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HIGHLIGHTS

e Hydrogen-mediated acid-base flow battery enables energy storage and seawater desalination.

o The battery achieves 90-97% ion removal and 50% recovery at 31% desalination of 0.5 M NaClL
o Optimized battery design can lower SEC to 14-18 kJ mol ! at 1-5 mA cm 2 current density.

e Compatible with renewables and suitable for decentralized coastal water systems
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ABSTRACT

We present a novel concept for coupling energy storage and water desalination using an acid-base flow battery
architecture. In this device, electrical energy is stored through the reversible generation of acid and base, while
salt is simultaneously removed from a central salt chamber. The device operates with non-toxic, earth-abundant
electrolytes - NaOH and HCI - and utilizes hydrogen as an efficient redox mediator, avoiding crossover of redox
active species and enabling high reversibility. We demonstrate that the degree of desalination directly impacts
the desalination flow battery's open-circuit voltage and internal resistance, with high efficiency achieved at
partial desalination. At 7 mA cm ™2, the device desalinates 0.5 M NaCl by 31% with 90-97% ion removal effi-
ciency and 50% water recovery. Modelling of specific energy consumption indicates values as low as 14-18 kJ
mol(NaCl)~! are achievable using state-of-the-art membranes and compartment designs. This places the device
performance in line with leading desalination flow batteries while unlocking additional value through energy
storage using abundant chemicals. We propose its use in decentralized coastal grids powered by intermittent
renewables, where it can balance energy supply for downstream processes while at the same time desalinating
seawater. This work outlines a scalable sustainable approach to address the water-energy nexus using benign and
abundant chemicals.

1. Introduction

Freshwater scarcity is increasingly recognized as a critical global

can expand freshwater supplies but is constrained by high energy de-
mand - especially in regions with limited or unstable energy infra-
structure [3]. These intertwined limitations call for technologies that

challenge with direct implications for human health, food security, and
economic development. As of the end of 2025, approximately 17% of the
global population lives in regions classified as high water risk, where
water scarcity, declining water quality, climatic variability, and gover-
nance limitations jointly threaten reliable access to freshwater [1]. This
share may exceed 50% by 2050, placing even greater pressure on water
resources [1]. At the same time, water scarcity is tightly coupled to
energy availability, forming the water-energy nexus [2]: desalination

address water purification and energy storage in an integrated way [2].

Conventional large-scale desalination technologies — such as
seawater reverse osmosis (SWRO) [4], brackish reverse osmosis (BRO)
[5], electrodialysis (ED) [5,6], capacitive deionization (CDI) [7], multi-
effect distillation (MED) [8], and multi-stage flash distillation (MSF) [9]
- deliver high efficiency and reliability, supporting many urban water
systems. This limitation has motivated interest in modular systems that
combine desalination with decentralized energy storage, enabling
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flexible operation under variable power availability.

In this context, desalination batteries have emerged as a promising
class of electrochemical systems that integrate energy storage with salt
removal [10,11]. Typically derived from flow battery architectures,
these devices employ anion-exchange membranes (AEMs) and cation-
exchange membranes (CEMs) to form a central saline-water compart-
ment, where electrochemical redox reactions drive either desalination
or salination depending on the operating mode [10].

Yet despite their promise, most reported desalination flow batteries
face a fundamental trade-off that limits true system autonomy. They
must choose between using scarce, toxic, or expensive redox-active
species, or relying on external supplies of chemicals such as acid, base,
or oxidants, which undermines system reversibility and autonomy. For
example, many systems based on inorganic [12-17] and organic
chemistries [18,19] rely on non-benign or costly materials, while
desalination fuel cells [20-22] and neutralization flow cells [23-25]
achieve desalination by consuming externally produced chemicals,
preventing closed-loop operation.

This creates a central trade-off in the field: desalination flow batte-
ries must compromise either on environmental sustainability or opera-
tional independence.

In this work, we resolve this trade-off by introducing a hydrogen-
mediated acid-base desalination flow battery that enables closed-loop
energy storage and salt removal using only earth-abundant, non-toxic
chemicals. The device operates using hydrogen as a redox mediator and
NaCl-derived acid and base as electrolytes, eliminating the need for
external chemical input while preserving high reversibility and desali-
nation functionality (Fig. 1). The proposed device consists of three
compartments: an acidic compartment and a basic compartment, each
equipped with a hydrogen electrode, and a central saline-water
compartment separated by an AEM and a CEM. The hydrogen elec-
trodes enable reversible production and neutralization of acid and base,
using hydrogen as an efficient and non-consumable redox mediator (see
reactions (1)—(3)). During charging, hydrogen is oxidized at the acidic
electrode and regenerated at the alkaline electrode; this process is
reversed during discharge. Concurrently, ion transport across the
membranes enables controlled desalination or salination of the central
stream.

The key electrochemical steps during charging are:

Hydrogen oxidation at the positive electrode in acidic media:

H, =2H" +2e~ (€))]
Hydrogen evolution at the negative electrode in alkaline media:
2H,0 +2e” = 20H +H, (2)

Overall net reaction:

Desalinated
water

HTCL T NaTOH

AEM CEM
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H,O0=H"+OH" 3

Compared to earlier desalination flow batteries, our architecture
eliminates the need for toxic, scarce, or expensive redox-active species.
Unlike desalination fuel cells, which suffer from high activation losses
associated with oxygen reactions (~0.2 V) [26], our use of hydrogen
enables higher reversibility and round-trip efficiency. In contrast to
prior hydrogen-looping acid-base systems [25], our membrane
arrangement enables desalination directly from saline feedwater —
without the need to externally supply acid or base. This allows the
system to achieve both desalination and energy storage in a single, self-
contained unit.

As such, the device offers a compact and chemical self-sufficient
alternative to more complex configurations combining desalination
units, electrolysers, and fuel cells — particularly attractive for off-grid,
coastal regions lacking hydrogen infrastructure.

In this work, we demonstrate the operating principles of this device
and analyze its performance under two coupled operational regimes:
charging with simultaneous desalination, followed by discharging with
salination. We investigate how energy consumption and efficiency
depend on the degree of desalination and show that the system operates
most efficiently when treating water at seawater salinity levels (~30 g
L™Y). We further demonstrate how cell design and operating conditions
can be adjusted to maintain high efficiency at deeper desalination levels
approaching tap-water quality. Finally, through a resistance breakdown
analysis, we identify key design pathways for reducing desalination
energy consumption. Together, these results illustrate how decentral-
ized energy storage can be intrinsically coupled to on-site desalination
using non-toxic, earth-abundant materials.

2. Experimental
2.1. Chemicals and materials

All chemicals — NaCl, HCl, NaOH, NaySOy4, isopropanol — were of
analytical grade or higher and were used as received without further
purification. Materials used for the preparation of gas diffusion elec-
trodes (GDEs), including 20 wt% Pt/C (Fuel Cell Store, USA) and 5 wt%
Nafion solution in ethanol (Ion Power, USA), were also used as received.
Gas diffusion electrodes of the cell were using hydrogen (5.0 grade,
>99.999%, Linde).

An anion-exchange membrane (AEM, Fumasep FAP-450) and a
cation-exchange membrane (CEM, PFSA D125—U) (FUMATECH BWT
GmbH, Germany) were used throughout this study. Prior to cell as-
sembly, membranes were conditioned in 0.5 M NaCl.

B
Salinated
water
HCl T NaOH
4 b
H, = 2H,0
2H*
Na+ HZ
HCL T NaOH
C Salt -
water

Fig. 1. Scheme of the proposed desalination flow battery during charging (A) and discharging (B) stages.
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2.2. Cell design and experimental setup

A custom-built flow cell was used (Fig. S1), consisting of two elec-
trode compartments equipped with GDEs and separated by two ion-
exchange membranes, forming a central saline-water compartment.
The positive GDE faced the acidic compartment and the AEM, while the
negative GDE faced the alkaline compartment and the CEM.

Both electrodes were identical and based on Freudenberg H23CX653
carbon paper loaded with platinum catalyst (0.3 mg(Pt) em~?) and
Nafion ionomer as binder (catalyst-to-ionomer mass ratio of 4:1).
Graphite plates with serpentine flow fields served as current collectors
and gas distributors and were connected via nickel foil terminals. The
electrodes were pressed against PTFE gaskets to ensure sealing.

Electrolyte flow chambers were formed using 3D-printed ABS plates
(2 mm thickness) with internal channels, sealed on both sides using 0.5
mm silicone gaskets, resulting in a total chamber thickness of 3 mm. The
central saline-water compartment was similarly formed using a 3D-
printed ABS frame and separated from the electrode compartments by
the AEM and CEM. In each compartment, a stack of polymeric woven
spacers (Sefar, Switzerland; thickness 0.48 mm, porosity ~50%; 6 pieces
in each chamber) were used to promote uniform flow distribution. The
assembled cell was compressed between PMMA end plates and tight-
ened to 3 Nm using a torque wrench.

The experimental setup (Fig. S2) consisted of the flow cell, three
electrolyte reservoirs (acid, base, and salt), peristaltic pumps (Master-
flex L/S, USA), a hydrogen cylinder, a mass flow controller (Bronkhorst
EL-Flow), a gas humidifier (Dreschel bottle filled with deionized water),
and an Autolab 302N potentiostat (Metrohm, Switzerland).

To achieve controlled desalination performance, asymmetric elec-
trolyte compositions with balanced charge capacity were employed. A
relatively low acid concentration was used in the positive compartment
to ensure electrode stability, while a ten-fold higher base concentration
was used to balance proton and hydroxide crossover into the central
compartment. The initial electrolyte composition corresponding to 0%
degree of desalination (DD) consisted of 100 mL of 0.1 M HCl, 20 mL of
0.5 M NaCl, and 10 mL of 1 M NaOH. Degrees of desalination of 0, 25,
50, 75, 90, and 98% were investigated, where DD is defined relative to
an initial 0.5 M NaCl solution in the central compartment (see Table 1).

Before electrochemical testing, electrolyte circulation was initiated
in all compartments at a flow rate of 6 mL min~}, and the gas sides of the
GDEs were purged with nitrogen to remove residual air. Subsequently,
humidified hydrogen was supplied at 15 mL min~! (excess of hydrogen
was used to ensure low overvoltage for the electrode reactions).

2.3. Electrochemical testing and electrolyte analysis

Prior to each experiment, the open-circuit voltage (OCV, E.; [V]) of
the cell was measured and compared with theoretical values calculated
as the sum of potential difference between two hydrogen electrodes in
acid and base (Enems: [V]), and Donnan potentials across CEM (A¢ gy
[V]) and AEM (A¢ gy [V]) [25,27]; note that here we assume no other
counter ions for CEM and AEM than Na™ and Cl ™, respectively:

Ecet = Enemst +A¢CEM +A¢AEM (4)
where
Table 1
Electrolyte composition depending on the DD.
DD, % C(HCD), M C(NaOH), M C(NaCl), M
0 0.1 1 0.5
25 0.125 1.25 0.375
50 0.15 1.5 0.25
75 0.175 1.75 0.125
90 0.19 1.9 0.05

98 0.198 1.98 0.01
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where pH,,, and pH, are pH values in base and acid solutions,
respectively, a is activity [M] of an ion with subscript indicates which
ion is considered (Na* or Cl") and in which compartment (salt, base or
acid).

Polarization curves were obtained using galvanostatic linear sweeps
at a scan rate of 0.1 mA cm 2 s}, sufficiently slow to ensure steady-state
conditions. Measurements were performed over voltage windows of
OCV — 1.4V for charging and OCV — 0 V for discharging.

Desalination experiments were conducted galvanostatically, either
at open circuit or at a current density of —7 mA em~2 for 3 h, corre-
sponding to approximately 31% desalination of a 0.5 M NaCl solution.
Longer experiments until 50, 90, and 98% desalination were not con-
ducted due to hydrogen safety restrictions. During operation, electrolyte
samples from the central compartment were periodically collected for
ion chromatography (IC) and pH measurements, enabling determination
of Na* and CI~ concentrations. The current efficiency of desalination
was calculated as the ratio of the measured amount of ions removed to
the expected amount, predicted by Faraday's law, assuming ideal ion
transport.

Cell resistance (R..) was determined from the slope of charging
polarization curves and decomposed as:

Reent = Racid + Rsair + Rbase + Reem + Ragm ®

Electrolyte resistances (Rgcid, Rsair,and Ryqse) Were calculated based on
compartment geometry, spacer porosity, and concentration-dependent
conductivity. Membrane resistances (Rcgy and Ragy) were measured
independently in a 6-compartment cell (see methodology details else-
where [28]) for 0.5, 0.25, and 0.01 M NaCl corresponding to 0, 50, and
98% DD, respectively (see Fig. S3).

Specific energy consumption (SEC, kJ mol(NaCl removed)’l) during
desalination was calculated by combining experimentally determined
E .y vs. DD relationships and fitted R, vs. DD profiles to reconstruct
voltage profiles under constant current operation. The energy associated
with acid-base neutralization (56 kJ mol 1) was subtracted, as this en-
ergy is stored and recovered during discharge. We also analyze average
SEC (SEC*) over the course of desalination — from DD 0% to DD 50 or
98% - as a function of current density.

To evaluate the potential of coupled energy storage and desalination,
we simulated voltage profiles during charge-discharge cycling. The
voltage efficiency (ny) was defined as the ratio of the average voltage
during discharge to that during charge, using the same current density
for both steps. The cycle involved charging the cell to achieve 98%
desalination degree (DD), followed by replacement of the central
compartment electrolyte with fresh feedwater, and subsequent
discharge until the acid and base concentrations returned to their initial
values.

Finally, an optimistic performance scenario was analyzed by
considering improved membranes, thinner electrolyte compartments,
and higher porosity flow frames (see details below). Using estimated
resistance values for these design improvements, the potential perfor-
mance gains by calculating SEC and average SEC* for 0-98% desalina-
tion. Discharge performance was evaluated using simulated voltage
profiles in energy storage mode.
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2.4. Optimistic resistance case

To highlight the future potential of the device for integrated energy
storage and desalination, we also analyzed an optimistic low-resistance
scenario. This analysis illustrates how targeted design improvements
could significantly reduce overall cell resistance and, consequently, the
specific energy consumption of desalination.

We hypothesize that resistance reductions can be achieved through
two primary avenues. First, the use of advanced ion-exchange mem-
branes - such as a low-resistance AEM (Fumatech FAS, Cl™ form, 1.03 Q
em? [29]) and a compatible CEM (Fumatech FKS, Na*t form, 1.5 Q cm?
[29]) - would directly lower membrane-related losses. For simplicity, we
assume that these resistances remain constant and independent of DD.
Second, implementing thinner (0.1 mm) polymer mesh with high
porosity (70%) [29], would significantly reduce compartment resis-
tance. This configuration also helps mitigate performance losses due to
air entrapment and concentration polarization during operation.

3. Results and discussion
3.1. Concept of the device and battery characteristics

The central concept explored in this work is the use of an acid-base
flow battery (ABFB) to intrinsically couple electrochemical energy
storage with desalination. In an ABFB, electrical energy is stored
through the reversible generation of acid and base, a process that
inherently involves salination and desalination of electrolyte streams. As
a result, desalinated saltwater is not an external add-on but a natural by-
product of battery operation. Here, we extend this concept by proposing
that, instead of operating the battery as a fully closed-loop system,
partially desalinated or salinated water streams can be selectively
extracted or injected, enabling simultaneous energy storage and water
purification.

In this study, the battery was operated using NaOH, NaCl (seawater),
and HCl electrolytes. At the start of desalination (0% DD), the electrolyte
concentrations were 1.0 M NaOH, 0.5 M NaCl, and 0.1 M HCl. While the
NaCl concentration reflects typical seawater salinity, a ten-fold higher
base concentration relative to acid was intentionally selected to ensure
near-zero net acidification of the central compartment and to maintain
the chemical stability of the positive electrode. This asymmetric elec-
trolyte configuration enables extended operation without compromising
electrode integrity.

During battery charging, electrical energy is converted into chemical
energy stored in acid and base, while desalination proceeds simulta-
neously. Hydrogen oxidation at the negative electrode generates protons
in the acidic compartment, whereas hydrogen evolution at the positive
electrode produces hydroxide ions in the alkaline compartment. To
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maintain electroneutrality, C1~ ions migrate from the central compart-
ment to the acidic side, while Na® ions migrate to the alkaline side
through the ion-exchange membranes. As charging progresses, the NaCl
concentration in the central compartment decreases, while acid and base
concentrations increase accordingly. During battery discharging, the
electrochemical reactions and ion transport are reversed, resulting in
salination of the central compartment.

The electrochemical response of the battery strongly depends on the
degree of desalination (Fig. 2A). As NaCl is removed from the central
compartment, the open-circuit voltage (Ec.p) increases from 720 to 896
mV, reflecting the growing pH difference between the alkaline and
acidic compartments, which increases from 12.73 to 13.35 (Fig. 2B).
Importantly, the experimentally measured open-circuit voltage agrees
closely with theoretical predictions across a wide DD range, with de-
viations below 14 mV for DD values up to 90%. At DD values exceeding
90%, increasing negative deviation of Ee| from calculated values are
observed, which are attributed to reduced membrane selectivity and
enhanced ion crossover at very low salt concentrations. For instance, at
98% DD, calculated Donnan potentials for CEM and AEM account 104
and 47 mV, respectively. This behavior indicates that deep desalination
may incur additional energy losses due to non-ideal ion transport.

In parallel, the areal cell resistance evolves with DD (Fig. 2C). From
0% to 75% DD, corresponding to NaCl concentrations decreasing from
0.5 to 0.125 M, the resistance increases moderately from 91 to 130 Q
cm?. At higher DD values, resistance rises sharply as the central
compartment becomes depleted of salt. For example, at 90% DD (0.05 M
NaCl), the resistance increases by approximately a factor of three, while
further desalination to 0.01 M NaCl (98% DD) leads to a pronounced
increase by the factor of 9.3 (to 843 Q cm?) compared to the initial value
resistance. This sharp rise highlights the dominant role of electrolyte
conductivity in governing cell performance at deep desalination levels
(see discussion in following sections).

3.2. Current efficiency of desalination and reversible energy storage

Given the coupled concept of energy storage and desalination
described above, we now examine the desalination performance of the
device in more detail. In particular, we analyze how the composition of
the saltwater stream evolves during prolonged operation and to what
extent desalination is affected by indirect ion transport processes. To this
end, we evaluate voltage profiles together with desalination rates during
controlled galvanostatic experiments (Fig. 3).

When no current is applied (Fig. 3A), the open-circuit voltage re-
mains essentially constant over 3 h, indicating negligible electrolyte
degradation or spontaneous ion redistribution. This observation is
consistent with the minimal changes in salt concentration and pH
measured in the central compartment under open-circuit conditions

Desalination  Salination
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Fig. 2. Polarization curves for charging and discharging of the battery at different DDs (A), and open-circuit voltage, Ece (B), and the cell resistance, Reep (C)

depending on the DD; polarization curves were recorded galvanostatically at 0.1 mA cm™ s

discharging.

2571 over voltage windows of OCV — 1.4 V for charging and OCV - 0 V for
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Fig. 3. Cell voltage profiles during 3 h operation at 7 mA cm 2 compared with open-circuit conditions (A), and the corresponding desalination derived from

electrolyte analysis (B).

(Fig. 3B). Based on the concentration gradients, an increase in Na™and a
decrease in Cl~ concentrations are expected. While a slight increase in
Na™ is observed, changes in Cl~ are inconclusive. We therefore conclude
that at 0 mA cm 2, electrolyte composition in the central chamber re-
mains largely unchanged.

In contrast, when desalination is performed at 7 mA cm ™2 for 3 h -
corresponding to approximately 31% desalination of a 0.5 M NaCl so-
lution - the cell voltage increases steadily with time. This behavior is
expected and reflects both the increasing pH difference between the acid
and base compartments and the gradual rise in cell resistance as desa-
lination proceeds.

Ion chromatography data (Fig. 3B) reveal high current efficiency for
Na™ and CI~ transport through the membranes during desalination. The
average current efficiency, defined as the ratio of the experimentally
removed amount of Na™ and Cl~ to the amount expected from the
applied charge, ranges from 90 to 97% over the 3 h experiment. This
indicates that parasitic ion transport and back-diffusion play a minor
role under the investigated operating conditions.

An important feature of the proposed device is that, unlike reverse
osmosis or electrodialysis, which typically perform most efficiently
when treating brackish water [5], the present system is expected to
operate most efficiently during partial desalination of seawater. In this
regime, the battery operates at relatively low resistance and under
moderate concentration gradients across the membranes, which mini-
mizes indirect ion transport and associated efficiency losses.

These results demonstrate that the device is well suited for seawater
desalination, particularly at moderate degrees of desalination such as
those relevant for pre-desalination or partial salt removal. At higher
degrees of desalination, however, the current efficiency is expected to
decrease due to steeper concentration gradients and enhanced non-ideal
ion transport. The extent of this effect will depend on membrane
selectivity, membrane thickness, and electrolyte composition, high-
lighting the importance of materials selection for deep desalination
applications.

It is worth noting that despite using a ten-fold lower acid concen-
tration relative to the base, a slight acidification of the salt compartment
is observed for 7 mA cm ™2 at a rate of (0.92 + 0.24) * 10 2 mmol h™!
em™2. Since H* crossover through the AEM must be accompanied by C1~
diffusion, the observed net acidification qualitatively aligns with the
lower current efficiency for Cl~ removal compared to Na'. Given the
data accuracy at 0 mA cm 2 (Fig. 3B), we can confirm H" crossover —
and possibly OH™ — toward the central compartment, resulting in slight
net acidification of the electrolyte. As the above data indicate, the
impact of H"/OH™ crossover on the overall desalination efficiency re-
mains minor.

3.3. Specific energy consumption on desalination

We next analyze the SEC of desalination, which is a key performance
metric for desalination technologies. Using interpolated dependences of
the cell open-circuit potential (Fig. 2B) resistance (Fig. 2C) as functions
of the degree of desalination, we calculate the SEC in units of kJ mol
(NaCl)*1 as a function of DD (Fig. 4A). This analysis accounts only for
electrical energy losses associated with cell voltage and ohmic resistance
and does not include energy losses due to ion crossover, losses on
electrolyte pumping etc. In addition, the energy required for acid and
base formation during desalination (56 kJ mol™1) is excluded from the
SEC, as this energy is stored chemically and released during the
discharge stage.

Over a wide DD range from O to approximately 75%, the SEC in-
creases monotonically with increasing desalination degree (Fig. 4A). In
this regime, the rise in SEC is primarily driven by the increasing pH
difference between the electrodes and the gradual increase in the cell
resistance.

To better understand the origin of this resistance, we performed a
breakdown analysis (Fig. 5A) using Eq. (8). This included the measured
resistances of the CEM and AEM, along with the calculated contributions
from the three electrolyte compartments. We found that at DD values
below 50%, the AEM contributes the most to the total resistance, due to
the lower conductivity of Fumasep FAP-450 in neutral media (salt-
water). At higher DDs, the resistance of the central (saltwater)
compartment becomes the dominant contributor to the overall cell
resistance.

At deeper desalination levels (Fig. 4A), SEC becomes increasingly
dominated by the poor conductivity of the depleted salt solution. For
instance, at 90% DD, the central compartment contributes around 38%
of the total resistance, rising to 74% at 98% DD. These results highlight
the strong dependence of energy consumption on electrolyte conduc-
tivity, particularly at high desalination degrees.

We assess average SEC (SEC*) for 0-50% and 0-98% desalination
(Fig. 4B), calculated by integrating SEC values from Fig. 4A, to show
how it varies with current density. As expected, higher current densities
lead to increased SEC due to larger ohmic overpotentials. At 98% DD,
the SEC increases from 34 to 92 and 120 kJ mol(NaCl)~! when the
current density is increased from 1 to 5 and 7 mA cm ™2, respectively.
This trend illustrates the trade-off between desalination rate and energy
efficiency, particularly at high degrees of desalination.

Because the sharp increase in energy consumption occurs primarily
at the later stages of desalination, the choice of the final desalination
degree (e.g., 50 vs. 98%) has a limited impact on the average SEC* over a
desalination cycle (Fig. 4B). Provided that the cell components remain
chemically and mechanically stable, this suggests that the device can, in
principle, be operated from seawater salinity down to tap-water levels,
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consistent with earlier demonstrations in related desalination flow
battery systems. However, it should be noted that for DDs discussed here
(>50%) the SEC* will be influenced by ion crossover, which is expected
to increase as desalination proceeds due to the development of strong
Na' and Cl~ concentration gradients toward the central compartment.

To assess the potential for further reducing SEC, we compare the
experimentally investigated base-case cell with a hypothetical opti-
mistic scenario based on realistic improvements in cell design (Fig. 5B;
see Methods for details). In this scenario, thinner flow frames (0.1 mm)
and membranes with lower areal resistance are assumed. Under these
conditions, the total cell resistance is reduced by approximately a factor
of 13 at 0% DD and 20 at 98% DD. Nevertheless, even with such a thin
flow frame, the NaCl resistance dominates at 98% DD (Fig. 5B). As a
result of the lower resistance, the SEC at 5 mA cm ™2 decreases from 64 to
18 kJ mol(NaCl) !, while the allowable operating current density range
expands almost by order of magnitude to 50 mA cm ™2 (Fig. 4C). We note
that if resistance in the electrolyte compartments is minimized,
hydrogen-mediated systems can support reversible neutralization at
current densities approaching 100 mA ¢cm™2, as demonstrated in our
previous study [27]. These projections highlight the substantial scope
for performance improvement through targeted cell optimization and
underscore the competitiveness of the proposed concept relative to other
desalination flow battery technologies operating at current densities
from 0.22 to 15 mA ecm ™2 [12-19].

3.4. Energy storage combined with desalination

To support scalable operation and stable electrochemical perfor-
mance, we propose a semi-batch desalination mode for the device. In
this approach, a portion of seawater is desalinated to a target desali-
nation degree (DD) during the charging stage, after which the partially

desalinated stream is extracted and replaced with a fresh batch of
feedwater. An illustrative operational cycle is shown in Fig. 6. This
configuration also enables dynamic adjustment of current density based
on DD, allowing optimization of the trade-off between specific energy
consumption and battery power. Alternatively, a continuous mode of
operation could be implemented by arranging multiple desalination
batteries in series, with feedwater sequentially desalinated in each unit.

During periods of low electricity demand or excess renewable energy
availability, the battery stores energy as acid and base while simulta-
neously desalinating water. This stored energy can later be recovered
during discharge, which is accompanied by salination of a new saltwater
stream. Under idealized conditions - i.e., symmetric desalination and
salination with equal flow rates and current densities - the net water
recovery over a full charge-discharge cycle is 50%, comparable to that of
conventional seawater desalination systems. We hypothesize that
adjusting water recovery, such as using a larger saltwater volume during
discharge, could help minimize concentration gradients and thus reduce
crossover and electrolyte degradation.

Based on cell performance data, we simulated a complete cycle
involving charging to 98% DD, replacement of the central saltwater
stream, and discharging back to the original state (0% DD). In the cur-
rent cell configuration, we observe a modest maximum power density
(maximum at the power density vs. current density plot) of 2.2 mW
cm 2 following saltwater exchange, with a voltage efficiency ny of 28%
at 5 mA cm 2. In contrast, an optimized cell design could reach power
densities up to 39 mW cm 2 and 1y exceeding 80% at current densities
up to 16 mA cm 2. While the power density matches that of the best-
performing desalination devices [15,16], it remains at least an order
of magnitude lower than conventional redox flow batteries, primarily
due to the use of 0.5 M NaCl as electrolyte and three-compartment
designs.
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These findings suggest that, provided long-term stability is main-
tained, the battery can effectively deliver desalination as an added
function with minimal energy penalty (see previous section).

3.5. Application areas

To place our device in context, we compared it against state-of-the-
art desalination technologies by mapping SEC versus output water pu-
rity (Fig. 7; see similar graph with SEC in kWh m 3 in SI). This highlights
potential implementation niches for the proposed concept. We note that
the SEC values presented here reflect lab-scale energy inputs, based
solely on cell-level electrical performance. In contrast, system-level SEC
- as reported for commercial technologies - typically includes additional
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Fig. 7. Performance map of conventional desalination technologies (ED [5,6],
BRO [5], SWRO [4], CDI [7,30], MED [8], and MSF [9]) showing SEC versus
output water purity. Solid symbols represent systems operating directly on
seawater-level salinity (30-35 g L), while hollow symbols indicate partial
desalination of lower salinity streams (e.g., brackish water), where ED, BRO,
and CDI typically perform best. Bars on the graph represent the min/max range
for SEC and output water purity. The figure includes both measured SEC for the
proposed device and calculated SEC for an optimistic low-resistance scenario
(for 1-5 mA cm™2). *Total energy consumption for MSF includes the contri-
bution from thermal energy.

contributions from pumping energy, imperfect ion separation, and other
losses. While our SEC estimates do not capture all system losses, they
serve to identify trends and feasibility windows for deploying hydrogen-
mediated desalination under optimized conditions.

Thermal desalination methods such as MED and MSF can produce
high-purity water directly from seawater but incur high energy pen-
alties. CDI offers slightly lower water purity and is typically more
effective with pre-desalinated feedwater. While ED is among the most
energy-efficient technologies, its performance is optimal with brackish
or partially desalinated feedwater, and its energy requirements increase
substantially when treating seawater-level salinities.

When plotting the performance of our device, the base case - with
relatively high areal resistance - shows SEC around 113 kJ mol(NaCl)™?,
which is outside the range of leading commercial systems. Due to the
low current density in the base case, the device's productivity is expected
to be significantly lower than that of conventional desalination systems.
However, analysis of an optimized resistance scenario (see Fig. 5B) il-
lustrates significant improvement potential. By adopting best practices
in flow cell design - including thinner compartments and low-resistance
membranes - our device could achieve SEC values in the range of 15-18
kJ mol(NaCl)~! at moderate current densities (1-5 mA cm™~2). At higher
currents (e.g., 50 mA cm’z), SEC values of 34 kJ mol(NaCl)~! could still
be achieved, substantially improving throughput. These metrics
emphasize the promise of hydrogen-mediated desalination, which can
operate efficiently without the need for expensive, toxic, or specialty
redox-active materials. Moreover, recent studies have shown that
hydrogen electrodes can be self-sufficient in hydrogen supply [31,32].

In contrast to other desalination flow batteries [12-19], neutraliza-
tion flow cells [23-25], and desalination fuel cells [20-22], the use of
HCI and NaOH as electrolytes in our system provides logistical advan-
tages. Acid and base electrolyte can be generated and recycled on-site
from salt water, enabling desired desalination and energy storage ca-
pacity with minimal dependence on external chemical supply chains.
Furthermore, unlike many flow cells with capacitive electrodes [33-35],
our flow battery architecture allows flexible salt removal capacity and is
especially well-suited for treating high-salinity feeds.

That places this hydrogen-mediated desalination battery not as a
direct competitor of ED or RO, but rather for a pre-desalination step or
for desalination niches without stable energy supply. Our device offers
two key advantages over a decoupled system comprising a desalination
unit, fuel cell, and electrolyser. First, its dual-purpose architecture
eliminates the need for costly hydrogen infrastructure and associated
capital expenditures. Second, by avoiding sluggish oxygen reactions, our
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system circumvents the round-trip voltage penalty of ~0.4 V expected in
electrolyser—fuel cell combinations [26]. This penalty corresponds to an
energy loss of approximately 77 kJ mol~! Hy, or ~ 86 kWh m 3 of water
desalinated (from 30 g L’l) - nearly an order of magnitude greater than
the SEC of conventional technologies (<10 kWh m_3; see Fig. S4). While
decoupled systems may offer higher productivity, these figures under-
score the efficiency advantage of integrating energy storage and desa-
lination while avoiding oxygen electrochemistry.

Hence, given the performance trends and operational flexibility, we
propose this system as a possible solution for decentralized desalination
and energy storage along coastal regions with intermittent renewable
power supply. Specifically, it could serve as a front-end pre-desalination
unit, reducing seawater salinity to brackish levels before final purifica-
tion by downstream technologies such as ED, BRO, or CDI. Additionally,
its ability to function under fluctuating power inputs supports its role in
addressing the water-energy nexus in off-grid or resource-constrained
environments.

3.6. Challenges for practical implementation

To assess feasibility, several technical challenges must be addressed:

A key issue is the crossover of H" and OH ™~ through CEM and AEM,
which alters pH in the central compartment. To avoid contamination, it
is essential to maintain net-zero acidification - this can be achieved using
established strategies from neutralization dialysis [36,37], including
tuning concentrations, flow rates, and membrane thickness. Once
balanced, crossover only leads to minor energy losses, which can be
offset by periodic recharging or electrolyte refreshment.

Electrolyte choice also affects stability. Our selected membranes -
Fumasep FAP-450 and PFSA-D125-U - are chemically compatible with
their respective environments (AEM is facing acidic compartment, while
chemically stable CEM is facing alkaline compartment), and stability is
further ensured by avoiding elevated temperatures.

System complexity - three compartments, two membranes, and two
reversible hydrogen electrodes - poses a scaling challenge. However, all
core components (ion-exchange membranes, GDEs, bipolar plates) are
commercially available, and design strategies from fuel cells, electro-
lysers, and flow batteries are directly applicable. Recent advances in
hydrogen-looping systems for acid-base production [31,32,38,39], CO2
capture [40-42], and energy storage show that efficient, stackable
configurations are feasible [39], supported by emerging patents [43-50]
and commercial activity (e.g., EDAClabs [51]).

The main cost limitation is the use of platinum group metals. While
hydrogen-looping systems are costlier than bipolar membrane-based
alternatives, they become viable above ~50-100 mA cm 2 [38],
where higher productivity offsets capital costs. As shown in this work,
better cell design can enable operation in that range. Further cost re-
ductions will require development of platinum metal group-free cata-
lysts [52].

4. Conclusions

In this work, we introduced a new concept for coupling energy
storage and desalination using an acid-base flow battery. The core idea
relies on the reversible generation of acid and base via Hy looping during
battery charging, which inherently drives the removal of salt from
water. Importantly, a significant portion of the energy used for desali-
nation - specifically, the energy of acid-base neutralization (56 kJ mol
(NaC)™1) - can be recovered during battery discharge, improving
overall energy efficiency. Unlike previously reported desalination flow
batteries, our system uses only earth-abundant and non-toxic materials -
NaOH and HCI - as electrolytes. It does not rely on external chemical
feedstocks, and hydrogen, used as a redox mediator, introduces no
harmful crossover while enabling ion transport with minimal voltage
penalty on electrode reactions. This design enables scalable desalination
and energy storage capacity, as acid and base electrolytes can be

Desalination 631 (2026) 120226

regenerated on-site in the required quantities.

Our results show that the resistance of the central (saltwater)
compartment is the main limiting factor at higher desalination degrees.
Nevertheless, the device achieved 90-97% current efficiency during a
31% reduction in 0.5 M NaCl, with 50% water recovery. These results
indicate that the system performs best during partial desalination, where
specific energy consumption and ion crossover losses are minimized.

We further showed that applying best practices from the flow cell
field - such as thinner membranes and optimized flow compartment
design — could improve cycling performance and reduce the specific
energy consumption to 14-18 kJ mol(NaCl)™! at moderate current
densities (1-5 mA cm™2), with potential for higher productivity at
elevated currents (e.g., 50 mA cm~2 at doubled specific energy
consumption).

We envision this device as a viable component of decentralized en-
ergy and water systems, particularly in coastal areas powered by inter-
mittent renewables, addressing the water-energy nexus using
environmentally benign and scalable flow battery technology.
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