. Aqueous redox flow batteries:
How ‘green’ are the redox active materials? Green. Chem. 23,
4955-4979 (2021).

Hollas, A. et al. A biomimetic high-capacity phenazine-based ano-
lyte for aqueous organic redox flow batteries. Nat. Energy 3,
508-514 (2018).

Pang, S., Wang, X., Wang, P. & Ji, Y. Biomimetic amino acid func-
tionalized phenazine flow batteries with long lifetime at near-
neutral pH. Angew. Chem. Int. Ed. 60, 5289-5298 (2021).

Kwabi, D. G., Ji, Y. & Aziz, M. J. Electrolyte lifetime in aqueous
organic redox flow batteries: a critical review. Chem. Rev. 120,
6467-6489 (2020).

Yao, Y., Lei, J., Shi, Y., Ai, F. & Lu, Y. C. Assessment methods and
performance metrics for redox flow batteries. Nat. Energy 2021 6:6
6, 582-588 (2021).

Jing, Y. et al. In situ electro-synthesis and resynthesis of redox
actives in aqueous organic redox flow batteries. ECS Meet. Abstr.
MA2022-02, 1895 (2022).

Luo, J. et al. Unprecedented capacity and stability of ammonium
ferrocyanide catholyte in pH neutral agueous redox flow. Batteries.
Joule 3, 149-163 (2019).

Weber, A. Z. et al. Redox flow batteries: a review. J. Appl. Electro-
chem. 41, 1137-1164 (2011).

Er, S., Suh, C., Marshak, M. P. & Aspuru-Guzik, A. Computational
design of molecules for an all-quinone redox flow battery. Chem.
Sci. 6, 885-893 (2015).

Dmello, R., Milshtein, J. D., Brushett, F. R. & Smith, K. C. Cost-driven
materials selection criteria for redox flow battery electrolytes. J.
Power Sources 330, 261-272 (2016).

Nature Communications | (2023)14:6672


https://github.com/Domeml94/ReFlowLab
https://doi.org/10.1002/9783527832767
https://kemiwatt.com/
https://kemiwatt.com/
https://www.cmblu.com/en/home/
https://www.cmblu.com/en/home/
https://www.cerq.com/
https://quinoenergy.com/
https://quinoenergy.com/
https://doi.org/10.5281/ZENODO.8363030
https://doi.org/10.5281/ZENODO.8363030

Perspective

https://doi.org/10.1038/s41467-023-42450-9

36. Darling, R. M., Gallagher, K. G., Kowalski, J. A., Ha, S. & Brushett, F. R.
Pathways to low-cost electrochemical energy storage: a compar-
ison of aqueous and nonaqueous flow batteries. Energy Environ.
Sci. 7, 3459-3477 (2014).

37. Minke, C., Kunz, U. & Turek, T. Techno-economic assessment of
novel vanadium redox flow batteries with large-area cells. J. Power
Sources 361, 105-114 (2017).

38. Xia, Y. et al. A cost-effective alkaline polysulfide-air redox flow
battery enabled by a dual-membrane cell architecture. Nat Com-
mun 13, 2388 (2022).

39. Zanzola, E. et al. Redox solid energy boosters for flow batteries:
polyaniline as a case study. Electrochim. Acta 235, 664-671 (2017).

40. Huang, S. et al. Molecular engineering of dihydroxyanthraquinone-
based electrolytes for high-capacity aqueous organic redox flow
batteries. Nat. Commun. 13, 4746 (2022).

41. Ye, C. et al. Development of efficient aqueous organic redox flow
batteries using ion-sieving sulfonated polymer membranes. Nat.
Commun. 13, 3184 (2022).

42. Perry, M. L., Darling, R. M. & Zaffou, R. High power density redox
flow battery cells. ECS Trans. 53, 7-16 (2013).

Acknowledgements

D.E. and S.K. appreciate the financial support from the Federal Ministry
of Food and Agriculture (BMEL) within the project FOREST Il
(2220HVO53E). Y.K. thanks for the support by the National Research
Foundation of Korea (NRF) grant funded by the Korean government
(MSIT) (2023R1A2C2002444) and the Ministry of Education
(2021R1A6A1A03039981). T.T., C.M., and N.B. appreciate the support of
the grant project: German Federal Ministry for Economic Affairs and
Climate Action (Grant/Award Number: O3ET6156E). The authors thank
Heather Cavers for proofreading the manuscript.

Author contributions

D.S. originated the idea. D.S. and C.M. supervised all aspects of the
research. D.E. developed the calculation tool that was used to calculate
the results. S.K. contributed with his experience from laboratory tests on
RFBs to interpret values from the literature and suggest further active
materials. N.B. contributed with its knowledge of cost calculation for
vanadium RFB systems to the development of the calculation model
used. He also contributed cost values for the vanadium RFB. Addition-
ally, C.M. and N.B. added important cost values and aspects relevant to
calculate RFB stack costs. T.T. contributed by a further discussion of the
proposed cost model and added the concentration overpotential to

include all electrochemical aspects in the model. Furthermore, T.T.
helped with discussing and contributing relevant parameters for vana-
dium RFBs. Y.K. helped with further knowledge of relevant parameters
such as discussing working points. In addition, he suggested further
active materials. D.E. wrote the first draft of this manuscript. All other
authors reviewed and agreed to the manuscript.

Competing interests
The authors declare no conflict of interest.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42450-9.

Correspondence and requests for materials should be addressed to
Christine Minke or Daniel Schroder.

Peer review information Nature Communications thanks Qilei Song and
Yi-Chun Lu for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6672


https://doi.org/10.1038/s41467-023-42450-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Benchmarking organic active materials for aqueous redox flow batteries in terms of lifetime and cost
	Results & discussion
	Summary and perspective

	Method
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




