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A B S T R A C T

Redox Flow Batteries (RFBs) are a versatile and durable type of electrochemical storage and a promising option
for large-scale stationary energy storage. Aqueous Organic Redox Flow Batteries (AORFBs) are an innovative
category of RFBs that utilize organic species as active molecules in aqueous electrolytes. These species allow
for customization of their properties to achieve high technical performance and reduce battery cost. This
study presents a comprehensive techno-economic analysis of AORFBs, evaluating their cost metrics and their
associated uncertainties. The work modeled both capital cost and Levelized Cost of Storage (LCOS) for RFBs.
The model was validated on the Vanadium Redox Flow Battery (VRFB), and it was employed to evaluate the
costs for a generic AORFB, using a Monte Carlo technique to incorporate the uncertainty related to the value
of critical parameters. Through stochastic analysis, AORFBs are estimated to have an average specific capital
cost of 674 AC/kWh for 4 h, and 398 AC/kWh for 8 h batteries, and probabilities between 16.9% and 29.6%
of having lower capital costs compared to VRFBs. AORFBs are estimated to have a current levelized cost,
calculated including only the cost of energy lost in the storage due to irreversibility, of about 530 AC/MWh
for 4 h, and 411 AC/MWh for 8 h batteries. The levelized costs of storage, calculated including the total cost
of energy charged into the storage, have average values of 663 AC/MWh for 4 h, and 543 AC/MWh for 8 h
batteries. AORFBs have less than 1% probability of having lower LCOS than VRFBs. Current AORFB systems
have higher costs compared to state-of-the-art VRFBs, even assuming a low fabrication cost for available organic
molecules. This is caused primarily by the AORFBs’ low energy and power densities and high degradation rates.
To ensure cost competitiveness with VRFBs, it is essential to identify better-performing organic redox pairs,
which should exhibit high open circuit voltage (≥ 1.1 V), should maintain reasonable round-trip efficiency (≥
71%) while operating at a high current density (≥ 55 mA∕cm2). Furthermore, new organic species should have
low degradation rates (≤ 0.4 %/day).
1. Introduction

The role of energy storage, particularly battery storage, in stationary
energy storage systems and electric mobility is crucial in facilitating
the integration of renewable generation and reducing greenhouse gas
emissions [1]. Redox Flow batteries (RFBs) are a class of rechargeable
batteries that store and release electrical energy through the oxidation
and reduction of chemical species in liquid electrolytes. RFBs have
emerged as promising candidates for the long-duration storage of re-
newable energy. Their distinctive architecture allows the separation
of power and energy, which bestows them with several advantageous
features. These include a flexible modular design and operation, scala-
bility, moderate maintenance costs, and a long cycle life [2]. Among
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RFBs, there are Aqueous Organic Redox Flow Batteries (AORFBs),
a type of energy storage system that combines the advantages of
RFBs with water-based electrolytes and organic redox active materials.
Water-based electrolytes offer several benefits: water is abundant, non-
toxic, and inexpensive, making it a more environmentally friendly and
cost-effective option compared to non-aqueous electrolytes. Regard-
ing the organic redox active materials employed as energy storage
mediums in AORFBs, the most significant examples include derivatives
of quinones, viologens, and ferrocenes [3]. Organic redox pairs can
be synthesized in the lab from elements that are abundant in the
earth’s crust and environmentally benign [4]. This results in organic
molecules being both environmentally friendly and inexpensive, which
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can lead to potentially low-cost organic systems suitable for large-
scale electrical energy storage systems [5]. Additionally, certain organic
molecules offer the advantage of tunability in their properties and
characteristics. This means that key performance parameters, such as
the cell’s open circuit voltage [6] or the electrolyte’s capacity retention
(the ability to maintain capacity over the battery’s lifespan) [7], can
be adjusted through customization of their molecular structure. It is
worth emphasizing that capacity retention is particularly crucial when
considering the design of organic batteries, because organic redox
species are particularly susceptible to chemical degradation [8]. All the
aforementioned chemistry-specific parameters influence the energy and
power density of the battery, and its durability, defining its capital and
operational costs.

Given the variety of electrolyte materials utilized in the construc-
tion of AORFBs, determining their cost presents significant challenges,
leading to a wide array of options with varying performance and cost
implications [9]. For instance, when considering the constituents of the
battery, there are multiple choices for battery components with varying
costs. One example is represented by the cost of new organic pairs,
which heavily depends on factors such as the synthesis route, yield, and
required purification steps. Furthermore, when contemplating battery
operation, there are several processes involved in maintaining the
battery. For example, there are various approaches to calculating the
cost of periodic electrolyte replacement, which is influenced by the
finite lifetime of molecules, and depends on the type of maintenance
provided [10]. Finally, due to the relative novelty of AORFBs, there
is limited data available on the performance of these batteries, and
the tunability of the organic molecules introduces uncertainties in
cost estimation, despite the flexibility it offers to optimize battery
performance. As a result, conducting a comprehensive techno-economic
analysis for AORFBs has become increasingly essential to account for
these uncertainties and gain valuable insights into their costs. Accurate
analysis to evaluate both the capital cost and the Levelized Cost of Stor-
age (LCOS) is crucial for assessing the commercial viability of AORFBs,
and of RFBs in general, comparing their cost effectiveness with more
commercially successful storage technologies, and identifying areas for
improvement to optimize the economics of this emerging technology.

1.1. State of the art

The literature concerning techno-economic analyses of RFBs is cat-
egorized into two groups: one encompassing studies that establish
models for material costs and capital costs, and the other encompassing
works that lay out a framework for LCOS models.

The abundance of data available in the literature for cost and
performance properties of VRFBs [11] has led to a primary focus on
evaluating the capital cost of this technology [12,13]. These analyses
would sometimes include performance models and sensitivity analyses
involving various technical and cost parameters [14,15] and considera-
tions on the possible future costs of VRFBs [16,17]. On the other hand,
the literature related to techno-economic analyses of other aqueous
RFBs besides VRFBs, containing either organic or inorganic materials,
mainly focused on two aspects. Either on determining the cost of
organic active materials [18] or establishing target performance values
for these systems to achieve low-cost electrochemical storage [9,19,20],
with little consideration given to assessing the costs of batteries made
of existing molecules with tested performance.

The literature regarding Levelized Cost of Storage (LCOS) models
for RFBs is less extensive. Generic LCOS models have been applied
to various storage technologies, including VRFB, for comparisons in
different applications [21]. In one case, the evaluation of LCOS in-
volved a stochastic analysis to project the future costs of different
technologies, including VRFBs [22]. In the referenced study, Schmidt
et al. performed a Monte Carlo simulation on the LCOS to account for
the uncertainty of different input parameters. Each input parameter
2

was assigned a normal distribution determined by its central estimate
and standard deviation, rather than selecting a distribution that best
suited the data. Lastly, in the context of deterministic LCOS models
tailored for RFBs, a particular model was created for VRFBs, taking into
account cyclic-dependent degradation effects and their corresponding
maintenance processes, as detailed in [23]. Subsequently, this model
was extended for use in various organic and inorganic RFBs, and ap-
plied to technologies with target performance parameters, as discussed
in [10].

Table 1 summarizes these models, outlining their most important
features and the evaluated technologies.

The assessed literature reveals several gaps. Firstly, the primary
focus of economic analyses for RFBs lies in vanadium chemistry, leav-
ing limited comprehension of the current economic performance of
AORFBs. This stems partly from the scarcity of information on ac-
tual component costs, such as membranes, electrode felts, and bipolar
plates, specific to organic batteries. An exception arises with the cost of
the active organic species, which, together with the molecular stability
of the organic species, stands out as a variable extensively examined
in the literature, subject to both cost analysis and sensitivity assess-
ments [9,10,18]. The emphasis on the cost of active species compared
to other aspects may be due to an insufficient understanding of which
parameters most significantly influence the cost of AORFBs. This lack of
understanding results from a shortage of sensitivity analyses tailored to
this technology, which could offer insights into the relative importance
of component costs and technical parameters in determining the capital
cost. Furthermore, when evaluating AORFBs’ economics, the input
values in cost models often represent target values for technical pa-
rameters (e.g., open circuit voltage, current density, degradation rates)
rather than realistic values for currently available organic molecules.
This could partly arise from the belief that target performance values
for organic redox pairs are readily achievable in the short term due to
the tunability properties of these molecules.

Regarding LCOS models in the literature, to the authors’ best knowl-
edge, only one model is specifically tailored to RFBs, considering
the loss of capacity due to degradation and the cost of maintenance
processes to recover the loss [23]. However, this model calculates
the effects of only cyclic degradation, which is the degradation that
occurs as a function of the energy charged and discharged from the
storage. A comprehensive model for RFBs, especially relevant for or-
ganic batteries, should also include calendar degradation, which is the
degradation occurring due to the chemical instability of the electrolyte,
as a function of the time, even when the battery is not charged or
discharged. For organic batteries, calendar degradation is usually the
main driver of capacity fade – meaning capacity reduction over the
battery’s lifespan – [3]. This emphasizes the significance of incorpo-
rating calendar degradation into the degradation model as a distinct
factor from cyclic degradation. Furthermore, there is a general lack of
information concerning the maintenance processes and associated costs
required to ensure a long lifespan for AORFBs while recovering their
capacity fade. The costs of maintenance processes are often assumed to
be low enough to guarantee the economic viability of this technology.
Still, the feasibility of these assumptions in the short term remains
unclear due to the limited actual data available on these costs.

Overall, the scarcity of data on actual molecules with proven char-
acteristics tested in laboratory settings, along with realistic costs related
to organic battery components and processes, poses significant ob-
stacles to understanding the actual cost ranges of this technology.
Furthermore, this lack of information results in limited knowledge
about the uncertainty and statistical variability associated with its cost
metrics. The solution might lie in conducting stochastic analyses relying
on real input data variability.

1.2. Paper contribution

The objective of this study was to establish a comprehensive frame-

work for conducting techno-economic analyses of RFBs. This involved
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Table 1
Summary of literature for relevant techno-economic models applied to RFBs.
Reference Year Features Technology evaluated/

Validity

Material costs and capital cost models
Viswanathan et al. [14] 2014 Comprehensive capital cost and performance model,

with stack performance, various power densities,
shunt current model and flow rates. The cost
estimates are obtained here by various vendors.

VRFB Gen I
VRFB Gen I
Fe-V RFB

Darling et al. [19] 2014 Bottom-up approach to determine the capital cost
of low-cost aqueous and nonaqueous redox flow
batteries. Finding chemical properties and
components costs necessary to obtain low-cost
electrochemical storage (<120 $/kWh).

Low cost aqueous
and nonaqueous RFB

Noack et al. [13] 2016 Evaluation of capital RFB cost, from properties
and components costs, with a detailed description
of power-related and manufacturing costs.

10 kW/120 kWh VRFB

Minke et al. [11] 2017 Review of all materials and models in techno-economic
assessments of VRFBs. Evaluation of costs for VRFBs
in the range of 2 kW–50 MW and E/P of 0.25-150 h.

VRFB

Luth et al. [16] 2018 Various vendors and literature components prices
to determine the capital cost of a RFB and provide
data to estimate the future prices of the battery,
focusing on the relative weight of passive and active
components of the battery.

100 kW/400 kWh VRFB

Dieterich et al. [18] 2018 Calculation of costs to produce active materials for
organic flow batteries, proving that it is realistic to
produce organic species with different procedures
at costs below 5 $/kg, the current cost target for
redox-active organic molecules.

Anthraquinone derivative
redox pair

Zheng et al. [17] 2018 Capital cost model, applied to four different
inorganic flow battery technologies, examining
their current and projected techno-economic
performances.

VRFB
Fe-Cr
ZBB
Br-Polysulfide

Brushett et al. [9] 2020 Comparison between organic and vanadium RFBs,
from the point of view of capital and replacement
costs related to lifetime and capacity fade
properties of organic molecules.

Aqueous Organic RFB

Levelized cost of storage models
Lazard [21,24] 2018, 2021 Annual reports with simple LCOS

models, comparing different technologies in
various scenarios.

Various storage
technologies
including VRFB

Schmidt et al. [22] 2019 LCOS analysis for different technologies,
including VRFBs, with sensitivity analyses,
stochastic analyses, and future price estimation
for different storage technologies.

Various storage
technologies
including VRFB

Rodby et al. [10] 2021 Detailed LCOS model for redox flow batteries,
containing chemistry-specific daily degradation
aspects and maintenance processes, for symmetric
and asymmetric flow batteries.

VRFB
Infinite-lifetime RFB/Fe-Cr
Finite-lifetime RFB
extending and refining the existing capital cost and levelized cost
(LCOS) models found in the literature to enable more nuanced and
accurate assessments. The capital cost model was systematically re-
formulated using a bottom-up approach and the LCOS was defined
in two different versions. These models were customized to suit the
specific requirements and objectives of our investigation, incorporating
technical and economic details pertinent to this analysis. While the
framework is broadly applicable to various RFB evaluations, it has
been specifically tailored for the analysis of AORFBs. Additionally,
the enhancement of the techno-economic analysis also encompassed
investigating cost uncertainties associated with this technology through
stochastic analysis.

The capital cost model is here formulated taking into account the
material costs of electrolyte and cell stack, the cell and overall system
performance, and the battery’s manufacturing costs. The system per-
formance is also used to calculate the operational cost of the battery
and the useful discharged energy during its lifetime, needed to evaluate
the levelized cost of storage. The vanadium flow battery (VRFB) was
chosen as a benchmark for testing and validating the model because
3

abundant technical and economic data were available in the literature
for this technology. Unless specified otherwise, the cost estimation
for a generic AORFB used data from the literature regarding generic
redox pairs. Given the absence of viable alternatives, for the present
case the AORFB was assumed to be fabricated with components (such
as membranes, bipolar plates, electrode felts, etc...) whose costs are
equivalent to those of the components found in a VRFB, as done in
similar works [10,19,25]. The AORFB cost was also calculated in a
future case scenario assuming low-cost membranes, bipolar plates, and
electrode felts.

After modeling the cost of RFB and validating the model with
vanadium technology, a stochastic analysis framework was employed,
utilizing the Monte Carlo technique to address the challenges associated
with the uncertainties affecting the cost estimation of AORFBs. To
initiate the stochastic analysis, a preliminary sensitivity analysis was
conducted to identify the most crucial parameters within those ana-
lyzed. Subsequently, an appropriate probability distribution function
was constructed for each critical parameter to describe its uncertainty.
Once the probability functions were identified, they were subject to

random sampling. These sampled functions were then employed to
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generate a substantial number of random battery configurations. Subse-
quently, simulations were executed on these configurations to compute
the level of uncertainty associated with both the capital cost and the
LCOS. By explicitly considering the uncertainties associated with capi-
tal cost and LCOS, the main drivers of cost uncertainty were identified,
revealing the potential weaknesses in current AORFB technologies.
This knowledge could contribute to designing and developing future
molecules and flow batteries that exhibit reduced costs, improved
performance, and enhanced economic viability.

The novelty of this research lies in the following aspects:

• reformulating capital and LCOS models to integrate pertinent
details, i.e.: assessing the solubility of the active compound to
calculate the overall cost of the electrolyte accurately; incorporat-
ing cyclic and calendar degradation rates into the capacity fade
model;

• conducting a stochastic analysis to evaluate the capital and lev-
elized costs of a generic aqueous organic redox flow battery
(AORFB) under uncertainty assumptions on relevant technical
and economic parameters; these parameters were previously se-
lected through sensitivity analyses and characterized by distribu-
tions derived from experimental data.

The rest of this document is structured as follows: Section 2 in-
troduces the method and equations for the three parts of the techno-
economic model: capital cost, levelized cost, and stochastic analysis.
Section 3 reports the input data for the techno-economic model. Sec-
tion 4 starts with model validation, then proceeds with the presentation
of results and discussion. Section 5 presents the conclusions. A Support-
ing Information document contains additional data on the model and
result graphs.

2. Method

The techno-economic model is described as follows (see Fig. 1):

• The bottom-up capital cost model is developed to examine the
RFB’s expenses at the investment level. This model explores the
various cost components associated with the battery, allowing
for a detailed analysis of the capital expenditure. The model is
described in Section 2.1, validated for a VRFB, and applied to a
generic AORFB.

• The levelized cost model is constructed to assess the battery’s
expenses at both investment and operational levels. This model
considers the system’s performance and financial assumptions
to comprehensively analyze the ongoing costs associated with
the battery’s operation. The model is described in Section 2.2,
validated for a VRFB, and applied to a generic AORFB.

• The stochastic analysis is conducted to assess the impact of un-
certainty of the main parameters on the capital cost and LCOS.
This analysis provides insights into the variability range of these
metrics, allowing for a better understanding of the associated
uncertainties. The stochastic approach is described in Section 2.3
and applied to a generic AORFB, whose most critical technical
and cost parameters are subject to uncertainty. These parameters
are identified through a sensitivity analysis.

This techno-economic analysis is suitable for calculating the costs of
all redox flow batteries as it builds on bottom-up models that incorpo-
rate technology-specific considerations. Namely, it evaluates the cost
of the battery system starting from chemistry-specific characteristics
such as redox potential and current density, and components’ costs
such as active material cost and cell components, to evaluate first the
specific cost of electrolyte and stack cell, and then, the entire battery
system cost. Furthermore, it incorporates different sub-models to ac-
commodate variations in the operational principles and degradation
and maintenance specifications of different technologies, such as VRFBs
4

and AORFBs, for this specific analysis.
2.1. Capital cost model

The cost model is calculated assuming to have a redox flow battery
comprised of a single stack, and its capital cost is computed through a
bottom-up approach. A conservative approach is adopted by excluding
any potential cost reductions resulting from scaling-up factors.

To calculate the system cost, the costs are linearly divided into
energy-related and power-related:

𝐶𝑏 = 𝐶𝐸 ⋅ 𝐸𝑏,𝑛𝑜𝑚 + 𝐶𝑃 ⋅ 𝑃𝑏,𝑛𝑜𝑚 [AC] (1)

Where 𝐶𝑃 [AC∕kW] and 𝐶𝐸 [AC∕kWh] are the specific battery costs in
erms of rated power and energy. The rated energy of the battery
𝑏,𝑛𝑜𝑚 [kWh], is the energy discharged by the battery at rated power,
𝑏,𝑛𝑜𝑚 [kW], during the discharge time 𝑡𝑑 [ℎ]. For this reason, the spe-
ific energy cost is attributed to the discharged unit of energy, and the
ame applies to the power.

Energy-related costs are calculated by adopting the methodologies
utlined in [10], with a specific focus on describing the impacts of
urrent density and mass density on the model. In the context of power-
elated costs, a comprehensive assessment of stack component costs is
onducted, as detailed in studies by [13,14,16]. This approach allows
or a thorough consideration of battery performance in the computation
f stack costs.

To compare the costs across various storage technologies, the spe-
ific capital cost, expressed as AC∕kWh, is utilized. This metric is de-
ived by dividing the total cost 𝐶𝑏 by the rated energy 𝐸𝑏,𝑛𝑜𝑚 as
onventionally done by [11].

.1.1. Energy-related costs
Energy-related costs are composed of electrolyte and tank costs, and

lectrolyte cost can be further divided into materials costs, 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,𝑚
active material and supporting electrolyte), and fabrication costs
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,𝑓 , which include assembling and transportation.

𝐸 = 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒+𝐶𝑡𝑎𝑛𝑘 = 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,𝑚+𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,𝑓 +𝐶𝑡𝑎𝑛𝑘 [AC∕kWh]

(2)

The bottom-up approach used to calculate the material cost of the
lectrolytes in the positive and negative tanks is based on [13,19] and
s explained below:

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,𝑚 = 1
𝜌𝐸

⋅(𝐶+
𝑒𝑙,𝑣𝑜𝑙+𝐶

−
𝑒𝑙,𝑣𝑜𝑙) =

1
𝐹 ⋅ 𝑉𝑒𝑓𝑓 ,𝑑

⋅(𝐶+
𝑒− ,𝑡𝑟+𝐶

−
𝑒− ,𝑡𝑟) [AC∕kWh] (3)

In the literature, the electrolyte cost has been expressed through its
volumetric cost (𝐶+∕−

𝑒𝑙,𝑣𝑜𝑙) and volumetric energy density (𝜌𝐸) [13], or us-
ing the molar cost of electron transfer (𝐶+∕−

𝑒− ,𝑡𝑟) and the cost of electrolyte
solution per active material unit of mass (𝐶𝑒𝑙,𝑤𝑒𝑖𝑔ℎ𝑡) [19]. The methods
are equivalent but use different definitions for the component costs.
This work uses the second approach by defining 𝐶+∕−

𝑒− ,𝑡𝑟 as in Eq. (9).
The most important terms for the definition of both performance

and costs are the volumetric energy density (𝜌𝐸) and the battery
effective voltage during discharge (𝑉𝑒𝑓𝑓 ,𝑑):

𝜌𝐸 = 𝑐𝑜𝑛𝑐𝑎𝑐𝑡 ⋅ 𝐹 ⋅ 𝑉𝑒𝑓𝑓 ,𝑑 ⋅𝐷𝑂𝐷𝑚𝑎𝑥 ⋅ 𝑛𝑒− [kWh∕L] (4)

Where 𝑐𝑜𝑛𝑐𝑎𝑐𝑡 is the molar concentration of active species in the elec-
trolyte; F is Faraday’s constant; 𝑛𝑒− is the number of moles of electrons
transferred per mole of active species, assumed to be equal to one
for all batteries [10]; 𝑉𝑒𝑓𝑓 ,𝑑 is the average effective voltage of a cell
during discharge, considering all the power losses in the cell, stack, and
system. It is highlighted that the energy density refers to a total liter
of electrolyte (half-liter of positive electrolyte plus half-liter of negative
electrolyte), which can effectively give an output of 𝜌𝐸 kilowatt-hours
when the battery is discharged within its operational state of charge
(𝑆𝑂𝐶) range, which is here called 𝐷𝑂𝐷𝑚𝑎𝑥(= 𝑆𝑂𝐶𝑚𝑎𝑥 − 𝑆𝑂𝐶𝑚𝑖𝑛).

This definition of energy density depends on the system’s conversion
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Fig. 1. Scheme of the techno-economic model.
efficiency, and thus the energy costs are influenced by the power
modules’ efficiency.

The effective cell voltage during discharge, comprehensive of all
the battery system losses (cell, stack, and auxiliary systems), is ex-
pressed according to common literature approaches [13,17], through
the following relationship:

𝑉𝑒𝑓𝑓 ,𝑑 =
𝑃𝑠𝑡𝑎𝑐𝑘

𝐼𝑠𝑡𝑎𝑐𝑘 ⋅𝑁
[V] (5)

The effective cell voltage is related to 𝑃𝑠𝑡𝑎𝑐𝑘, the battery output
power during discharge, 𝐼𝑠𝑡𝑎𝑐𝑘, the total current flowing in the stack
(𝐼𝑠𝑡𝑎𝑐𝑘 = 𝐼𝑐𝑒𝑙𝑙 if all the cells in the stack are in series to increase the
stack voltage), and 𝑁 , the number of cells in the stack.

The battery losses are encompassed inside 𝑉𝑒𝑓𝑓 ,𝑑 , through the cell’s
average discharging voltage 𝑉𝑐𝑒𝑙𝑙,𝑑 , which includes only the cell’s in-
ternal losses, and through the discharging efficiency of the auxiliary
systems 𝜂𝑠𝑦𝑠,𝑑 , which accounts for shunt current losses in the stack and
pumping losses:

𝑉𝑒𝑓𝑓 ,𝑑 = 𝑉𝑐𝑒𝑙𝑙,𝑑 ⋅ 𝜂𝑠𝑦𝑠,𝑑 [V] (6)

𝑉𝑐𝑒𝑙𝑙,𝑑 = 𝑂𝐶𝑉 − 𝑖𝑑 ⋅ 𝐴𝑆𝑅 = 𝑂𝐶𝑉 ⋅ 𝜂𝑣,𝑑 ⋅ 𝜂𝑐,𝑑 [V] (7)

𝜂𝑐,𝑑 is the coulombic efficiency and 𝜂𝑣,𝑑 is the voltaic efficiency;
OCV is the Open Circuit Voltage; 𝑖𝑑 is the discharging current density;
ASR is the Area-Specific Resistance. For this model, the relationship
between 𝑖𝑑 and 𝑉𝑐𝑒𝑙𝑙,𝑑 is simplified with a linear approximation, through
the constant value of the cell’s average ASR during discharge. The ASR
includes ohmic losses in the bipolar plates and separator and kinetic,
ohmic, and transport losses in the electrodes [16]. Even though OCV
and ASR generally depend on SOC, these terms are considered constants
for simplicity, using average or representative values calculated from
the polarization curves.

The average total discharging efficiency (𝜂𝑑 = 𝜂𝑠𝑦𝑠,𝑑 ⋅ 𝜂𝑣,𝑑 ⋅ 𝜂𝑐,𝑑) is
calculated using Eq. (5) and (6), and knowing the average value of the
round-trip efficiency 𝜂𝑟𝑡 including all losses, the average value of the
total charging efficiency can be calculated as follows:

𝜂𝑐 = 𝜂𝑟𝑡∕𝜂𝑑 (8)

The molar cost of electrons 𝐶+∕−
𝑒− ,𝑡𝑟 is the cost required to transfer a

mole of electrons in the positive (𝐶+
𝑒− ,𝑡𝑟) or negative (𝐶−

𝑒− ,𝑡𝑟) electrolyte.
The electrolytes (positive and negative) are assumed to have the same
5

cost [10]:

𝐶+
𝑒−,𝑡𝑟 = 𝐶−

𝑒−,𝑡𝑟 =
𝑀𝑊𝑎𝑐𝑡𝑖𝑣𝑒

𝐷𝑂𝐷𝑚𝑎𝑥 ⋅ 𝑛𝑒−
⋅ 𝐶𝑒𝑙,𝑤𝑒𝑖𝑔ℎ𝑡 [AC∕𝑚𝑜𝑙𝑒− ] (9)

𝐶𝑒𝑙,𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑐𝑎𝑐𝑡𝑖𝑣𝑒 +
𝑐𝑆𝐸
𝑆

[AC∕𝑘𝑔𝑎𝑐𝑡𝑖𝑣𝑒] (10)

Where 𝑀𝑊𝑎𝑐𝑡𝑖𝑣𝑒[𝑘𝑔∕𝑚𝑜𝑙𝑎𝑐𝑡𝑖𝑣𝑒] is the molecular weight of active species
in the electrolyte, assumed to be equal for the two electrolytes; 𝐶𝑒𝑙,𝑤𝑒𝑖𝑔ℎ𝑡
is the cost of electrolyte solution per unit of mass of active material
and is calculated knowing the mass-specific costs of active material
𝑐𝑎𝑐𝑡𝑖𝑣𝑒 and supporting electrolyte 𝑐𝑆𝐸 . The supporting electrolyte refers
to all the materials that constitute the electrolyte, excluding the active
species. It is typically assumed to be an aqueous acidic or alkaline
solution. 𝑆 is the solubility of active species per mass unit of supporting
electrolyte. The solubility can be calculated using information about the
electrolyte composition:

𝑆 =
𝑐𝑜𝑛𝑐𝑎𝑐𝑡 ⋅𝑀𝑊𝑎𝑐𝑡𝑖𝑣𝑒

𝜌𝑒𝑙 − 𝑐𝑜𝑛𝑐𝑎𝑐𝑡 ⋅𝑀𝑊𝑎𝑐𝑡𝑖𝑣𝑒
[𝑘𝑔𝑎𝑐𝑡𝑖𝑣𝑒∕𝑘𝑔𝑆𝐸 ] (11)

Where 𝜌𝑒𝑙 is the density of the electrolyte, expressed in kg∕L.
The other electrolyte cost components are calculated as follows:

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,𝑓 =
𝑐𝑓𝑎𝑏𝑟,𝑣𝑜𝑙

𝜌𝐸
[AC∕kWh] (12)

𝐶𝑡𝑎𝑛𝑘 =
𝑐𝑡𝑎𝑛𝑘,𝑣𝑜𝑙
𝜌𝐸

[AC∕kWh] (13)

Where 𝑐𝑓𝑎𝑏𝑟,𝑣𝑜𝑙[AC∕L] and 𝑐𝑡𝑎𝑛𝑘,𝑣𝑜𝑙[AC∕L] are the mean costs of electrolyte
fabrication and tank per volume unit of electrolyte. Note that the
electrolyte density refers to the whole electrolyte volume, already
considering both positive and negative electrolyte tanks. To calculate
the total fabrication cost, the sum of manufacturing, handling, and
transport costs are considered [16]. It is assumed a constant specific
average tank cost [17].

2.1.2. Power-related costs
Power-related costs comprise reactor, balance-of-plant, and other

additional costs. The following calculations are based on the state-of-
the-art models reported in [13,16,19]:

𝐶𝑃 = 𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟 + 𝐶𝐵𝑂𝑃 + 𝐶𝑎𝑑𝑑 [AC∕kW] (14)

The reactor is the main part of the battery, where the electrochem-
ical reaction occurs, and is made of all the cell stacks in the system. In
this case, since the reactor is composed of a single stack, the specific
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reactor cost is calculated as follows:

𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 𝑎𝑎𝑐𝑡𝑖𝑣𝑒 ⋅
∑

𝑖=1

(

𝑐𝑎,𝑖 ⋅
𝐴𝑖
𝐴𝑐𝑒𝑙𝑙

)

[AC∕kW] (15)

Where 𝑐𝑎,𝑖 (AC∕m2) is the cost per unit area of the reactor component i,
while 𝐴𝑖 is the area of the reactor component i, and 𝑎𝑎𝑐𝑡𝑖𝑣𝑒 (m2∕kW) is
the specific active area, per unit of power.

Assuming that all the cells in the system are equal and work in the
same conditions, the specific active area of a stack equals the specific
active area of a single cell, as per Eq. (16):

𝑎𝑎𝑐𝑡𝑖𝑣𝑒 =
𝐴𝑠𝑡𝑎𝑐𝑘
𝑃𝑠𝑡𝑎𝑐𝑘

=
𝐴𝑐𝑒𝑙𝑙
𝑃𝑐𝑒𝑙𝑙

= 1
𝑖𝑑 ⋅ 𝑉𝑒𝑓𝑓 ,𝑑

[m2∕kW] (16)

Where 𝐴𝑠𝑡𝑎𝑐𝑘 [m2] and 𝑃𝑠𝑡𝑎𝑐𝑘 [kW] are the active area and power of a
stack, 𝐴𝑐𝑒𝑙𝑙 and 𝑃𝑐𝑒𝑙𝑙 are the active area and power of a single cell,
𝑖𝑑 [mA∕cm2] is the current density.

The terms in Eq. (15) are calculated as follows, where 𝑁 is the
umber of cells in a stack [13]:
∑

𝑖=1

(

𝑐𝑎,𝑖 ⋅
𝐴𝑖
𝐴𝑐𝑒𝑙𝑙

)

= 𝑐𝑚 + 𝑐𝐵𝑃 ⋅
(𝑁 + 1

𝑁

)

+ 2 ⋅ (𝑐𝑓𝑒𝑙𝑡 + 𝑐𝑓𝑟𝑎𝑚𝑒)

+
(

2 ⋅ 𝑐𝐸𝑃 + 𝑐𝐼𝑃 + 2 ⋅ 𝑐𝐶𝐶
)

⋅
1
𝑁

[AC∕m2] (17)

Where 𝑐𝑚 is the cost of the membrane, 𝑐𝐵𝑃 is the cost of bipolar
plates, 𝑐𝑓𝑒𝑙𝑡 is the cost of electrode felt, 𝑐𝑓𝑟𝑎𝑚𝑒 is the cost of frames for
the stack, assuming to incorporate the cost of gaskets and PVC frames,
𝑐𝐸𝑃 is the cost of the end plate, 𝑐𝐼𝑃 is the cost of the isolation plate,
𝑐𝐶𝐶 is the cost of the current collector. All these component costs are
expressed per unit of component area in [AC∕m2].

Eq. (16) and (17) are very important when calculating the power-
related cost of flow batteries and should not be substituted by power-
specific terms because only the combination of area-specific costs and
specific active area can give the correct output for the power-related
costs. In other words, it would be unwise to calculate the cost of a stack,
given a generic cost of membrane expressed in AC∕kW; the cost has to be
iven in AC∕m2, and then converted in AC/kW using 𝑎𝑎𝑐𝑡𝑖𝑣𝑒, whose value
s chemistry dependent.

Finally, the balance of plants costs (𝐶𝐵𝑂𝑃 ) and the additional costs
(𝐶𝑎𝑑𝑑) are calculated as follows [13,16]:

𝐶𝐵𝑂𝑃 = 𝑐𝑝𝑢𝑚𝑝𝑠+𝑐𝑝𝑖𝑝𝑒𝑠+𝑐𝑃𝐶𝑆+𝑐𝐻𝑉 𝐴𝐶 +𝑐𝑐𝑎𝑠𝑒+𝑐𝑠ℎ𝑒𝑙𝑓 +𝑐𝑏𝑜𝑙𝑡𝑠 [AC∕kW]

(18)

𝑐𝑝𝑢𝑚𝑝𝑠 considers the pumping components, 𝑐𝑝𝑖𝑝𝑒𝑠 the hydraulic circuit
components, including valves, sensors, and actuators, 𝑐𝑃𝐶𝑆 is the cost of
the power control systems, 𝑐𝐻𝑉 𝐴𝐶 is the cost of heating, ventilation, and
air conditioning system, 𝑐𝑐𝑎𝑠𝑒 and 𝑐𝑠ℎ𝑒𝑙𝑓 account for the costs of enclo-
sures and hardware necessary to contain the battery’s components, 𝑐𝑏𝑜𝑙𝑡𝑠
is the cost of bolts and springs. Finally, 𝐶𝑎𝑑𝑑 includes the additional
costs of labor for assembly, testing of the battery, and handling it during
the testing:

𝐶𝑎𝑑𝑑 = 𝑐𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑖𝑛𝑔 + 𝑐𝑡𝑒𝑠𝑡𝑖𝑛𝑔 + 𝑐ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 [AC∕kW] (19)

2.2. Levelized cost of storage

Capital cost is an important metric to determine the viability of a
technology, but a comprehensive techno-economic analysis needs to
focus also on the technology’s total life-cycle costs [23]. This leads to
using a comprehensive economic index, such as the Levelized Cost of
Storage (LCOS), to compare different storage technologies.

The Levelized Cost of Storage (LCOS) is the ratio of the total lifetime
costs of a storage system (including the capital cost) to the energy
discharged during the lifetime by the same system. Both total lifetime
6

i

costs and energy discharged are discounted to the present time. The
LCOS represents the costs of installing and operating a selected storage
technology in a particular scenario under certain financial assumptions
for a determined number of years.

The hypotheses for the levelized cost of storage model in this work
are the following:

• the capital cost is divided into an initial expense and a loan term;
• the replacement cost represents the cost of replacing specific

battery components, be they energy- or power-related, after a
predetermined duration;

• the end-of-life cost is assumed to be negligible;
• operation and maintenance costs are divided into fixed, variable,

and charging expenses;
• the battery’s construction time is assumed to be negligible;
• cyclic degradation is computed based on the count of daily battery

cycles;
• calendar degradation is assessed with reference to the number of

operational days.

Various models have been introduced in existing literature to com-
pute the cost of the energy charged into the storage within the frame-
work of the levelized cost of storage. In connection with this subject,
this paper presents two versions of the levelized cost. One version is
based on the methodology outlined in [22] while the other derives
from the model proposed by [26]. Additionally, both formulations
include a comprehensive degradation model that takes into account
both capacity fade and recovery, drawing from the insights of [23].
In our terminology, LCOS represents the levelized cost metric that
encompasses the entire expense of energy acquired from the grid. This
calculation includes both the cost associated with energy losses and
the cost linked to energy that is usefully discharged from the storage.
Conversely, LCOS𝑛𝑒𝑡 is the net levelized cost metric, which excludes the
purchasing cost of the energy effectively discharged from the storage
and includes only the cost of the energy dissipated due to irreversibility
during storage operations. This specific metric enables us to assess
the cost of efficiency loss within the storage system, as done in [26],
without calculating an extra cost for the energy input, which can be
evaluated separately. It is important to highlight this differentiation
when defining the purpose of a levelized cost analysis and comparing
results across diverse studies. LCOS is more sensitive than LCOS𝑛𝑒𝑡
to fluctuations in the cost of the energy charged into storage. While
LCOS𝑛𝑒𝑡 provides deeper insights into the inherent characteristics of the
storage system, LCOS offers a more comprehensive perspective on the
operational expenses of the storage.

𝐿𝐶𝑂𝑆𝑛𝑒𝑡 =
𝐼0 +

∑𝑁𝑦
𝑡=1

𝐿𝑡+𝐶𝑟𝑒𝑝,𝑡+𝐶
𝑓
𝑂&𝑀,𝑡

(1+𝑟𝑑,𝑦)𝑡
+
∑𝐾

𝑡=1
𝐶𝑣
𝑂&𝑀,𝑡+𝐶

𝑐ℎ
𝑂&𝑀,𝑡

(1+𝑟𝑑,𝑑 )𝑡

∑𝐾
𝑡=1

𝐸𝑑𝑖𝑠,𝑡
(1+𝑟𝑑,𝑑 )𝑡

[AC∕MWh]

(20)

𝐿𝐶𝑂𝑆 = 𝐿𝐶𝑂𝑆𝑛𝑒𝑡 + 𝑐𝑒𝑙 ⋅

∑𝐾
𝑡=1

𝐸𝑑𝑖𝑠⋅(1+𝑟𝑖,𝑑 )(𝑡−2)

(1+𝑟𝑑,𝑑 )𝑡

∑𝐾
𝑡=1

𝐸𝑑𝑖𝑠
(1+𝑟𝑑,𝑑 )𝑡

[AC∕MWh] (21)

LCOS terms can be regrouped into four different categories, namely
he capital cost terms (see Section 2.2.1), the replacement cost terms
see Section 2.2.2), the operation and maintenance cost terms (see
ection 2.2.3), and the energy discharged term (see Section 2.2.4).
COS is an extension of LCOS𝑛𝑒𝑡, encompassing all its terms while also
ncorporating an additional element: the levelized cost of electricity.

.2.1. Capital cost terms
Regarding the storage total cost (𝐶𝑏) mentioned in Eq. (1), it is

ssumed that the capital investment is divided into two components —
nitial expenditure (𝐼 ) and debt represented by the loan term, repaid
0
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with annual payments, or annuities (𝐿𝑡). To finance the storage system,
the fraction of the capital cost financed by debt is represented by the
debt finance ratio 𝑓𝑑 . The remaining fraction of the capital cost (1−𝑓𝑑)
orresponds to the initial expenditure portion.

0 = 𝐶𝑏 ⋅ (1 − 𝑓𝑑 ) [AC] (22)

𝐿𝑡 = 𝐶𝑏 ⋅ 𝑓𝑑 ⋅ 𝐶𝑅𝐹 [AC∕year] (23)

The annuity 𝐿𝑡 is calculated on the debt portion of the capital cost,
with the yearly debt interest rate 𝑑𝑟, using the capital recovery factor
CRF:

𝐶𝑅𝐹 =
𝑑𝑟 ⋅ (1 + 𝑑𝑟)

𝑁𝑦

(1 + 𝑑𝑟)
𝑁𝑦 − 1

[−∕year] (24)

In the LCOS formula, 𝐿𝑡 is discounted with the annual discount rate
𝑟𝑑,𝑦).

.2.2. Replacement cost terms
Another term of the LCOS is represented by 𝐶𝑟𝑒𝑝,𝑡, the replacement

ost due to power-related or energy-related periodic replacements:
𝑁𝑦

𝑡=1

𝐶𝑟𝑒𝑝,𝑡

(1 + 𝑟𝑑,𝑦)𝑡
=

𝑛𝑟𝑒𝑝,𝑃
∑

𝑛=1

𝐶𝑟𝑒𝑝,𝑃 ⋅ 𝑃𝑏,𝑛𝑜𝑚

(1 + 𝑟𝑑,𝑦)
𝑛⋅𝑡𝑟𝑒𝑝,𝑃

+
𝑛𝑟𝑒𝑝,𝐸
∑

𝑛=1

𝐶𝑟𝑒𝑝,𝐸 ⋅ 𝐸𝑏,𝑛𝑜𝑚

(1 + 𝑟𝑑,𝑦)
𝑛⋅𝑡𝑟𝑒𝑝,𝐸

[AC] (25)

𝐶𝑟𝑒𝑝,𝑃 [AC∕kW] and 𝐶𝑟𝑒𝑝,𝐸 [AC∕kWh] are the power-related and energy-
related specific replacement costs, 𝑡𝑟𝑒𝑝,𝑃 and 𝑡𝑟𝑒𝑝,𝐸 are the corresponding
replacement periods, and 𝑛𝑟𝑒𝑝,𝑃 and 𝑛𝑟𝑒𝑝,𝐸 are the number of replace-
ments during the investigated period 𝑁𝑦. These replacements are
necessary to change components subjected to calendar damage. Still,
the replacement times are fixed here, do not depend on battery use,
and the performance of the replaced components does not change over
time. In particular, for RFBs, it is assumed that the only replacements
are power-related. Therefore, there are no replacements for the energy
components, as electrolyte treatment and replacement costs are already
incorporated into the operation and maintenance costs, yielding the
following costs:

𝐶𝑟𝑒𝑝,𝐸 = 0 [AC∕kWh] (26)

𝐶𝑟𝑒𝑝,𝑃 = (𝑐𝑚 + 2 ⋅ 𝑐𝑓𝑒𝑙𝑡) ⋅ 𝑎𝑎𝑐𝑡𝑖𝑣𝑒 [AC∕kW] (27)

The power-related components replaced after 10 years (𝑡𝑟𝑒𝑝,𝑃 ) are
the membranes and the electrodes, as assumed by other authors [14,
27].

2.2.3. Operation and maintenance costs terms
The operation and maintenance costs are divided into three cat-

egories: fixed (𝐶𝑓
𝑂&𝑀,𝑡), calculated every year, variable (𝐶𝑣

𝑂&𝑀,𝑡) cal-
culated daily, and costs of energy lost in the storage during charging
due to irreversibility (𝐶𝑐ℎ

𝑂&𝑀,𝑡). These costs are present for all RFBs, but
contain some terms that are chemistry-specific, and therefore differ for
VRFB and a generic AORFB.

Fixed costs are calculated as follows:

𝐶𝑓
𝑂&𝑀,𝑡 = 𝑃𝑏𝑛𝑜𝑚 ⋅ 𝑂𝑀𝑓𝑖𝑥𝑒𝑑 [AC∕year] (28)

Where 𝑂𝑀𝑓𝑖𝑥𝑒𝑑 is the specific fixed cost for the battery maintenance,
expressed in [AC/kW/year].

Other operation and maintenance costs are linked to processes
necessary to mitigate the gradual loss of capacity experienced by
RFBs throughout their lifespan. These processes are here referred to as
rebalancing, which seeks to counteract the crossover of active materials
across the cell membrane, and servicing, which aims to alleviate the
impact of all the non-crossover capacity fade mechanisms. The costs
associated with the servicing are encompassed within the variable
7

operation and maintenance costs. The servicing is conducted at the end
of day t if the capacity falls below a specific threshold [10]:

𝐶𝑣
𝑂&𝑀,𝑡 =

{

𝐸𝑏,𝑛𝑜𝑚 ⋅ (𝑂𝑐𝑜𝑠𝑡 + 𝑜𝑚𝑐 ) for 𝑐𝑎𝑝𝑚𝑎𝑥,𝑡 ≤ 𝑐𝑎𝑝𝑙𝑖𝑚
0 for 𝑐𝑎𝑝𝑚𝑎𝑥,𝑡 > 𝑐𝑎𝑝𝑙𝑖𝑚

[AC∕day]

(29)

𝑂𝑐𝑜𝑠𝑡 is the servicing fee, accounting for labor, transport, and other
bulk costs, and 𝑜𝑚𝑐 is the chemistry-specific operation and maintenance
cost parameter. 𝑂𝑐𝑜𝑠𝑡 is negligible for the VRFB, while for any organic
chemistry due to the instability of the organic molecules, a baseline
value of 10 $∕kWh (8.4 AC/kWh), per visit, was chosen, which is about
the cost required to allow the economic viability of the organic RFB
according to [10]. The 𝑜𝑚𝑐 for all the chemistries is calculated as
in [10]. In particular, for the AORFB, 𝑜𝑚𝑐 is equal to zero, because the
service performed to remediate the capacity fade includes electrolyte
separation, recovery, and reuse of the electrolyte material, and all the
costs of this process are already encompassed in the 𝑂𝑐𝑜𝑠𝑡 term.

Finally, the costs associated with the energy lost for irreversibility
during charging and periodic rebalancing, are accounted for in the term
𝐶𝑐ℎ
𝑂&𝑀 . Rebalancing is the remixing and recharging process needed to

reverse the effects of concentration imbalances [23]. Here, the costs of
the energy dissipated in the battery during normal charging (𝐸𝑐ℎ

𝑙𝑜𝑠𝑡) and
during the recharging passage of the rebalancing process (𝐸𝑐ℎ,𝑅

𝑙𝑜𝑠𝑡 ) are
included. To calculate the cost of the energy irreversibly lost during
the rebalancing process, the energy required to bring the battery to
the minimum state of charge after a total remix was evaluated, with
a chemistry-specific charging factor 𝐶𝐹𝑡 (for further details on the
oxidation states after a total mixing, see [23]).

𝐶𝑐ℎ
𝑂&𝑀,𝑡 = 𝑐𝑒𝑙 ⋅ (𝐸𝑐ℎ

𝑙𝑜𝑠𝑡 + 𝐸𝑐ℎ,𝑅
𝑙𝑜𝑠𝑡 ) ⋅ (1 + 𝑟𝑖,𝑑 )(𝑡−2)

= 𝑐𝑒𝑙 ⋅
[

𝐸𝑑𝑖𝑠,𝑡 ⋅
(

1
𝜂𝑟𝑡

− 1
)

+ 𝐸𝑑𝑖𝑠,𝑡 ⋅
(

𝐶𝐹𝑡 − 1
𝜂𝑟𝑡

)]

⋅ (1 + 𝑟𝑖,𝑑 )(𝑡−2)

= 𝑐𝑒𝑙 ⋅ 𝐸𝑑𝑖𝑠,𝑡 ⋅
(

𝐶𝐹𝑡
𝜂𝑟𝑡

− 1
)

⋅ (1 + 𝑟𝑖,𝑑 )(𝑡−2) [AC∕day]

(30)

here 𝑐𝑒𝑙 is the specific cost of purchasing electricity, 𝜂𝑟𝑡 is the mean
ound-trip efficiency of the battery, and 𝑟𝑖,𝑑 is the daily inflation rate
see SI1.1), which takes into account the effects of inflation [23]. Since
he VRFB is a symmetric redox chemistry, meaning that all the active
pecies are made of one parent molecule in different oxidation states,
rossover effects can be mitigated using the rebalancing process. The re-
alancing process is assumed to be full, therefore the chemistry-specific
actor 𝐶𝐹𝑡 changes from 1 to 1.5 [10]:

𝐹𝑡 =

{

1.5 if𝑓𝑐𝑎𝑝,𝑡 ≤ 𝑐𝑎𝑝𝑙𝑖𝑚
1 if𝑓𝑐𝑎𝑝,𝑡 > 𝑐𝑎𝑝𝑙𝑖𝑚

(31)

The rebalancing can be operated only on symmetric redox
chemistries, and therefore it is assumed that all the organic batteries
are excluded from this process due to their asymmetric chemistry.
Since the organic flow batteries have no rebalancing process, their CF
always equals 1. In this case, the term 𝐶𝑐ℎ

𝑂&𝑀 includes only the energy
dissipated inside the battery during a charging operation.

2.2.4. Energy discharged term
The useful energy discharged from the battery during the t-th period

of time (𝐸𝑑𝑖𝑠,𝑡) is calculated as follows:

𝐸𝑑𝑖𝑠,𝑡 = 𝐸𝑏𝑛𝑜𝑚 ⋅ 𝑐𝑦𝑐𝑑𝑎𝑦 ⋅ 𝑓𝑐𝑎𝑝,𝑡 [kWh∕day] (32)

Where 𝑐𝑦𝑐𝑑𝑎𝑦 is the average number of charge/discharge cycles per day
at the rated maximum depth of discharge and 𝑓𝑐𝑎𝑝,𝑡 is the fraction of the
available capacity at the beginning of the t-th day. The available capac-
ity in the battery is reduced linearly due to the different degradation
mechanisms, namely the cyclic degradation, affected by the number of
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cycles of the battery, and the calendar (or time-dependent) degradation,
which depends on the number of days passed since the last servicing
maintenance event. In this model, chemical stability (indicated by
the calendar degradation) and electrochemical stability (indicated by
the cyclic degradation) are distinct and independent mechanisms, that
contribute simultaneously to the capacity fade [7].

The available capacity, 𝑓𝑐𝑎𝑝,𝑡, is adapted from [10], using the num-
ber of cycles passed since the last rebalancing (𝑛𝑅𝑐𝑦𝑐,𝑡) or servicing (𝑛𝑆𝑐𝑦𝑐,𝑡)
event, and the number of days passed since the last servicing (𝑛𝑡𝑖𝑚𝑒,𝑡).
The cyclic degradation of the battery is imputable to the simultaneous
effects of two different mechanisms, expressed by a crossover rate
(𝑟𝐶𝑂), and by an irreversible cyclic-dependent decay rate (𝑟𝐸𝐷). The
calendar degradation is determined by the effects of the calendar
degradation rate (𝑟𝑡𝑖𝑚𝑒).

𝑓𝑐𝑎𝑝,𝑡 = 𝑐𝑎𝑝𝑚𝑎𝑥,𝑡 − 𝑟𝐶𝑂 ⋅ 𝑛𝑅𝑐𝑦𝑐,𝑡 [–] (33)

𝑐𝑎𝑝𝑚𝑎𝑥,𝑡 = 1 − 𝑟𝐸𝐷 ⋅ 𝑛𝑆𝑐𝑦𝑐,𝑡 − 𝑟𝑡𝑖𝑚𝑒 ⋅ 𝑛𝑡𝑖𝑚𝑒,𝑡 [–] (34)

To evaluate the number of cycles passed since the last maintenance
event (𝑛𝑅𝑐𝑦𝑐,𝑡 and 𝑛𝑆𝑐𝑦𝑐,𝑡), an algorithm, elaborated from [23], counts the
energy stored inside the battery:

𝑛𝑅∕𝑆𝑐𝑦𝑐,𝑡 =

{

0 when 𝑟𝑒𝑏𝑎𝑙𝑎𝑛𝑐𝑖𝑛𝑔 (R) or 𝑠𝑒𝑟𝑣𝑖𝑐𝑖𝑛𝑔 (S)
𝑛𝑅∕𝑆𝑐𝑦𝑐,𝑡−1 +𝑁𝑐𝑦𝑐,𝑑𝑎𝑦 after R or S

(35)

Where 𝑁𝑐𝑦𝑐,𝑑𝑎𝑦 = 𝐷𝑂𝐷𝑚𝑎𝑥 ⋅ 𝑐𝑦𝑐𝑑𝑎𝑦 is the partial number of charge/
discharge cycles during a day, considering the 𝐷𝑂𝐷𝑚𝑎𝑥. Note that par-
tial charge and discharge cycles partially degrade the battery capacity.

To evaluate the number of days that passed since the last servicing
event (𝑛𝑡𝑖𝑚𝑒,𝑡), the following algorithm is implemented:

𝑛𝑡𝑖𝑚𝑒,𝑡 =

{

0 when 𝑠𝑒𝑟𝑣𝑖𝑐𝑖𝑛𝑔
𝑛𝑡𝑖𝑚𝑒,𝑡−1 + 1 after 𝑠𝑒𝑟𝑣𝑖𝑐𝑖𝑛𝑔

(36)

Maintenance events are executed every time that the capacity
eaches the lower capacity limit 𝑐𝑎𝑝𝑙𝑖𝑚:

- if 𝑓𝑐𝑎𝑝,𝑡 ≤ 𝑐𝑎𝑝𝑙𝑖𝑚 a rebalancing is needed during day t;
- if 𝑐𝑎𝑝𝑚𝑎𝑥,𝑡 ≤ 𝑐𝑎𝑝𝑙𝑖𝑚 a servicing is needed during day t.

.3. Stochastic analysis

This paper applies stochastic analysis to the capital cost and the
COS calculations. A stochastic framework, implementing the Monte
arlo simulation technique, was used to study how uncertainties as-
ociated with some key variables propagate to the relevant economic
utputs.

The Monte Carlo simulation technique entails randomly extracting
alues from probability distributions and utilizing them in the model to
alculate the result multiple times [28]. The model outputs from each
alculation run are recorded and put together, generating a probability
istribution for the investigated indicator. Implementing a model that
ncludes key variables and describes the mathematical relationship be-
ween them is at the foundation of any Monte Carlo application. In this
tudy, a stochastic analysis was employed to estimate both the capital
ost and levelized cost of storage (LCOS) for generic aqueous organic
low batteries (AORFBs), considering the high uncertainty associated
ith these batteries’ technical and economic inputs.

The stochastic analysis was implemented following the steps de-
ailed herein:

• Initially, a sensitivity analysis was conducted on all parameters
associated with uncertainty, with their values documented in the
literature for different organic chemistries, to determine the most
8

significant ones among them. w
• The most significant parameters were categorized into three
groups: technical parameters, present scenario cost parameters,
and future scenario cost parameters (projected near-future costs).

• A potential correlation between the parameters subject to uncer-
tainty was investigated.

• An appropriate probability distribution function was chosen to
best describe the data available for each parameter to express its
uncertainty.

• The probability functions were then randomly sampled and em-
ployed in the model simulation to calculate uncertainty in the
capital cost. The stochastic analysis was conducted for three
scenarios: (i) by considering the uncertainty in the technical
variables; (ii) by considering the uncertainty in the technical
variables and in the present cost variables; (iii) by considering
the uncertainty in the technical variables and in the near-future
cost variables. This division allowed us to assess the impact of
technical and economic uncertainties on the cost calculations in
both present and future cost scenarios.

• The results for the capital cost were then used as input in the
random simulation of the levelized cost of storage while retaining
the three scenarios.

This method was initially used to calculate the costs of a generic
ORFB without specifying a particular chemistry. Subsequently, the
ame method was applied to evaluate and compare the costs for three
istinct organic chemistries by considering only technical parame-
ers as uncertain. After completing all iterations, the collected output
ndicators were analyzed.

. Model input data

The following section reports the input data for the capital cost
odel (Section 3.1) and the LCOS model (Section 3.2), presenting

irst the deterministic data, not subject to uncertainty, and finally, the
ncertain data for the stochastic analysis (Section 3.3).

The VRFB is the benchmark technology for testing and validating
he model due to the availability of extensive literature data. Data on
RFBs is primarily sourced from model results obtained in the Compbat
roject [29], applied to data taken from [30,31]. Furthermore, where
alid alternatives are lacking, part of the data used to calculate the cost
f AORFBs is derived from the literature on VRFBs [11]. Finally, to
valuate the cost of a generic AORFB, assumptions are made based on
vailable literature data on different types of organic redox active pairs
or flow batteries [3,4].

.1. Deterministic data for capital cost calculation

The two technologies subject to the capital cost calculation are the
RFB, representative of the benchmark redox flow technology, and a
eneric AORFB, subject to a finite molecular lifetime.

The capital cost for each technology is calculated using the technical
nd economic properties of the battery components and parts. The
hemistry-specific parameters not subject to uncertainty are shown in
able 2, while the parameters subject to uncertainty are presented

n Section 3.3. All the non-chemistry-specific parameters needed for
he capital cost model are defined in Table 3, are assumed to be
eterministic, and are considered to be the same for vanadium and
rganic chemistries, as done by [10]. In both tables cost data are
xpressed in AC, and in the original currency, if different from AC.1

The provided data is considered representative of batteries within
he power range of 10–1000 kW and an energy-to-power ratio (E/P
atio) from 1 h to 12 h, as investigated in [11]. For fair assessment,

1 An exchange rate of 1.183 $/AC, the annual average rate for the year 2021,
as used to convert the original costs from $ to AC [32].
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Table 2
Symbol, name, unit of measurement, and values of the chemistry-specific deterministic parameters for the capital cost model.

Symbol Name Unit Value Source
VRFB AORFB

𝐴𝑆𝑅 Area-specific resistance Ωcm2 1.35 1.8 [29,33]
𝑐𝑜𝑛𝑐𝑎𝑐𝑡 Concentration of active species mol∕L 1.6 1.15 [3,10]
𝑐𝑎𝑐𝑡𝑖𝑣𝑒 Cost of active material AC∕kg ($∕kg) 25.5 (30.1) 3.0 (3.5) [10]
𝑐𝐵𝑃 Cost of bipolar plate AC∕m2 95 –a [11]
𝑐𝑓𝑒𝑙𝑡 Cost of electrode felt AC∕m2 49 –a [11]
𝑐𝑚 Cost of membrane AC∕m2 266 –a [11]
𝜌𝑒𝑙 Electrolyte density g∕L 1350 1044 [29,31]
𝜂𝑐,𝑟𝑡 Coulombic efficiency % 100 100 [29]
𝜂𝑟𝑡 Total Round-trip efficiency % 74.3 70.8b [4,29]
𝜂𝑠𝑦𝑠,𝑑 Auxiliary discharging efficiency % 96.8 92.6b [4,29]
𝑖𝑑 Current density mA∕cm2 85.8 –a [29]
𝑀𝑊𝑎𝑐𝑡𝑖𝑣𝑒 Molecular weight of active species g∕molact 51 150 [10]
𝑛𝑒− Number of transferred electrons mole−∕molact 1 1 [10]
𝑂𝑐𝑜𝑠𝑡 Cost of operation AC∕kWh ($∕kWh) 0 8.4 (10) [10]
𝑂𝐶𝑉 Open circuit voltage V 1.37 –a [30]
𝑟𝐶𝑂 Crossover fade rate %∕cycle 0.387 0 [3,10]
𝑟𝐸𝐷 Electrolyte decay rate %∕cycle 0.055 –a [3,10]
𝑟𝑡𝑖𝑚𝑒 Calendar degradation %∕day 0 –a [3,10]

a Parameter subject to uncertainty. See Section 3.3.
b Parameter depending on others subject to uncertainty. See Section 3.3.
Table 3
Symbol, name, unit of measurement, and values of the non-chemistry-specific parameters for the capital
cost model.
Symbol Name Unit Value Source

𝐴𝑐𝑒𝑙𝑙 Active cell area cm2 600 [31]
𝑐𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑖𝑛𝑔 Cost of assembling the battery AC∕kW 50 [16]
𝑐𝑏𝑜𝑙𝑡𝑠 Cost of bolts and springs AC∕kW 31 [16]
𝑐𝑐𝑎𝑠𝑒 Cost of enclosing case AC∕kW 25 [16]
𝑐𝐶𝐶 Cost of current collector AC∕m2 700 [13]
𝑐𝐸𝑃 Cost of end-plates AC∕m2 600 [13]
𝑐𝑓𝑎𝑏𝑟,𝑣𝑜𝑙 Cost of electrolyte fabrication AC∕L 0.8 [16]
𝑐𝑓𝑟𝑎𝑚𝑒 Cost of frames AC∕m2 14 [34]
𝑐ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 Cost of handling the battery AC∕kW 12 [16]
𝑐𝐻𝑉 𝐴𝐶 Cost of the HVAC system AC∕kW 34 [16]
𝑐𝐼𝑃 Cost of isolation plates AC∕m2 300 [13]
𝑐𝑃𝐶𝑆 Cost of power conversion system AC∕kW 177 [34]
𝑐𝑝𝑖𝑝𝑒𝑠 Cost of pipes in the stack AC∕kW 60 [16]
𝑐𝑝𝑢𝑚𝑝𝑠 Cost of pumps AC∕kW 30 [16]
𝑐𝑆𝐸 Cost of supporting electrolyte AC∕kg ($∕kg) 0.08 (0.1) [10]
𝑐𝑠ℎ𝑒𝑙𝑓 Cost of mounting shelves AC∕kW 72 [16]
𝑐𝑡𝑎𝑛𝑘,𝑣𝑜𝑙 Cost of tank AC∕L ($∕L) 0.07 (0.08) [17]
𝑐𝑡𝑒𝑠𝑡𝑖𝑛𝑔 Cost of testing the battery AC∕kW 50 [16]
𝐹 Faraday’s constant C∕mole− 96 485.33
𝐿𝑏 Lifetime years 20 [14]
𝑁 Number of cells in a stack – 40 [31]
𝑂𝑀𝑓𝑖𝑥𝑒𝑑 Fixed O&M specific cost AC∕kW∕year 13 [27]
𝑆𝑂𝐶𝑚𝑎𝑥 Maximum SOC level % 80 [29]
𝑆𝑂𝐶𝑚𝑖𝑛 Minimum SOC level % 20 [29]
𝑡𝑟𝑒𝑝,𝐸 Replacement time of energy years 20 [14]
𝑡𝑟𝑒𝑝,𝑃 Replacement time of power years 10 [14]
the assumptions regarding the investigated technology should align
with the existing literature. Therefore the most important technical
parameters of the battery are compared with the typical ranges valid
for the reference VRFB case [11]:

• the typical 𝐷𝑂𝐷𝑚𝑎𝑥 range of a VRFB falls between 0.6 and 1; here,
it is assumed 0.6;

• the vanadium concentration 𝑐𝑜𝑛𝑐𝑎𝑐𝑡 is assumed to be 1.6 mol/L,
which falls in the 0.9–2.5 mol/L range;

• the electric current density 𝑖𝑑 for VRFBs is in the range 40–320
mA∕cm2; the value used here was 85.8 mA∕cm2;

• the investigated cell area for this system was 600 cm2, falling in
the range of 580–1850 cm2, indicated for small cells;

• for this project, the number of cells in a stack is 40, while numbers
ranging from 15 to 100 cells per stack are usually investigated.
9

Additionally, the assumptions made by [11] regarding the cost of
key components of the VRFB, and by extension, of any RFB, such as
electrolyte materials, membranes, bipolar plates, and electrode felts are
analyzed. The potential variation in these component costs in AORFBs
is also considered:

• For the cost of vanadium active material, the price from [10],
of 25.5 AC/kg (30.1 $/kg) of V is used, because V2O2 raw price
for the cited work (about 16 $/kg), is consistent with the prices
reached in late 2022 [35]. For the organic active material, it is
assumed a specific cost of 3.0 AC/kg (3.5 $/kg), the lowest end
of the target molecular cost necessary to guarantee the economic
viability of the organic battery under certain assumptions [10].
In the literature, there are attempts at estimating the future
cost of organic molecules, assuming large-scale production. Still,
without precise knowledge of the related chemical and industrial
processes, the results have limited accuracy [18]. It is also shown
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Table 4
Symbol, name, unit of measurement, and values of system use and financial parameters for the LCOS model.
Symbol Name Unit Value Source

𝑐𝑎𝑝𝑙𝑖𝑚 Lower capacity limit – 0.8 [23]
𝑐𝑒𝑙 Cost of electricity AC∕MWh 125 [36]
𝑐𝑦𝑐𝑝𝑎 Annual cycles −∕year 365 [21]
𝑑𝑟 Debt interest rate %∕year 8 [21]
𝐸𝑟𝑒𝑞 Required energy MWh 4 or 8
𝑓𝑑 Debt finance ratio % 20 [21]
𝑁𝑦 Operational period years 20
𝑃𝑟𝑒𝑞 Required power MW 1
𝑟𝑑,𝑦 Yearly discount rate %∕year 12 [21]
𝑟𝑖,𝑦 Yearly electricity price inflation rate %∕year 1 [23]
that fabricating organic molecules with prices below the 5 $/kg
benchmark is possible if the yearly production rates are high
enough [18].

• The specific membrane cost varies with material, thickness, and
production volume. The average cost for a generic VRFB mem-
brane is 266 AC∕m2 [11]. Even though different anion-exchange
membranes can be used in organic batteries compared to vana-
dium batteries, due to a lack of data on membranes suitable for
organic chemistries, the membrane price is assumed to be equal
for all RFBs. Further considerations on this will follow in the
results sections.

• Bipolar plates have an average cost of 95 AC∕m2 [11], slightly
lower than the cost for custom-designed bipolar plates, expressed
by [16] in 2018, of 120 AC∕m2.

• Carbon felt electrodes have an average cost of 49 AC∕m2 [11],
but due to the availability of different materials and fabrication
methods, existing literature indicates a significant range in costs,
from 13.1 AC∕m2 (15.5 $∕m2) [17], to 100 AC∕m2 [16].

As far as other costs for the capital model, most component costs
ere taken from [10,13,16]. For example, the electrolyte fabrication

ost (0.8 AC/L) is the result of adding manufacturing and handling costs
ound in [16], amounting to 0.5 AC/L and 0.3 AC/L. PCS (Power Con-

version System) costs include all the costs of inverters, power panels,
auxiliary power supply, and battery management system as in [16], for
a total amount of 397 AC/kW. The costs of assembling (𝑐𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑖𝑛𝑔) and
testing (𝑐𝑡𝑒𝑠𝑡𝑖𝑛𝑔) the battery were taken from the final results in [16]
and converted from AC/kWh into AC/kW. All the other costs expressed in
AC∕m2 are taken from [13,27,34].

3.2. Financial data for LCOS calculation

LCOS is here calculated using financial assumptions commonly
found in other techno-economic analyses and other parameters ap-
plicable to the European case (e.g., electricity price, electricity cost
inflation rate) for a generic in-front-of-the-meter application (similar
to the ‘‘wholesale’’ case analyzed in [21]).

Table 4 shows battery system use and financial framework assump-
tions for the LCOS calculation.

The mean value of electricity wholesale price is assumed equal to
125 AC/MWh, the reference price for Italy during 2021 [36]. The debt
interest rate, discount rate, and electricity price inflation rate are as-
sumed to be equal to the ones used by Lazard in 2018 [21], considering
the uncertainties associated with the long period of investigation and
the lack of any better data for the recent past, and for the European
market, especially for the appropriate discount rate and debt rate.

3.3. Input data to stochastic analysis

The input data for the stochastic analysis on AORFB has been
selected among the chemistry-specific variables subject to uncertainty
(see Supporting Information document Sections SI2.1 and SI2.2) that
significantly affect the economic performance of the organic RFBs (see
10
sensitivity analyses results in the Supporting Information document
Section SI3.1).

The following parameters are the ones selected as input variables
in the stochastic analysis: open circuit voltage 𝑂𝐶𝑉 , current density
𝑖𝑑 , capacity fade rates (cycle fade 𝑟𝐸𝐷 and calendar fade 𝑟𝑡𝑖𝑚𝑒), mem-
brane cost 𝑐𝑚, bipolar plate cost 𝑐𝐵𝑃 , electrode felt cost 𝑐𝑓𝑒𝑙𝑡. Table 5
summarizes the characteristics of the probability distributions chosen
to best describe each parameter according to the available data and the
source from which the data was derived. To ensure realistic yet com-
prehensive analyses, the input variables were constrained within broad
but plausible ranges, established by lower and upper bounds. These
bounds were determined based on the minimum and maximum values
observed in the available data for each corresponding variable, except
for OCV. Given that OCV exerts the most significant impact on battery
performance among the evaluated parameters (see sensitivity in SI3.1)
and exhibits greater variability due to molecular tunability, its range
was broadened to 0–1.8 V, representing the widest range possible for
aqueous RFB chemistries [3]. The analysis of these parameters led us to
assume that the input variables selected for the stochastic analysis are
independent due to the weak correlation between them. This observa-
tion supports the commonly held notion that organic molecules possess
a significant level of tunability, indicating the potential for intentionally
designing future molecules that exhibit improved non-correlated tech-
nical properties. It is crucial to acknowledge that the results obtained
from the stochastic analysis are derived from a small pool of available
data from existing literature. This limited dataset inherently introduces
certain assumptions into the analysis. The assumption underlying this
study is that molecules developed in the future will possess similar
properties and distributions to those available today. Consequently, it is
essential to recognize that these assumptions may not fully encompass
the future physical characteristics of the organic molecules.

The uncertain technical and economic parameters have been se-
lected from the literature using the following criteria:

• 𝑖𝑑 , 𝑂𝐶𝑉 , 𝑟𝐸𝐷, and 𝑟𝑡𝑖𝑚𝑒 values were selected from [3,4], among all
the types of redox chemistries with total capacity retention above
99% per day, or equivalently, molecules for which the total sum
of 𝑟𝐸𝐷 and 𝑟𝑡𝑖𝑚𝑒 results lower than 1%/day, assuming one cycle
per day.

• Component costs (𝑐𝑚, 𝑐𝑓𝑒𝑙𝑡, and 𝑐𝐵𝑃 ) were selected among avail-
able costs for VRFB, excluding any duplicated values, and were
divided into two categories with the same approach of [11] —
one for the present scenario and one for the future/optimistic
scenario. Two uncertainty analyses are conducted accordingly.

Other chemistry-specific parameters, such as the concentration of
active species 𝑐𝑜𝑛𝑐𝑎𝑐𝑡, and the round-trip efficiency 𝜂𝑟𝑡, are not subject
to uncertainty, despite the availability of different data points for these
parameters. To begin with, 𝑐𝑜𝑛𝑐𝑎𝑐𝑡 is not subject to uncertainty due to
its minimal influence on the overall cost metrics of the organic battery
(see sensitivity in SI3.1). Consequently, a constant value is assigned
to 𝑐𝑜𝑛𝑐𝑎𝑐𝑡, corresponding to the average concentration of the selected

molecules cited in [3]. On the other hand, 𝜂𝑟𝑡 is already indirectly
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Table 5
Symbol, name, unit of measurement, and probability distributions for uncertain parameters, with present and future scenarios
for component costs.
Symbol Name Unit Lower bound Upper bound Mean Distribution Source

𝑖𝑑 Current density mA∕cm2 10 100 55 Uniform [4]
𝑂𝐶𝑉 Open circuit voltage V 0 1.8 1.09 Lognormal [3]
𝑟𝐸𝐷 Electrolyte decay rate %∕cycle 4⋅10−4 0.1 0.018 Loglogistic [3]
𝑟𝑡𝑖𝑚𝑒 Calendar degradation %∕day 0.014 0.76 0.39 Uniform [3]

Scenario: present
𝑐𝐵𝑃 Bipolar plate cost AC∕m2 37 418 125 Exponential [11]
𝑐𝑓𝑒𝑙𝑡 Electrode felt cost AC∕m2 14 150 52 Gamma [11]
𝑐𝑚 Membrane cost AC∕m2 16 451 247 Triangular [11]

Scenario: future
𝑐𝐵𝑃 Bipolar plate cost AC∕m2 19 33 25 Lognormal [11]
𝑐𝑓𝑒𝑙𝑡 Electrode felt cost AC∕m2 13 18 16 Normal [11]
𝑐𝑚 Membrane cost AC∕m2 16 156 66 Lognormal [11]
c
a
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r
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c
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o

subject to uncertainty, given its dependence on the uncertain param-
eters of open circuit voltage and discharge current. Hence, instead of
attributing uncertainty to 𝜂𝑟𝑡, or fixing its value, a constant value is
ttributed to the independent auxiliary efficiency 𝜂𝑠𝑦𝑠,𝑑 . Its value is
etermined using Eqs. (6), (7), and (8), with the assumption of equal
harging and discharging total efficiencies.

Average values of 𝑂𝐶𝑉 , 𝑖𝑑 , and 𝜂𝑟𝑡 for the selected molecules
rom [3,4] are inputs for these equations. Finally, the cost of active
pecies, 𝑐𝑎𝑐𝑡𝑖𝑣𝑒, is treated as a deterministic parameter in our analy-
is. This decision is attributed to the absence of sufficient literature
ata that would enable us to suggest a plausible distribution for this
articular parameter.

. Results and discussion

This section will present and discuss the results of the techno-
conomic model. Section 4.1 discusses the validation of the techno-
conomic results. Section 4.2 presents the capital cost results for the
RFB and the generic AORFB under different uncertainty scenarios.
ection 4.3 presents the levelized costs of storage results for the VRFB
nd the generic AORFB under different uncertainty scenarios.

.1. Model validation

To validate the model outputs, both in terms of specific capital
ost and LCOS, the cost of the vanadium battery technology is verified
gainst literature results. The comparison is shown in Fig. 2.

For the capital cost, Minke et al. calculate, for VRFB system in the
ange of 10–1000 kW, average costs of 650 AC∕kWh for 4 h and 550

C∕kWh for 8 h in 2017 [11], with a variation in the range from 275
o 804 AC/kWh for the 4 h battery. Lazard’s analysis gives VRFB capital
ost in the range of 299–771 AC/kWh (354–912 $/kWh) in 2018 [21] for
h systems suitable for grid storage applications in the power range of
0–100 MW. Luth’s analysis [16] gives a total capital cost of about 402

C/kWh for an 8 h and 612 AC/kWh for a 4 h VRFB with a rated power
f 100 kW in 2018. The PNNL 2020 report [27] estimates RFB costs
f 402–466 AC/kWh (475–551 $/kWh) for systems of 4 h of discharge

time in the range of 1–10 MW.
The levelized cost of storage can be compared with other existing

literature if the different terms of comparison include the same terms
and contributions. In this case, the metric that incorporates the total
energy input cost is compared with other literature results, being the
most commonly examined levelized cost metric. Our analysis yields
an LCOS value of 380 AC/MWh for the VRFB, aligning with relevant
literature results. Lazard reported unsubsidized levelized VRFB costs in
the range of 217–330 AC/MWh (257–390 $/MWh) for a 100 MW/400
MWh system suitable for wholesale applications and in the range of
247–395 AC/MWh (293–467 $/MWh) for a 10 MW/60 MWh system suit-
able for T&D applications [21]. Rodby’s results place the LCOS of VRFB
in the range 245–423 AC/MWh (290–500 $/MWh) for different values
11

a

of capacity fade rates and different total capital costs in the range
of 254–423 AC/kWh (300–500 $/kWh) [10,23]. The evaluated LCOS
analyses assume similar case use parameters for VRFB, e.g. 20 years
of investment, 12% discount rate, and one operational cycle per day.

It is worth emphasizing that comparing and validating the specific
capital cost against other authors is generally more straightforward
than validating the LCOS. This is primarily due to the prevalence
of calculations and discussions focusing on capital cost rather than
the levelized cost. Furthermore, calculating the LCOS involves the use
of various models and approaches, and it necessitates comprehensive
information regarding the practical operation of the storage technology,
such as the operation and maintenance process costs, the average num-
ber of charging cycles per day, and the depth of discharge (𝐷𝑂𝐷𝑚𝑎𝑥)
utilized [37]. Hence, LCOS metrics are valid for comparing different
storage technologies under the same operating conditions. However,
it is important to note that these metrics may not necessarily reflect
the actual usage conditions of the storage technologies. For instance,
realistic application conditions might indicate that a VRFB is optimally
charged/discharged less frequently (e.g. 0.31–0.67 average cycles per
day [38]) than conventionally assumed for wholesale or utility-scale
applications (e.g. 1 average cycle per day [21]). Such variations in the
number of cycles could significantly impact LCOS, altering operational
costs and the total energy discharged over the battery’s lifespan.

4.2. Capital cost results

First, the results for the specific capital cost were obtained through
a deterministic analysis. This analysis compares the cost breakdown be-
tween a Vanadium Redox Flow Battery (VRFB) and an Aqueous Organic
Redox Flow Battery (AORFB). For the deterministic analysis, the cost
of the AORFB is calculated by utilizing the model with input values
representing the averages of parameters that are subject to uncertainty.
This calculation is performed before any stochastic analysis is applied.
Results are assumed to be representative of batteries within the power
range of 10–1000 kW, as in [11]. For a discharge time of 4 h, the
specific cost of the VRFB stands at 438 AC/kWh, whereas the specific
ost for the average AORFB amounts to 535 AC/kWh. The cost of the
verage AORFB is about 20% higher than the cost of the VRFB. In
ig. 3, a visual representation of the cost breakdown for these two
echnologies is displayed. Within the VRFB, the most influential cost
omponent, representing 32% of the entire system cost, is the cost
f electrolyte material (𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,𝑚), which is driven by the vanadium
xide prices. In contrast, for the AORFB, the cost of electrolyte material
epresents only 13% of the system cost, while the predominant cost
actor is associated with the reactor (𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟), which includes various
ell components such as membranes, bipolar plates, electrode felts, and
o forth, representing 52% of the system’s cost.

Results indicate that despite assuming a low cost for the production
f a generic organic active material (3.0 AC/kg, versus the 25.5 AC/kg

ssumed for the vanadium), the poor technical performance of AORFBs
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Fig. 2. Literature results from the calculation of specific capital cost and LCOS versus results for this work. Literature results are valid for batteries in the power range of 10
kW–100 MW, and in the discharge time range of 4–6 h.
Fig. 3. Breakdown of the capital cost for a VRFB (total specific cost of 438 AC/kWh) and an average generic AORFB (total specific cost of 535 AC/kWh), for 4 h of discharge time.
results in a higher cost compared to VRFB. The high cost of the organic
battery is caused by its low energy and power density compared to the
VRFB. A low energy density negatively impacts energy-related costs
(consisting of electrolyte and tank costs). In contrast, a low power
density negatively impacts the power-related costs (consisting of the
stacks, BOP, and additional costs). The energy density is evaluated at
31 Wh/L for the VRFB (consistent with other literature values, e.g., 30
Wh/L [16]) and at a value of 17 Wh/L for the generic AORFB. This
yields an average energy-related cost of 120 AC/kWh for the AORFB
versus 168 AC/kWh for the VRFB. The cost of the vanadium electrolyte
is higher, on average than the cost of the organic electrolyte because
the high cost of vanadium dominates the former. The estimation of the
flow battery power density is expressed by the area of the cell required
to obtain a kW of power (𝑎𝑎𝑐𝑡𝑖𝑣𝑒). The value of this parameter for the
VRFB amounts to 0.96 m2∕kW, while for the average organic chemistry,
1.98 m2∕kW is required. This indicates that the amount of material,
and therefore the power-related cost, needed to build a generic organic
battery stack is about 2.06 times greater than the material needed for
the vanadium battery if they have to yield the same power. For the
same component costs, the average power-related cost of the AORFB is
1660 AC/kW, while the power-related cost of the VRFB is about 1080
AC/kW.

The stochastic analysis of the specific capital cost of a generic
AORFB is conducted by considering three different scenarios. The first
scenario includes the uncertainty for the technical parameters alone.
In contrast, all the components’ costs in this scenario are considered
constant and equal to those assumed for the VRFB. The second and third
scenarios include the uncertainty for both the technical and economic
parameters simultaneously, first considering present components’ costs
12
and then considering hypothetical future components’ costs. A suffi-
cient number of simulations must be performed for accurate results
that are not distorted. The number of iterations in the Monte Carlo
simulation has been set at 10 000 to guarantee the convergence of the
average value of the solution with a relative error below 1% to the true
value.

Fig. 4 presents the results of the stochastic analysis for the AORFBs
case for three scenarios and either 4 h or 8 h discharge time versus the
VRFB current cost. The results are reported in terms of the cumulative
probability distribution of the specific capital cost. The dotted line in
these figures represents the baseline value, i.e., the specific capital cost
obtained for the VRFB chemistry (438 AC/kWh for 4 h, 303 AC/kWh for
8 h). Figs. 4(a) and 4(b) display the results of the cumulative probability
distribution of the specific capital cost in different scenarios. The first
scenario treats only the technical parameters as uncertain: 𝑂𝐶𝑉 and
𝑖𝑑 . The second scenario treats both technical and economic parameters
as uncertain: 𝑂𝐶𝑉 and 𝑖𝑑 , alongside 𝑐𝑚, 𝑐𝑓𝑒𝑙𝑡, and 𝑐𝐵𝑃 , for the present
case. The third scenario treats both technical and economic parameters
as uncertain: 𝑂𝐶𝑉 and 𝑖𝑑 , alongside 𝑐𝑚, 𝑐𝑓𝑒𝑙𝑡, and 𝑐𝐵𝑃 , for the future
case.

Table 6 presents the 5th, 95th percentile, and mean values of
the capital cost for the generic AORFB. Additionally, it shows the
probability of the AORFB’s cost being lower than the current capital
cost of the VRFB.

Additional graphical results for the stochastic analysis of capital cost
are reported in the Supporting Information document in terms of the
probability density function (see Section SI3.2).

Assuming the present cost of materials to be equal for all the flow
batteries, organic batteries cannot yet compete with vanadium batteries

in terms of capital cost. To attain cost competitiveness, new organic
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Fig. 4. Cumulative probability associated with the specific capital cost of a generic AORFB subject to uncertainty for different scenarios versus the current capital cost of a VRFB
for different discharging times.
Table 6
5th, 95th percentile, mean value and chance of being lower than the VRFB cost for the generic AORFB
capital cost, for different scenarios and different discharging times.
Discharge
time [h]

5th percentile [AC/kWh] 95th
percentile
[AC/kWh]

Mean value
[AC/kWh]

Chance of
being
≤ VRFB cost

Scenario: technical parameters uncertain
4 386 1289 662 16.9%
8 241 709 393 28.8%

Scenario: all parameters uncertain — present
4 374 1343 674 18.7%
8 237 734 398 29.6%

Scenario: all parameters uncertain — future
4 296 713 435 64.3%
8 194 426 280 72.1%
species should have better technical properties compared to the current
organic molecules. Even if different combinations of technical parame-
ters’ values are possible to achieve low-cost organic batteries, this work
tries to narrow down the desired values for organic properties, giving
a starting point to ensure the cost-competitiveness of AORFBs against
VRFBs. The criteria established here is that ideal organic molecules
should at least surpass the performance of the average organic molecule
(whose mean values can be found in Table 5), namely achieving an
open circuit voltage of at least 1.1 V and maintaining round-trip
efficiency above 71%, while operating at a current density of at least
55 mA∕cm2. Alternative sets of parameters and criteria aimed at
producing more cost-effective organic batteries in the future are not
ruled out. For instance, other researchers state that obtaining high
power densities to reduce the cost of organic batteries, requires either
high OCV values (i.e. above 1.3V) or substantial reduction of the cell’s
area-specific resistance (i.e. below 0.25 Ω cm2) [39].

Fig. 5 displays the outcomes represented as probability distribu-
tion functions of the specific capital cost for three distinct organic
chemistries, with only technical parameters subject to uncertainty.
The three categories include (i) quinone-based, (ii) viologen, nitroxide
radical and iron coordination complex-based, and (iii) aza-aromatic
chemistries. The stochastic analysis was performed for each chemistry
type using the same methodology employed in the generic AORFB anal-
ysis. The results, summarized in Table 7, indicate minimal differences
among these three groups of molecules.

4.3. LCOS results

First, the results for the levelized costs were obtained through a
deterministic analysis of the VRFB and the average AORFB, as for the
13
Table 7
5th, 95th percentile, and mean value of the specific capital cost for different types
of AORFB subject to the uncertainty of technical parameters for different discharging
times.

Discharge
time [h]

5th percentile
[AC/kWh]

95th
percentile
[AC/kWh]

Mean value
[AC/kWh]

Quinone-based Reactants
4 438 1320 685
8 279 724 410

Viologen, Nitroxide Radical and Iron Coordination Complex-Based Reactants —
VNI
4 413 1307 699
8 275 757 443

Aza-Aromatic Reactants
4 368 1318 660
8 224 713 384

specific capital cost results. For a discharge time of 4 h, the LCOS𝑛𝑒𝑡
of the VRFB stands at 246 AC/MWh, whereas for the average AORFB, it
amounts to 470 AC/MWh, almost twice the cost of the VRFB. In Fig. 6,
a visual representation of the levelized cost breakdown for these two
technologies is displayed. Within the VRFB, the most influential cost
component, representing 58% of the levelized cost, is the initial cost
of the battery (𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙), which is part of the total capital cost together
with the loan annuity cost (𝐶𝑙𝑜𝑎𝑛). In contrast, for the AORFB, the
initial cost represents 35% of the LCOS𝑛𝑒𝑡, while the predominant cost
factor is associated with the operation and maintenance cost (𝐶𝑂&𝑀 ),
representing 53% of the levelized cost.
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Fig. 5. Probability distribution functions associated with the specific capital cost of different types of AORFB subject to the uncertainty of technical parameters for different
discharging times. Chemistries analyzed: (i) quinone-based, (ii) viologen, nitroxide radical, and iron coordination complex-based — VNI, and (iii) aza-aromatics.
Fig. 6. Breakdown of the LCOS𝑛𝑒𝑡 (without the cost of energy charged) for a VRFB (net levelized cost of 246 AC/MWh) and an average generic AORFB (net levelized cost of 470
AC/MWh), for 4 h of discharge time.
The elevated levelized cost of AORFBs is primarily attributed to
their higher capital cost and elevated operation and maintenance
(O&M) expenses in comparison to VRFBs. The sole levelized cost
attributed to the operation and maintenance of AORFBs stands at
251 AC/MWh, which is higher than the total LCOS𝑛𝑒𝑡 of the vanadium
battery. This discrepancy arises because the operation and maintenance
costs encompass the expenses associated with the procedures required
to mitigate the capacity fade of the battery. Even though the total
capacity fade (the sum of all the cyclic and calendar fade contributions)
of VRFBs and the average capacity fade of AORFBs have similar magni-
tudes (0.442%/day for the VRFB and an average value of 0.408%/day
for the generic AORFB, assuming one cycle of charging/discharging per
day), the operational costs of the AORFB are higher than the costs of
VRFB. This happens because the VRFB capacity fade is mainly caused
by the crossover of vanadium species, which can inexpensively be
recovered through the rebalancing process. In contrast, the capacity
fade stemming from the irreversible calendar degradation of organic
active species requires a more expensive recovery procedure. Paying
attention to molecular degradation is essential for the economic fea-
sibility of AORFBs, assuming that to recover the capacity lost during
the operation, the maintenance of the electrolyte consists of separation,
recovery, and reuse at a fixed operational cost per kWh [10].

The stochastic analysis of the levelized cost of a generic AORFB is
also conducted by considering three scenarios with the same charac-
teristics as the capital cost scenarios. Fig. 7 presents the results of the
cumulative probability distribution of the LCOS𝑛𝑒𝑡 for three scenarios
applied to the generic AORFB, for either 4 h (Fig. 7(a)) or 8 h (Fig. 7(b))
discharge time versus the current levelized cost of VRFB. The results
are reported in terms of the cumulative probability distribution of the
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LCOS𝑛𝑒𝑡. The dotted line in these figures represents the baseline value,
i.e., the LCOS𝑛𝑒𝑡 obtained for the VRFB chemistry (246 AC/MWh for 4 h,
183 AC/MWh for 8 h).

Table 8 presents the 5th, 95th percentile, and mean values of the
LCOS𝑛𝑒𝑡 for the generic AORFB. Additionally, it shows the probability
of the AORFB’s cost being lower than the current LCOS𝑛𝑒𝑡 of the VRFB.

With the present costs, AORFBs have less than 1% chance of being
able to compete with VRFBs in terms of LCOS𝑛𝑒𝑡, while with the future
costs scenario, AORFBs have less than 5% chance of having a lower
LCOS𝑛𝑒𝑡 than VRFB. This happens, even in the future cost scenario,
assuming a 70%–80% reduction in the costs of critical components.
This is due to the fact that the main cost drivers for the LCOS𝑛𝑒𝑡 of
AORFBs are the high operation and maintenance costs necessary to
mitigate the capacity fade of the battery, as explained previously. To
obtain cost competitiveness, new organic species should have better
technical properties compared to the current organic molecules. Specif-
ically, a criterion to lower the cost of organic batteries could be to find
new molecules that are able to at least surpass the current average
performance levels exhibited by organic molecules, namely a capac-
ity retention, considering every capacity fade mechanism, of at least
99.98%/cycle and 99.61%/day (see mean values of the investigated
parameters in Table 5) or equivalently a total capacity fade below
0.4%/day, assuming to operate the battery at one cycle per day.

Additional graphical results for the stochastic analysis of LCOS𝑛𝑒𝑡
are reported in the Supporting Information document in terms of the
probability density function (see Section SI3.2).

Table 9 presents the 5th, 95th percentile, and mean values of the
LCOS for the generic AORFB. Additionally, it shows the probability of
the AORFB’s cost being lower than the current LCOS of the VRFB.
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Fig. 7. Cumulative probability associated with the LCOS𝑛𝑒𝑡 of a generic AORFB subject to uncertainty for different scenarios versus the current LCOS𝑛𝑒𝑡 of a VRFB for different
discharging times.
Table 8
5th, 95th percentile, mean value and chance of being lower than the VRFB cost for the generic AORFB
LCOS𝑛𝑒𝑡, for different scenarios and different discharging times.
Discharge
time [h]

5th percentile[AC/MWh] 95th
percentile
[AC/MWh]

Mean value
[AC/MWh]

Chance of
being
≤ VRFB cost

Scenario: technical parameters uncertain
4 297 838 527 0.58%
8 220 608 410 0.56%

Scenario: all parameters uncertain — present
4 293 856 530 0.86%
8 219 615 411 0.76%

Scenario: all parameters uncertain — future
4 250 651 442 4.52%
8 194 536 368 2.83%
Table 9
5th, 95th percentile, mean value and chance of being lower than the VRFB cost for the generic AORFB
LCOS, for different scenarios and different discharging times.
Discharge
time [h]

5th percentile[AC/MWh] 95th
percentile
[AC/MWh]

Mean value
[AC/MWh]

Chance of
being
≤ VRFB cost

Scenario: technical parameters uncertain
4 431 970 659 0.76%
8 353 739 541 0.78%

Scenario: all parameters uncertain — present
4 429 982 663 1.00%
8 351 749 543 1.00%

Scenario: all parameters uncertain — future
4 384 781 576 4.41%
8 327 671 499 3.54%
The average LCOS values for a generic AORFB are approximately
25% to 36% higher than their corresponding average LCOS𝑛𝑒𝑡 values.
This indicates that the cost of electricity charged inside the battery
significantly impacts the results. Thus, when comparing outcomes and
defining levelized costs of storage, it becomes essential to be aware
of the metric being considered and the components included in the
model. An interesting observation is that for the VRFB, the LCOS values
(380 AC/MWh for 4 h, and 318 AC/MWh for 8 h) are 54% to 73% higher
than the LCOS𝑛𝑒𝑡 values for the 4h–8 h chemistry. The cost of electricity
has a greater impact on the LCOS of a VRFB compared to the LCOS of
a generic AORFB.

Fig. 8 displays the outcomes represented as probability distribution
functions of the LCOS𝑛𝑒𝑡 for the three distinct organic chemistries
presented above, with only technical parameters subject to uncer-
tainty. The results, summarized in Table 10, indicate similar results
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for quinone-based and VNI reactants, and higher levelized costs for the
aza-aromatic molecules, due to their higher degradation rates. Based on
the results, the average LCOS𝑛𝑒𝑡 of aza-aromatic-based AORFBs is about
28%–35% higher than the average LCOS𝑛𝑒𝑡 of the other battery types,
for 4h-8 h batteries.

Table 11 presents the 5th, 95th percentile, and mean values of the
LCOS for different types of AORFB. The average LCOS values for each
chemistry type of AORFB, are approximately 20% to 33% higher than
their corresponding average LCOS𝑛𝑒𝑡 values.

5. Conclusions

The need to investigate the costs of Aqueous Organic Redox Flow
Batteries (AORFBs) has become increasingly apparent, driven by the
desire to understand and optimize the economics of this emerging
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Fig. 8. Probability distribution functions associated with the LCOS𝑛𝑒𝑡 of different types of AORFB subject to the uncertainty of technical parameters for different discharging times.
Chemistries analyzed: (i) quinone-based, (ii) viologen, nitroxide radical, and iron coordination complex-based - VNI, and (iii) aza-aromatics.
Table 10
5th, 95th percentile, and mean value of the LCOS𝑛𝑒𝑡 for different types of AORFB subject
to the uncertainty of technical parameters for different discharging times.

Discharge
time [h]

5th percentile
[AC/MWh]

95th
percentile
[AC/MWh]

Mean value
[AC/MWh]

Quinone-based Reactants
4 312 847 534
8 226 602 410

Viologen, Nitroxide Radical and Iron Coordination Complex-Based Reactants —
VNI
4 313 831 528
8 240 603 415

Aza-Aromatic Reactants
4 536 969 675
8 469 702 552

Table 11
5th, 95th percentile, and mean value of the LCOS for different types of AORFB subject
to the uncertainty of technical parameters for different discharging times.

Discharge
time [h]

5th percentile
[AC/MWh]

95th
percentile
[AC/MWh]

Mean value
[AC/MWh]

Quinone-based Reactants
4 446 974 668
8 362 745 546

Viologen, Nitroxide Radical and Iron Coordination Complex-Based Reactants —
VNI
4 447 952 661
8 372 735 546

Aza-Aromatic Reactants
4 672 1108 809
8 601 839 686

technology. Accurate cost analysis is crucial for assessing the com-
mercial viability of AORFBs and identifying areas for improvement. A
comprehensive techno-economic analysis was performed to assess the
costs of AORFBs.

Within this work, the capital cost and levelized cost of storage
models were refined and the uncertainty in these cost metrics was
evaluated through the means of a stochastic analysis employing Monte
Carlo simulation techniques. The model was validated using a Vana-
dium redox Flow Battery (VRFB) as the benchmark technology. To
determine the technology’s lifetime expenses, two variations of the
Levelized Cost of Storage were employed. The first model considers all
the costs associated with the battery throughout its lifespan, including
the expense of the energy stored, referred to as the LCOS. The second
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model, here called LCOS𝑛𝑒𝑡, excludes the discharged energy cost from
its calculations. The stochastic analysis framework employed helped us
address the challenges associated with cost estimation and uncertainty
assessment by considering the uncertainty associated with key techni-
cal and economic variables and their probabilistic distributions. The
parameters subject to uncertainty were: open-circuit voltage, current
density, degradation rates (both cyclic and calendar), and critical com-
ponent costs (membrane cost, bipolar plate cost, electrode felt cost).
The probability distributions generated from the Monte Carlo simu-
lations provided crucial information for cost estimation and enabled
us to assess the likelihood of various cost scenarios. Furthermore, this
analysis serves to make informed decisions concerning the future design
and implementation of organic batteries.

At present component prices, the average capital cost yielded from
the stochastic analysis, for AORFBs is approximately 674 AC/kWh for 4 h
batteries and 398 AC/kWh for 8 h batteries. Under these assumptions,
AORFBs have probabilities ranging from 16.9% to 29.6% of having
lower capital cost than VRFBs (438 AC/kWh for 4 h and 303 AC/kWh
for 8 h batteries). However, considering future component prices as
inputs for the stochastic analysis, the average capital cost for AORFBs
drops to about 435 AC/kWh for 4 h batteries and 280 AC/kWh for 8 h
batteries. With these assumptions, AORFBs could potentially achieve
average costs lower than the current VRFB costs, and there is a chance
in the range of 64.3% to 72.1% of attaining a lower specific capital cost
than the state-of-the-art VRFBs. When comparing the capital costs of
three distinct organic chemistries (quinone-based, viologen, nitroxide
radical and iron coordination complex-based, and aza-aromatic), no
statistically significant difference was found among them.

The average LCOS𝑛𝑒𝑡 for AORFBs from the stochastic analysis, con-
sidering current component prices, is approximately 530 AC/MWh for
4 h batteries and 411 AC/MWh for 8 h batteries. AORFBs have less
than a 1% probability of having lower levelized costs compared to
VRFBs, which have LCOS𝑛𝑒𝑡 values of 246 AC/MWh for 4 h batteries and
183 AC/MWh for 8 h batteries. Assuming future component prices, the
LCOS𝑛𝑒𝑡 of AORFBs drops to about 442 AC/MWh for 4 h batteries and
368 AC/MWh for 8 h batteries. With these assumptions, organic batteries
could have a chance in the range of 2.8% to 4.5% of achieving a lower
specific capital cost than the state-of-the-art VRFBs. The calculated
LCOS for AORFBs, which includes the total cost of energy charged into
the storage, averages around 663 AC/MWh for 4 h batteries and 543
AC/MWh for 8 h batteries. These LCOS values for a generic AORFB are
approximately 25% to 36% higher than their corresponding average
LCOS𝑛𝑒𝑡 values. Upon comparing the levelized costs of three distinct
organic chemistries (quinone-based, viologen, nitroxide radical and
iron coordination complex-based, and aza-aromatic), it was observed

that the batteries base on the aza-aromatic chemistry, with a 4h-8 h
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discharge time could exhibit, on average, costs up to 35% higher than
batteries based on the other chemistries.

In general, AORFBs exhibit higher costs than VRFBs, even assuming
very low fabrication costs for organic active species. This leads us to the
conclusion that merely possessing low-cost active materials is insuffi-
cient to ensure the economic viability of AORFBs. The elevated capital
and levelized costs associated with AORFBs stem from their compara-
tively lower energy and power density in contrast to VRFBs, coupled
with their notable cyclic and calendar degradation rates. These lower
energy and power densities, in turn, originate from unfavorable char-
acteristics like low open-circuit voltage, operational current density,
and efficiency, as well as elevated area-specific resistance. To lower
the organic battery cost and ensure competitiveness with VRFBs, it is
crucial to identify organic redox pairs that exhibit better performance.
A proposed criterion for identifying successful redox pairs involves
refining the selection to molecules that exceed the average performance
of current organic molecules. This means identifying molecules with
open circuit voltage of at least 1.1 V, which achieve a round-trip
efficiency above 71%, while operating at a current density of at least
55 mA∕cm2, and have total degradation rates below 0.4%/day. This
work does not preclude the exploration of alternative combinations of
parameters and criteria aimed at producing more affordable organic
batteries in the future. Paying particular attention to calendar degra-
dation is essential for the economic feasibility of AORFBs, along with
the reduction of component costs for organic batteries.
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