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Broader context DOI: 10.1039/D6ELO0018E

Electrochemical direct air capture (DAC) offers a modular pathway for
CO, removal that can, in principle, pair directly with renewable electricity.
Its practical competitiveness, however, is set not only by cell-level
efficiency and durability, but also by the cost of delivering electricity under
intermittency and the need for short- and long-duration energy storage.
Bipolar membrane electrodialysis (BPMED) is a representative
electrochemical regeneration approach that avoids thermal input and redox
mediators, making it a useful platform to quantify these coupled constraints.
Here we perform a time-resolved, system-level techno-economic analysis
of BPMED-DAC under intermittent solar supply, compare multiple
storage and operating configurations (including hybrid/grid-assisted
baselines), and benchmark against commercial DAC technologies. The
study translates device metrics into system-level design rules and
performance targets, clarifying when electrochemical DAC can be

competitive and what improvements are required under realistic renewable
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constraints.
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Electrochemical direct air capture (DAC) driven by renewable electricity offers a fully
electrified pathway for scalable carbon removal, yet its integration with intermittent
renewable power and the resulting system-level constraints remain poorly understood.
Here we present a comprehensive techno-economic assessment of bipolar membrane
electrodialysis (BPMED)-based DAC systems powered by solar electricity, explicitly
accounting for diurnal and seasonal variability, energy storage requirements, and
operational flexibility. Using a physics-based, time-resolved modelling framework with
real solar irradiance data, we evaluate three representative configurations: battery
storage, integrated hydrogen production, and decoupled hydrogen generation. While
battery storage achieves the highest energy efficiency (430 kJ/mol-CQO,), hydrogen-
based configurations are more cost-effective for long-duration storage under strict off-
grid operation. Flexible BPMED load reduces seasonal storage demand, yielding a

minimum DAC cost of 2,163 $/t-CO,. We further show that electricity supply

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

flexibility through limited grid assistance defines a practical lower bound for system-

level electricity cost, enabling LCOEs below 100 $ MWh-! and DAC costs below 1,000
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$/t-CO,. Under favorable future scenarios (50 $ MWh'! electricity and 100 $ m-
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membrane cost), BPMED-based DAC costs are projected to decrease to 330 $/t-CO,.
Beyond BPMED-specific results, this work identifies generalizable constraints and
design principles applicable to electrochemical DAC technologies under renewable

electricity supply.
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The rising concentration of carbon dioxide (CO,) in the atmosphere is a primary driver
of global climate change, with far-reaching environmental and socio-economic
implications.'?? Current projections indicate that, without immediate and decisive
intervention, the remaining carbon budget to limit global temperature increase to 1.5 °C
could be depleted by 2030.3 While the reduction of greenhouse gas emissions remains
paramount, negative emissions technologies, such as direct air capture (DAC), have
become essential complements to decarbonization strategies in achieving net-zero

emissions targets.*

In contrast to temperature-swing DAC systems such as those developed by Carbon
Engineering, which rely on high-temperature calcination (~900 °C) and are typically
powered by natural gas combustion, electrochemical pH-swing DAC offers a
fundamentally different pathway, one that is fully electric, modular, and potentially
easier to integrate with renewable energy sources. This electrified approach eliminates
fossil-fuel dependency for regeneration and reduces the carbon intensity and siting
constraints of DAC infrastructure. Among electrochemical methods, bipolar membrane
electrodialysis (BPMED) uniquely enables a continuous, thermally independent pH-
swing without external chemical inputs, using only water dissociation within the
membrane stack. This pH-swing mechanism relies on manipulating the solubility and
speciation of inorganic carbon (CO,, bicarbonate, carbonate) via -electrolytic
basification - acidification cycles of aqueous media, thereby enabling reversible CO,
absorption and release.>® These features position BPMED as a promising platform for
sustainable DAC, particularly when coupled with intermittent renewable electricity
such as solar PV. However, BPMED integration with variable energy supply remains

underexplored, and tradeoffs among storage strategies lack rigorous quantification.

Currently, the most developed and widely deployed DAC technologies can be broadly
categorized into adsorption (amine-scrubbing) and absorption (wet-scrubbing),
depending on the sorbent employed.”®® The solid adsorption method has received more
attention in the research and development of DAC,%!010 as it offers higher volumetric
productivity and a lower regeneration temperature of 80-130 °C.® Companies such as
Climeworks!'l1?12 and Global Thermostat'> have adopted this approach, and a

commercial plant in Iceland has demonstrated its feasibility at a current cost of 500-
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600 $/t-CO,.!*1515 However, several challenges remain, including uncertainties itk cooras
adsorption mechanisms'®,%1¢ heat transfer limitations, !” and material degradation. 8191
Additionally, solid adsorbents require batch processing, necessitating periodic cycling
of sealing and operating conditions (temperature, pressure, or humidity).?’ The
complexity of adsorbent design and batch operation leads to high construction costs of
air contactor (adsorber) and relevant components, posing a fundamental barrier to
further cost reductions. As a result, current adsorption-based DAC technologies remain
far above the widely cited target of approximately 100 $/t CO, required for large-scale
economic feasibility. By contrast, liquid absorption using an alkali solution is
considered a technically simpler and more mature capture method. The DAC plant
developed by Carbon Engineering?!-???2 has demonstrated continuous atmospheric CO,
absorption using an alkali solution loop. Their air contactor design, adapted from
cooling towers,?>>2323 allows the continuous flow of aqueous absorbent through PVC
packing, effectively capturing CO, from air. This wet-scrubbing air contactor enables
continuous operation and adjustable load control, while also offering greater longevity
and lower costs for both the absorbent and the facility. According to Keith et al.,?? the
capital cost of a wet-scrubbing air contactor is 136 $/(t-CO,/year), whereas an amine-
scrubbing adsorber costs 900 $/(t-CO,/year).>* The total cost of Carbon Engineering’s

process is projected to decrease to 94-232 $/t-CO,,'52222 which is considered

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

economically competitive with adsorption-based DAC methods. The pH-swing process,
which is based on aqueous solutions, can be integrated with the wet-scrubbing process

to establish a continuous DAC cycle. Its combination with wet-scrubbing process offers
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the potential for flexible operation and cost-effective CO, capture compared to common
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solid-adsorbent systems.

In addition to the wet-scrubbing capture method, another promising advantage of the
electrochemical pH-swing lies in its regeneration method. The high thermal energy
demand for sorbent regeneration has been widely recognized as a major challenge in
temperature-swing DAC technologies.?’ In general, existing temperature-swing DAC
systems require total energy inputs (thermal energy and electricity) of approximately
300-400 kJ/mol-CO,,2¢ which constitutes a substantial portion of the overall operational
cost.® Particularly, in Carbon Engineering’s wet-scrubbing process, a large amount of
high-temperature (approximately 900 °C??) thermal energy is required for calcining

solid carbonate to release CO, and regenerate the alkali solution. This high-grade heat
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is typically sourced from natural gas combustion, leading to additional CO, emjssig
high costs, and fuel dependency. By contrast, the electrochemical pH-swing process
enables sorbent regeneration under ambient temperature conditions, with energy
requirements met entirely by renewable electricity, thereby eliminating the need for
thermal energy of any grade. Additionally, advancements in electrochemical system
design and precise control of operating conditions are expected to further reduce energy
consumption, reinforcing the electrochemical pH-swing process as a more energy-
efficient alternative to temperature-swing methods, with demonstrated energy

requirements below 100 kJ/mol-CO,.27-2828

Several electrochemical systems for inducing a pH-swing have been proposed and
investigated for their potential to achieve low energy consumption in CO, capture,
including electrolysis,?*3%% capacitive deionization,*'?32 proton-coupled electron
transfer.33-343* Among these, bipolar membrane electrodialysis (BPMED) stands out as
particularly promising for scalable DAC applications. Bipolar membranes (BPMs)
facilitate the dissociation of water into protons (H") and hydroxide ions (OH™) without
requiring additional chemical reactions. This capability allows BPMED to achieve a
wide-range pH-swing with minimal electric potential and low energy consumption.?>
Furthermore, BPMED systems feature a relatively simple electrochemical
configuration, avoiding the technical complexities and uncertainties associated with
elaborate cell designs, intermediate reactions, or specialized electrolytes. Eisaman et
al.36-383% conducted a series of investigation on BPMED for CO, separation from
carbonate/bicarbonate solutions, reporting an energy consumption of only 100 kJ/mol-
CO, for regenerating gaseous CO,. Incorporating the energy required for CO, capture
from air into hydroxide solutions, they suggested that total DAC energy consumption
could be as low as 300 kJ/mol-CO,, which is competitive against existing plants.
Building on the foundational work by Eisaman et al.,’¢-3838 subsequent studies have
advanced the innovation and optimization of BPMED systems for CO, capture at the
laboratory scale,’4?#> consistently reporting similarly low energy requirements.
Sabatino et al.#3444 conducted the first comprehensive evaluation of a scaled-up DAC
process using BPMED, assessing its integration into a liquid solution loop analogous
to Carbon Engineering’s chemical looping process. Their findings offer valuable
insights for assessing the feasibility of BPMED for large-scale DAC deployment.
Beyond DAC, BPMED systems have also been adapted for CO, capture from other
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dilute sources, such as seawater,*-484% further demonstrating their versatility ,ands/ .t cooise
flexibility. Collectively, these studies have proved the feasibility of BPMED and its

promise as a low-energy pathway for carbon removal applications.

The promising potential of BPMED and other electrochemical DAC systems is
fundamentally predicated on the availability of renewable electricity as the primary
energy input, offering a more sustainable and environmentally benign pathway for
carbon removal.’>44 However, a major challenge lies in coupling these systems with
intermittent renewable sources such as solar and wind, which can undermine
operational stability and accelerate material degradation.®® Overcoming these
fluctuations requires advanced energy storage solutions or flexible operation to align
DAC performance with renewable energy availability.’! Moreover, rigorous evaluation
of DAC systems under real-world conditions is essential, especially under variable
renewable energy inputs. Unlike ideal and levelized energy-supply scenarios in most
existing literature,?>#343:4444.5252 practical conditions call for robust modeling of factors
such as seasonal energy variability, geographical differences in energy costs, and the
scalability of energy storage systems. Addressing these challenges is essential for
advancing the large-scale implementation of electrochemical DAC technologies such

as BPMED.

In this study, we investigate the integration of BPMED with intermittent renewable

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

electricity to enable continuous pH-swing-driven DAC. To address the challenges

imposed by renewable (solar) energy variability and seasonal intermittency, we
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evaluate three representative energy-storage configurations using a time-resolved,
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system-level modeling framework that couples electrochemical cells, sorbent
regeneration, electricity generation, and energy storage. The analysis progresses from
representative diurnal simulations to year-long simulations incorporating real-world
meteorological and solar irradiance data, enabling quantitative assessment of practical
techno-economic performance. We further examine how operational flexibility in
BPMED current density and electricity supply flexibility, including grid-assisted
operation, mitigate long-duration energy-storage requirements and reduce system cost.
Beyond BPMED-specific results, this work identifies generalizable system-level
constraints and design principles governing electrochemical DAC under renewable
electricity supply, providing quantitative guidance for the design and deployment of

next-generation electrochemical DAC technologies.
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Results and discussion
Solar-Driven DAC Processes and System Integration

Electrochemical DAC systems can be fully powered by electricity, offering a viable
alternative to conventional thermally driven technologies. In this study, we evaluate the
practical feasibility and operational performance of BPMED-based DAC systems under
conditions where solar electricity serves as the primary energy input, while allowing
for optional grid-assisted operation to ensure continuous and realistic system

performance.

Figure 1 illustrates the integrated system configurations and solution regeneration
processes for DAC that are proposed, modeled, and assessed in this study. Electricity
is primarily supplied by an on-site PV power plant, which directly powers the BPMED
stacks during periods of sufficient solar generation. The inherent intermittency of PV
electricity is managed through a combination of energy storage and electricity supply
flexibility. Among available storage options, batteries and hydrogen-based storage are
adopted and comparatively assessed due to their technological maturity and practical

relevance.

Three potential system configurations are considered: BPMED-proton exchange
membrane fuel cell (BPMED-PEMFC), BPMED-electrolyzer-proton exchange
membrane fuel cell (BPMED-EL-PEMFC), and BPMED-battery storage (BPMED-
BS), as illustrated in Figure 1A. In all configurations, PV electricity is preferentially
utilized to power BPMED operation. In addition to fully off-grid operation, the system
framework allows grid-assisted electricity supply as a supporting operating mode. As
shown in Figure 1A, grid electricity is introduced only when instantaneous PV
generation is insufficient to meet the electrical demand required for BPMED operation.
Under such conditions, a fraction of the BPMED power demand can be supplied by the
electricity grid, while PV electricity remains the dominant energy source whenever

available. This grid-assisted configuration reflects realistic deployment and transitional

operation scenarios, rather than assuming the grid as a continuous primary power source.
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alkalinity (DIC-TA) diagram illustrating solution regeneration.
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Each BPMED stack consists of ng single cells, with ngpy repetitive BPM units
(repetitive BPM-CEM structure) integrated into each cell. The electrochemical
reactions occurring in the end compartments of the BPMED cells differ across system

configurations.

BPMED-PEMFC system: Energy production for storage is integrated within the
BPMED cell, where the hydrogen and oxygen evolution reactions (HER and OER)
occur in the end compartments. HER and OER establish an electric potential field that
drives water dissociation in the BPMs, while simultaneously converting a portion of
renewable electricity into hydrogen for energy storage. Hydrogen is generated as a by-

product, stored, and later converted back into electricity via a PEMFC, providing
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supplementary power during periods of low PV supply. This integrated design mitigate
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repetitive overpotential losses compared to operating BPMED and HER electrolyzers
as separate units, potentially enhancing both energy efficiency and system compactness.
Although other electrochemical devices coupling energy storage with CO, capture have
been developed previously,’34 these systems were not specifically designed for DAC
and remain constrained to laboratory-scale feasibility. In this assessment, K,SO, is

employed as an inert supporting electrolyte in the BPMED end compartments.

BPMED-EL-PEMFC system: Hydrogen generation for the purpose of energy storage
is decoupled from BPMED operation and performed in a separate electrolyzer. This
configuration allows for flexible allocation of PV electricity between the BPMED and
the electrolyzer for hydrogen storage. In contrast, in the BPMED-PEMFC system, HER
and BPMED operations are interconnected (i.e., they share the same operating current
density). The K3/K4Fe(CN)¢ redox couple is used in the BPMED end compartments to
replace HER and OER, thereby avoiding the high energy consumption associated with

gas evolution.

BPMED-BS system: Energy storage is achieved using a battery energy storage system,
which potentially offers a higher round-trip efficiency than hydrogen-based storage.
The BPMED cell configuration in this system is identical to that of the BPMED-EL-
PEMFC system, adopting redox-coupled reactions in the end compartments to

minimize extra voltage losses.

DAC is achieved through the pH-swing of a carbonate/bicarbonate solution within a
regeneration loop, as shown in Figure 1B. Parallelly, Figure 1C illustrates the changes
in dissolved inorganic carbon (DIC) and total alkalinity (TA). The process comprises
four steps (solution nodes numbered): solution basification (4—1), atmospheric CO,
absorption by the basified solution (1—2), solution acidification (2—3), CO, degassing

from the acidified solution (3—4). The chemical reactions and equilibriums in the

solution’>:
COY +H,0 f HCO;+OH (1)
HCO; f CO,(aq)+OH ()
H,Of H+OH (3)
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CO,(g)f CO,(aq) bor: 104835/D6EL 00016

As shown in Figure 1B, the basification and acidification processes take place in the
basic and acidic compartments of the electrochemical cell, which are separated by
BPMs and cation exchange membranes (CEMs). BPMs split water into OH- and H*
ions without gas evolution, creating a pH difference between compartments. CEMs
permit only K* ion crossover (H* crossover is negligible due to its low concentration in
the carbonate/bicarbonate solution**), preventing acid-base neutralization and
preserving the pH gradient. Each BPM unit consists of a BPM and a CEM and is

repeated within a single cell.

As shown in Figure 1C, the TA of solution increases during the basification step and
decreases during acidification, while the DIC remains constant due to the closed-system
condition within the BPMED cells. In contrast, the CO, absorption and degassing
processes occur under open-system conditions, allowing CO, content exchanges
between solution and environment. During these processes, the solution DIC varies,
while TA remains unchanged. Atmospheric CO, absorption by the basified solution can
be performed using an air contactor designed and operated by Carbon Engineering, with
a plant capacity of 1 Mt-CO,/year.?> The degassing process is assumed to achieve

complete equilibrium under atmospheric pressure condition.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The extent of the pH swing directly governs DAC performance, as a sufficiently large

pH gradient is essential for establishing the chemical equilibrium required for efficient

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

CO , absorption and desorption. However, a larger pH swing increases energy
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consumption and may reduce membrane longevity. To determine a reasonable
amplitude, the basified pH is set at 14 (Supplementary Information 1), which is also
comparable to the absorbent condition (1 M KOH??) by Carbon Engineering's pilot
DAC plant. Based on prior air contactor model,>® an absorption ratio (actual absorbed
CO; vs. equilibrium capacity) of 0.9 is considered feasible. For this study, the
regeneration solution has a total K* concentration of 2 M, and the corresponding
acidified pH is 6.59. Table 1 summarizes the detailed pH, dissolved inorganic carbon
(DIC), and ion concentrations derived from equilibrium equations (1) - (4) and the

assumed CO, absorption ratio.
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Table 1. Ion/solute concentrations of the regenerative carbonate/bicarbonate sQhution s beri cooiae

Ion/solute concentration (M)

Solution pH DIC (M)

K* H OH- COs> HCO CO, (aq)
8
@ Basified solution ~ 1400 1.01 3.02 1.00x10-4  1.00 1.01 2.16X104  4.83x1012
g
@& Loaded solution 1164 1.54 3.02 227%10°2  4.40%x103 147 716%102  3.64%107
=5
<5 .. : 6.58 1,54 5 " 4 " o
3@ Acidified solution ; 0.98 2.58x107  3.88x10%  1.78x10%4 9.79x10-!  5.65%1¢ "
IS
S
@ Degassed solution  7-80  1.01 0.98 155108  6.43x107  2.93x103  9.73x10"!  3.39x1¢-2

Mathematical models for the BPMED cells, PV panels, electrolyzer, PEMFC, and
battery system are developed (Supplementary Information 2). An electrochemical
model is employed to predict the voltage-current behavior and power consumption of
the BPMED cells and is validated through experimental data (Supplementary
Information 3). Auxiliary power consumption (e.g., air fans, solution pumping, and
CO; and hydrogen gas pressurization) is neglected, as it accounts for a relatively small
portion (< 5%) of the total energy consumption and cost compared to BPMED cells.**
To simplify the sizing of energy storage systems, constant energy-conversion

efficiencies are assumed for the storage-related modules (electrolyzer, PEMFC, and

Open Access Article. Published on 10 February 2026. Downloaded ¢n 2/25/2026 7:35
Thisarticleis licensed under a Creative Commons Attfibutiol

battery). Solar energy is assumed to be fully utilized for PV electricity generation,

(cc)

without any curtailment. Simultaneously, system operation assumes an overall energy
balance for the storage subsystems over the analysis period, meaning the final energy
stored equals the initial amount. Consequently, the system simulation can be focused
on determining the feasible scale of BPMED stack (7)) under specified solar energy
input conditions. The number of BPMED cells is determined iteratively based on the
overall energy balance from which the corresponding DAC output is derived. The
detailed methodology for system operation and simulation is provided in

Supplementary Information 4.

System Daily Energetic Characteristics

11
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The systems are first simulated over a single day to evaluate their fundamentals . So0ier

operating characteristics and DAC performance under diurnal solar variability. This
daily analysis represents a strict off-grid baseline, in which all electricity demand is met
solely by on-site PV generation and internal energy storage, without any grid electricity
supply. Apart from location, day-to-day solar conditions are influenced by stochastic
weather variability. To represent an averaged and typical diurnal pattern, an hourly
solar irradiance model based on a Gaussian distribution (Supplementary Information
2.2) is employed, parameterized by date, latitude, and peak irradiance For the daily
simulations, the date and latitude are set to July 1st and 22.6°N, respectively, with a
peak irradiance of 600 W m2. To keep the same energy input for all systems, the total
effective area of PV power plant is set as 1 km? for all cases. Table 2 summarizes key
system parameters, with definitions and implementation details provided in

Supplementary Information 2.

Table 2. System basic parameters and assumptions.

Module Parameter Value

PV plant Total effective area 1 km?
Efficiency 18.8% 7
Temperature coefficient -0.39% K157

BPMED system  Average current density 10 mA cm

10 (redox-couple cell);

Number of BPM units in a cell (ngpy)
1 (HER/OER cell)

Single membrane area 210 cm? ¥
Thickness of compartments 480 um 4!
Electrolyzer )
‘ Energy efficiency 80% 38
(alkaline water)
PEMFC Energy efficiency 50% °
Battery system  Charging efficiency 95% 0
Discharging efficiency 95% 60

There is a minimum requirement for the BPMED current density. At low current
densities (< 1 mA cm?), over 20% of the current through the BPMs is attributed to ion

crossover rather than water dissociation.*’ To maintain high Faradaic efficiencies for
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simulations over a typical day, an average operating density of 10 mA cm (as shown
in Table 2) is assumed to ensure effective water dissociation for pH swing while

reducing extra ohmic losses.

In the BPMED-EL-PEMFC and BPMED-BS systems, where the energy production for
storage is decoupled from the BPMED stack (via electrolyzer or battery), the
distribution between direct supply and energy storage can be flexibly adjusted, as
shown in Figure 1 A. Under the off-grid assumption, this flexibility enables the BPMED
stack to operate at a constant current density of 10 mA cm™ throughout the day. In
contrast, the BPMED-PEMFC system lacks a separate energy production module to
divert excess PV electricity; consequently, its current density passively follows PV
generation during daylight hours. For consistency, the average current density over the

daily cycle is maintained at 10 mA cm across all systems.

The number of repetitive BPM units in single cells is also a critical factor for the
BPMED stacks. In the HER/OER cell configuration, increasing the number of BPM
units effectively dilutes the energy input across more units, thereby reducing the energy
available for hydrogen and oxygen evolution in the end compartments. This results in
reduced energy storage, which noticeably amplifies the passive fluctuation in current
density throughout the day (Figure S6). To minimize such fluctuation and better match
with the constant current condition of the other two systems, the HER/OER cell
configuration employs a single BPM unit (ngpy=1). In contrast, in the redox-couple cell
configuration, increasing the number of BPM units within a single cell can reduce the
average energy consumption of the redox reaction compartments. However, the benefit
of adding more BPM units (e.g. from 10 to 100) could be marginal, while using fewer
units offers advantages in assembly simplicity and operational uniformity across
compartments. To balance the energy efficiency and the structural complexity, the
redox-couple cell configuration with 10 BPM units (ngpv=10) is considered reasonable
and adopted. The detailed calculation and discussion can be found in Supplementary

Information 5.

Figure 2A and Figure 2B shows the daily profiles of BPMED current density and
component power consumption across the systems. As explained above, in the

BPMED-PEMFC system, the current density passively fluctuates with solar radiation

13
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during the daytime, and Figure 2A exhibits a varying range of 5.6-21.7 mA cm2, (withs it cooiae
an average of 10 mA cm). At night, in the absence of solar input, the hydrogen
generated by the HER compartment is consumed and sustains a steady current density
of 5.6 mA cm. This level of fluctuation remains acceptable, as the minimum current
density suffices for BPM water dissociation, while the maximum is only approximately
twice the average. Although the integrated hydrogen production in the HER/OER
configuration does not fully stabilize the BPMED power supply, it helps prevent
nighttime shutdown and frequent on—off cycling of the stack and DAC processes. In
contrast, the BPMED-EL-PEMFC and BPMED-BS systems, equipped with
electrolyzer and battery systems, maintain a constant BPMED current density of 10 mA
cm2, as shown in Figure 2A. Their power consumption fluctuates within 0-93 MW and
0-79 MW, respectively, enabling full utilization of excess PV electricity during daylight
hours, as shown in Figure 2B. The BPMED stack power in these two systems remains
stable at 20.27 MW and 33.56 MW throughout the day, whereas it varies between 25.47
MW and 112.8 MW in the BPMED-PEMFC system. Overall, while all configurations
are operationally feasible, the BPMED-EL-PEMFC and BPMED-BS systems offer
better stability for continuous BPMED and DAC operation.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 2. Performance comparison of DAC systems over a typical day powered by 1

square kilometre of PV input. (A) BPMED operating load (current density) variations.

(B) Daily power distribution and variations across system components. (C) Net

energy storage level fluctuations, highlighting storage requirements. (D) Total

BPMED stack size (reflected by BPM area) for each system. (E) Daily DAC amount.

(F) Total energy consumption for DAC. (G) Energy flow diagrams showing input,

storage, utilization, and conversion losses.

Assuming an initial energy storage level of 0, Figure 2C illustrates its variation

throughout the day. The hydrogen energy content is calculated using its high heating

value. The imposed daily energy balance ensures that the final storage level returns to

0, confirming that all electricity demand is met internally by PV generation and storage,

without reliance on external power supply. The difference between the peak and trough

values represents the required energy storage capacity. In the BPMED-PEMFC system,

the passive fluctuation of BPMED power reduces the storage demand, resulting in the

lowest requirement of 432 MWh among the three systems. For the BPMED-EL-
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PEMFC and BPMED-BS systems, the corresponding values are 487 MWh apnd, 4485 (s e
MWh, respectively. The BPMED-BS system requires less storage than the BPMED-
EL-PEMFC system, primarily because of the battery’s higher energy-releasing
efficiency (95%). By comparison, the PEMFC delivers only 50% of the stored
hydrogen energy as electricity, requiring greater storage to sustain constant BPMED
power. Nevertheless, the differences among the three systems remain within 15% over

the one-day simulation, indicating a relatively minor impact on the overall energy

storage burden.

Under identical solar energy input and PV power from a 1 km? PV plant, the feasible
BPMED stack scale (reflected by the BPM area) is compared across the three systems
in Figure 2D. The total BPM area in the BPMED-BS system reaches 0.33 km?, which
1s 71.9% and 65.5% larger than that of the BPMED-PEMFC system and BPMED-EL-
PEMFC system, respectively. This indicates a significantly larger feasible BPMED
stack scale, which also translates into a higher DAC capacity. Since the average current
density is maintained at a consistent level across all systems, the DAC productivity per
unit BPM area remains similar, making the total one-day DAC amount directly
proportional to the total BPM area. As shown in Figure 2E, the BPMED-BS system
achieves a DAC productivity of 312 t by the end of the day, exceeding the other two

systems by exactly the same percentages as in BPM area. These results indicate that the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

BPMED-BS system exhibits superior solar energy utilization efficiency compared to
the hydrogen-storage-based systems. Moreover, the nearly identical BPMED stack
scales and daily DAC capacities of the BPMED-PEMFC and BPMED-EL-PEMFC

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

(cc)

systems suggest comparable overall energy utilization efficiencies, regardless of
whether hydrogen is produced via a separate electrolyzer or integrated HER

compartments in BPMED cells.

The systems’ overall energy consumption, expressed as the specific DAC amount, is
compared in Figure 2F. Notably, the BPMED-BS system achieves the lowest DAC
energy consumption of 430 kJ/mol-CO,. In comparison, the two hydrogen-storage-
based systems exhibit energy consumption exceeding 700 kJ/mol-CO,. The superior
energy efficiency of the BPMED-BS system is attributed to the high round-trip
efficiency of its battery storage system (90%). In contrast, the lower round-trip
efficiency of the electrolyzer and PEMFC systems (40%) results in significantly greater

energy losses during conversion, as reflected in Figure 2F.
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throughout the day. The streams of energy loss represent conversion losses during
energy storage and utilization. In the BPMED-BS system, the energy loss from battery
storage accounts for only 5.4% of the total input PV electricity, highlighting the high
efficiency of this approach. In contrast, the BPMED-PEMFC system allocates 73.6%
of the total energy to hydrogen production, as its built-in hydrogen generation is
coupled with BPMED, and must operate continuously throughout the day. This leads
to the highest energy conversion losses of 58.1% among the systems. However, as
shown in Figure 2F, the BPMED efficiency of the HER/OER cell is higher than that of
the redox-couple cell. This is primarily due to the lower current density and reduced
potential loss during nighttime operation. Consequently, the total DAC energy
consumption of the BPMED-PEMFC system is comparable to that of the BPMED-EL-
PEMFC system. In summary, the battery energy storage strategy demonstrates
significantly higher energy efficiency compared to the hydrogen-based storage

strategies.

Global Assessment of Annual Off-Grid Operation

Accounting for seasonal environmental conditions, the simulation period is extended to
one year to evaluate the systems’ annual performance and economic outcomes under
off-grid operation. In addition to representative site-level case studies, a spatially
resolved assessment is performed to capture geographic heterogeneity in solar resource
availability and its impact on DAC cost. Specifically, two illustrative locations:
Shenzhen, China (22.6°N, 114.0°E, Figure 3) and North East Scotland, UK (56.1°N,
3.3°E, Figure 4), are selected to represent low- and high-latitude deployment scenarios.
These site-level analyses are complemented by a country-scale assessment using 50
representative locations across China and 50 across the UK, enabling systematic

evaluation of spatial variability in solar-driven DAC performance (Figure 5).

Figure 3A and Figure 4A show the annual variations in solar irradiance and ambient
temperature for Shenzhen and North East Scotland®!, respectively, providing a baseline
for seasonal system behavior. The total DAC cost includes both capital expenditure and
operation and maintenance (O&M) costs. Detailed calculation methods and

assumptions are provided in Supplementary Information 6.
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Figure 3. Economic performance of systems for the Shenzhen case. (A) Annual
variations in solar irradiance and temperature. (B) Impact of current density on DAC
total cost. (C) Cost breakdown at the optimal point. (D) Profiles of energy storage

amount and required capacity. (E) LCOE of energy production and storage.
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As previously discussed, the scales of the BPMED stack and energy storage system:

are primarily determined by the available PV output and the average BPMED operating
current density. For each location, one-year operational simulations are conducted over
a range of BPMED current densities, initially assuming a PV area of 1 km?. System
components are then proportionally scaled to achieve an annual DAC capacity of 1 Mt-

CO,, and the optimal current density is identified by minimizing the total DAC cost.

As the average BPMED current density varies from 5 to 50 mA c¢cm2, the corresponding
DAC total costs for all systems are evaluated and presented in Figure 3B and Figure
4B. In the BPMED-EL-PEMFC and BPMED-BS systems, the BPMED current density
remains constant over the entire simulation period, whereas in the BPMED-PEMFC
system, it passively fluctuates in response to the PV output. The fluctuation range of
current density and detailed sizes of the other components are detailed in Table 3. For
the Shenzhen case, the optimal average BPMED current densities (corresponding to the
minimum total DAC costs) are identified as 40, 20, and 10 mA cm for the BPMED-
PEMFC, BPMED-EL-PEMFC, and BPMED-BS systems, respectively, as highlighted
in Figure 3B. In contrast, for the North East Scotland case, the optimal values are lower,
at 20, 10, and 5 mA cm, respectively. These differences reflect the influence of local

solar irradiance conditions on system operation and optimal design.

Table 3. Optimized system sizing for 1 Mt-CO,/year DAC.

ew Article Online
/D6ELO0018E

Qpen Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

: Shenzhen (22.6°N, 114.0°E) North East Scotland (56.1°N, 3.3°E)

rameters BPMED- BPMED- BPMED- BPMED- BPMED- BPMEI-
PEMFC EL-PEMFC BS PEMFC EL-PEMFC BS

Mhtal PV area (km?) 35.97 26.20 12.87 58.81 45.57 21.87

3

Total BPM area (km?) 0.66 1.33 2.65 1.33 2.65 5.30

Current density (mA cm?) | 17.6-161.3 20 10 7.8 -150.9 10 5

(average 40) (average 20)

Electrolyzer scale (MW) N.A. 1,570 N.A. N.A. 1,803 N.A.

PEMFC scale (MW) 331 326 N.A. 274 2,854 N.A.

Hydrogen storage scale (t) 3,404 6,294 N.A. 16,581 27,279 N.A.

Battery storage scale (GWh) | N.A. N.A. 135 N.A. N.A. 549

Overall, comparison of Figure 3B and Figure 4B reveals that the total DAC costs for
all system configurations are substantially lower in the Shenzhen case. The BPMED-

PEMFC system yields the lowest total cost at 2,849 $/t-CO,, while the BPMED-BS
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system falls in between, with an optimum cost of 3,919 $/t-CO,. In North East Scotland,
the corresponding values increase to 7,189 $/t-CO,, 52,135 $/t-CO, and 10,556 $/t-CO,,
respectively, representing cost escalations exceeding 152%. These results highlight the
dominant influence of local solar irradiance condition on system economic performance.
Moreover, even in the favorable Shenzhen case, the lowest total cost of 2,849 $/t-CO,
still remains considerably higher than the cost benchmarks reported for existing DAC

plants.

To identify the dominant contributors to the high total cost, the detailed breakdown of
optimized total costs for all systems is shown in Figure 3C and Figure 4C for the
Shenzhen and North East Scotland cases, respectively. In the Shenzhen scenario,
energy storage components (hydrogen tank and PEMFC) account for 48% of the total
cost in the BPMED-PEMFC system, representing the lowest energy storage cost share
among the three systems. Meanwhile, the energy storage-related costs (electrolyzer,
hydrogen tank, PEMFC, and battery) comprise 62% and 87% of the total cost in the
BPMED-EL-PEMFC and BPMED-BS systems respectively. By contrast, the costs of
other fundamental system components (PV panels, BPMED cell materials, and the air
contactor) remain relatively consistent and within an acceptable range, between 1,400
and 1,800 $/t-CO, in the Shenzhen case. In North East Scotland, the cost contribution
from energy storage becomes even more pronounced. Notably, in the BPMED-BS
system, the battery alone accounts for 93% of the total cost. These high proportions

highlight the substantial economic burden associated with energy storage.

In addition, compared to the PEMFC and electrolyzer, the costs of hydrogen tank and
battery are more significant. It is therefore important to examine the underlying factors
that necessitate such large-scale energy storage components. Figure 3D and Figure 4D
present the annual profiles of energy storage levels for the three systems. The required
capacities of hydrogen tanks and batteries are dictated by the difference between the
annual peak and valley energy storage levels. In addition to minor fluctuations caused
by the daily solar cycle, pronounced seasonal variations are observed, leading to
significant differences between peak and valley values. For the Shenzhen case, the
energy storage requirements for the BPMED-PEMFC, BPMED-EL-PEMFC, and
BPMED-BS systems are 4.83x10, 8.93x105, and 4.84x105 GIJ, respectively. Moreover,

the corresponding storage capacities required in the North East Scotland case are
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substantially higher, rising by approximately a factor of four. These large-scalg engrgys
storage demands span weeks to months, becoming the primary drivers behind the high

associated costs of the storage subsystems.

As discussed in the typical-day analysis, battery storage is more energy efficient in
electrochemical DAC systems. Its high round-trip efficiency makes it well-suited for
short-term energy storage and conversion. However, for long-term off-grid operation
requiring large-scale energy storage over weeks or months, battery storage becomes
economically less favorable compared to hydrogen storage. In the Shenzhen case, the
battery cost in the BPMED-BS system reaches 11,901 $/t-CO,, directly rendering it the
most expensive configuration in terms of DAC total cost. In contrast, the hydrogen tank
costs are substantially lower, at 867 $/t-CO, and $1,619 $/t-CO, in the BPMED-
PEMFC and BPMED-EL-PEMFC systems, respectively. As storage capacity scales,
hydrogen tanks provide a lower cost per unit of energy stored compared to expanding
battery capacity. A hybrid configuration may therefore offer a promising solution, with
batteries managing short-term variability and hydrogen storage addressing long-
duration energy balancing. Such an approach could mitigate the high economic burden

associated with energy storage in off-grid electrochemical DAC systems.

A closer examination of the relationship between energy storage levels and solar
irradiance distribution reveals a strong correlation. In the Shenzhen case, for example,
a period of low solar irradiance can be observed between approximately 3,300 h and
3,900 h in Figure 3A, likely corresponding to consecutive overcast or cloudy days. This
period coincides with a sharp decline in net energy storage levels, as shown in Figure
3D. In the BPMED-EL-PEMFC system, the net energy storage level for the entire
system (with 1 Mt-CO,/year DAC capacity) decreases from approximately -3x10° GJ
to -8x10° GJ, reaching its annual minimum. Similarly, in the North East Scotland case,
solar irradiance is more concentrated between 3,400 h and 4,100 h, as well as between
5,500 h and 6,100 h, as shown in Figure 4A. During these intervals, the net energy
storage in the BPMED-EL-PEMFC system consistently increases from approximately
7x10° GJ to 2.7x10¢ GJ, reaching the highest level of the year, as shown in Figure 4D.
These observations highlight the decisive impact of short-term weather variability on
fluctuations in energy storage level. Meanwhile, a comparison of the general profile

trends in Figure 3D and Figure 4D reveals no consistent pattern in the timing of these
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of energy storage infrastructure, thereby driving a notable rise in DAC total costs.

As shown in Figure 4A and Figure 4D, the higher-latitude location of North East
Scotland exhibits a markedly more uneven solar irradiance distribution throughout the
year, resulting in greater amplitude fluctuations in energy storage levels. This is the
primary driver behind the significantly larger energy storage requirements and higher
system costs compared to Shenzhen. Moreover, the lower solar resource availability in
North East Scotland necessitates larger PV arrays and BPMED stacks to achieve the
same annual DAC target of 1 Mt-CO,. From Table 3, the effective PV area for the three
systems increases from 35.97, 26.20, and 12.87 km? in Shenzhen to 58.81, 45.57, and
21.87 km? in North East Scotland, respectively. The increasing rates are over 60%.
Correspondingly, the BPMED stack scale (total BPM area) in North East Scotland is
approximately double that required in Shenzhen. These factors contribute to higher
costs not only for energy storage but also for the other core system components. The
comparison between the two cases highlights the critical influence of geographic

location on the economic performance of PV-powered DAC systems.

Beyond these representative sites, Figure 5 further provides a country-scale spatial
comparison of annual total solar irradiance, the coefficient of daily solar irradiance
variation (defined in Supplementary Information 7), and the corresponding optimal off-
grid DAC total cost across China and the UK. The detailed data are provided in
Supplementary Information 8. Figure 5A and 5D show that annual solar irradiance
exhibits strong geographic gradients in both countries, with substantially higher values
in western China and lower values across most regions of the UK. Figure 5B and 5E
further reveal pronounced spatial heterogeneity in the temporal uniformity of solar
resources, as quantified by the variation coefficient of daily irradiance. Regions with
lower variation coefficients exhibit more evenly distributed daily solar input over the
year, whereas higher coefficients indicate stronger intermittency and clustering of solar

availability.
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Figure 5. Regional comparison of solar irradiance condition and optimal off-grid
DAC cost based on BPMED-PEMFC system. China (based on year 2020 solar
irradiance data): (A) Annual total solar irradiance; (B) Variation coefficient of daily

solar irradiance; (C) Optimal DAC total cost. UK (based on year 2022 solar irradiance

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

data): (D) Annual total solar irradiance; (E) Variation coefficient of daily solar

irradiance; (F) Optimal DAC total cost.
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The combined influence of solar magnitude and temporal uniformity is reflected in the

(cc)

spatial distribution of optimal off-grid DAC total cost shown in Figure 5C and Figure
SF. In China, optimal off-grid DAC costs span approximately 2,300-6,000 $/t-CO,
across the 50 representative sites (Figure 5C). Lower-cost regions are predominantly
located in southern and central China, where relatively high annual solar irradiance
(exceeding 1300 kWh m2) is coupled with moderate day-to-day variability (variation
coefficients below 0.5). In contrast, the spatial cost distribution in the UK (Figure 5F)
is shifted to substantially higher values, ranging from approximately 6,000 to 9,000 $/t-
CO,. This increase reflects both lower annual irradiation (generally below 900 kWh m-
2) and higher temporal variability (variation coefficients exceeding 0.8) across most
regions. Although southern and eastern England benefit from comparatively higher

solar input and lower variability than Scotland and western regions, even the most
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under strict off-grid operation. This again emphasizes the profound geographic
dependence of solar-driven DAC feasibility and suggest that deployment strategies

must be tailored to regional resource characteristics.

Across both countries, regions characterized by high annual solar irradiance and low
daily variability consistently exhibit lower DAC costs. This trend demonstrates that
DAC cost is not determined by annual solar resource alone, but by the joint effect of
energy availability and temporal consistency, which together govern the required scale
of PV generation and long-duration energy storage. This observation further
generalizes the trends identified at the two representative sites, linking solar irradiance
distribution to seasonal energy-storage fluctuations and overall system cost. These
findings reinforce the importance of siting optimization for renewable-powered DAC
systems and suggest that, in many regions, purely off-grid operation may face
prohibitive economic penalties. This motivates the exploration of hybrid deployment

and power supply strategies, including DAC load flexibility and grid-assisted operation.

The influence of solar conditions on system total cost is manifested primarily through
their impact on required generation capacity and long-duration energy storage
infrastructure, which together can be quantitatively captured by the levelized cost of
electricity (LCOE). The LCOE is therefore calculated to isolate the economic
performance of renewable electricity supply for the proposed off-grid systems. In this
assessment, only the electricity ultimately delivered to the BPMED stacks is considered,
excluding losses incurred during energy storage and conversion processes. Meanwhile,
only the costs associated with energy components (PV plant, electrolyzer, PEMFC,
hydrogen tank, and battery) are included in the calculation. The resulting LCOEs and
their cost breakdowns for both locations are shown in Figure 3E and Figure 4E,
respectively. In the Shenzhen case, the LCOEs are 447, 991, and 4,324 $/MWh for the
BPMED-PEMFC, BPMED-EL-PEMFC, and BPMED-BS systems, respectively.
These values increase significantly in the North East Scotland case, reaching 1,276,
3,257, and 18,186 $/MWh, respectively. The energy storage components still contribute
the majority share in the LCOEs. In this regard, Weinand et al.®? report that the LCOEs
for decentralized off-grid renewable energy systems globally range between 30 and
1,000 $/MWh, with an average of 290 $/MWh. The values reported in this study are

thus relatively high. This is likely attributable to the absence of system optimization

25


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6el00018e

Page 27 of 46

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

(cc)

EES Solar

strategies, such as curtailment management and the integration of complementarys
renewable sources (e.g., wind) to improve the capacity factor and smooth supply
fluctuations. Achieving more affordable DAC powered by renewable electricity will
require substantial LCOE reductions, which may be facilitated by further improvement

on system configurations and operation strategies.

Effect of Operational and Electricity Flexibility

The annual and spatial analyses above reveal that the economic performance of off-grid
electrochemical DAC is fundamentally constrained by long-duration energy storage
requirements. We further investigate whether these constraints can be alleviated
through a combination of flexible BPMED operation and grid-assisted electricity

supply. The case of Shenzhen is selected as the baseline for further discussion.

As shown in Table 3, the BPMED current density in the BPMED-PEMFC system varies
by approximately one order of magnitude in both Shenzhen and North East Scotland,
indicating substantial operational flexibility. By contrast, the BPMED-EL-PEMFC and
BPMED-BS systems maintain a constant current density throughout the year. This
discrepancy introduces unfairness for direct cost comparison, as the BPMED-PEMFC
system benefits economically from inherent load flexibility. Nonetheless, enabling
flexible-load operation in the BPMED stacks of the other two systems could serve as
an effective strategy to reduce energy storage demand. By dynamically adjusting
current density in accordance with PV electricity output, the need for long-duration
storage could be significantly alleviated, potentially leading to further reductions in

DAC total cost.

The lower and upper limits of BPMED current density are set between 5 and 100 mA
cm? to evaluate the effect of flexible-load operation in the BPMED-EL-PEMFC and
BPMED-BS systems under the Shenzhen scenario. The corresponding variations in
DAC total cost are presented in Figure 6A and Figure 6B, respectively. The x- and y-
axes represent the lower and upper bounds of BPMED current density, with the
evaluated variation ranges confined to the upper-left triangular region of each plot. The
closer to the upper-left corner, the greater the fluctuation range in BPMED current

density, while the diagonal line represents constant-load operation.
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Figure 6. Effect of flexible BPMED current density and grid electricity support on

system performance. (A) Variation in total cost of the BPMED-EL-PEMFC system

under variable BPMED current density. (B) Variation in total cost of the BPMED-BS
system under variable BPMED current density. (C) Annual profiles of net energy
storage level under different BPMED current density fluctuation ranges. (D) Relation

between grid support fraction and annual grid electricity share. (E) Effect of grid
electricity supply on system total cost. (F) Annual profiles of net energy storage level
under different grid electricity share conditions. (G) The LCOE reduction paths of the

three proposed systems.

As discussed previously, the minimum DAC total costs for the BPMED-EL-PEMFC
and BPMED-BS systems under constant-load operation are 3,919 and 13,746 $/t-CO,,
respectively. Under the widest evaluated fluctuation range (5 to 100 mA cm2), these
values are reduced by over 50%, to 1,892 and 5,845 $/t-CO,, respectively. According
to Table 3, the BPMED current density in the BPMED-PEMFC system varies between

17.6 and 161.3 mA cm?, representing a fluctuation of approximately nine-fold. Within
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a comparable fluctuation range of 10-90 mA cm2, the total costs of the BPMED:EL:S L irs tise
PEMFC and BPMED-BS systems drop to 2,163 and 7,998 $/t-CO,, respectively.
Compared to the BPMED-PEMFC system’s minimum cost of 2,849 $/t-CO,, these
results indicate that the BPMED-EL-PEMFC system can achieve lower total costs
under similar flexible-load conditions. Although the BPMED-BS system still exhibits
higher total costs than the BPMED-PEMFC configuration, it nonetheless benefits

substantially from load flexibility.

Figure 6C presents profiles of energy storage level under different BPMED current
density fluctuation ranges. It is evident that wider fluctuation ranges lead to reduced
variations in energy storage levels, thereby lowering the required capacities of energy
storage components. Nevertheless, while more flexible BPMED operation effectively
reduces both the energy storage and total costs, it may introduce challenges related to
system stability and operational feasibility. Further technical investigation is essential
to evaluate the practicality and long-term reliability of implementing such flexible-load
strategies in actual deployments. Additionally, while flexible BPMED operation helps
mitigate seasonal fluctuations in energy storage level, it does not eliminate them
entirely. In the BPMED-BS system, large seasonal storage requirements persist even
under wide current-density fluctuation ranges, leaving battery cost as the dominant

contributor to total DAC cost. This indicates that operational flexibility addresses but

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

does not resolve the structural limitations imposed by off-grid solar intermittency.

Figure 6D-F extend the analysis by introducing electricity supply flexibility through

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

grid-assisted operation. Two parameters were defined to numerically describe the

(cc)

extent of grid electricity supply: When the PV output power is insufficient for BPMED
demand, a fraction (grid support fraction) of the power gap is filled by grid electricity,
while the rest is still supplied by the stored solar energy. Over annual operation, the
fraction of total grid-supplied electricity relative to the overall BPMED electricity input
is defined as the annual grid electricity share. The BPMED stack is assumed to operate
at a constant/average current density of 20 mA ¢cm2, and detailed calculation method is

provided in Supplementary Information 9.

Figure 6D shows the relationship between these two parameters for the Shenzhen case.
Across a wide grid support fraction range of 10%-90%, the resulting annual grid
electricity share remains consistently lower, varying between approximately 0.5% and

65%. To preserve PV electricity as the dominant long-term energy source, the annual

28


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6el00018e

EES Solar Page 30 of 46

ew Article Online

grid electricity share is constrained to values below 50% in the following analysis. TheS/hcr coorss

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

(cc)

impact of grid assistance on DAC total cost is summarized in Figure 6E. Grid support
leads to pronounced cost reductions, particularly for the BPMED-EL-PEMFC and
BPMED-BS systems. When the annual grid electricity share reaches 50%, total DAC
costs decrease to 2,100 and 5,914 $/t-CO,, respectively, while the BPMED-PEMFC
system attains the lowest overall cost of 1410 $/t-CO,. These reductions are primarily
driven by the suppression of long-duration seasonal energy-storage requirements, as
reflected by the damped storage-level fluctuations shown in Figure 6F. These results
demonstrate that appropriately limited grid-assisted electricity supply can deliver
substantial cost reductions by alleviating structural storage burdens, while maintaining

renewable electricity as the primary energy source for DAC operation.

Figure 6G summarizes the combined effects of siting optimization, operational
flexibility, and grid-assisted electricity supply on the achievable LCOE of the three
systems. The optimal site is selected as the location with the lowest DAC total cost
identified in Figure 5C (36.089°N, 81.422°E). Across the three systems, the relative
impact of each factor differs markedly. For example, grid assistance yields the largest
LCOE reduction for the BPMED-BS system, decreasing the LCOE from 2,210 to 72 $
MWh-!, whereas the largest reduction for the BPMED-EL-PEMFC system, from 949
to 350 $ MWh-!, is achieved through flexible BPMED load operation. These results
further highlight the distinct operational and economic characteristics of the three

proposed system configurations.

Despite the differing impacts of individual factors, the final LCOEs for all three systems
are estimated to fall below 100 $ MWh-! under the most flexible operating conditions,
corresponding to a BPMED current-density range of 10-100 mA ¢m? and an annual
grid electricity share of 50%. These values define a potentially achievable lower bound
for the LCOE of solar-driven energy systems, and indicate that power generation and
supply costs compatible with practical deployment may be attainable under
appropriately designed operating and electricity supply strategies. Correspondingly, the
DAC total costs for the three systems are reduced to below 1,000 $/t-CO,.

Prospect of BPMED DAC Under Reduced Electricity and Material Costs
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Building on the preceding analysis, which identified a practical lower boynd,fi

electricity cost, this section explores the longer-term prospects of BPMED DAC under
continued reductions in renewable electricity and material costs. Sustained advances in
renewable electricity generation and supply strategies are expected to substantially
reduce effective LCOEs in the coming decades. Potential solutions include integrating
supplementary renewable energy sources®, deploying advanced energy storage
technologies®, and connecting to large-scale renewable power grids to enable more
flexible and cost-effective operation®. Recent developments in PV electricity systems
are summarized in Supplementary Information 10. Combining the reported results and
above LCOE lower bound estimations, the LCOEs in the range of 50-400 $/MWh are
technically and economically feasible for reliable power delivery. This range therefore
provides a realistic benchmark for assessing the future competitiveness of BPMED

DAC systems.

To evaluate the economic potential of the electrochemical DAC systems under such
optimized electricity costs, a simplified scenario based on the BPMED-BS system and
Shenzhen case is simulated. In this analysis, the BPMED stack is assumed to operate
continuously at a constant current density of 10 mA c¢m throughout the year, with the
LCOE fixed within the range of 50-400 $/MWh. Thereby, the costs of energy

generation and storage components, including PV plant and battery, are excluded from

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

cost breakdowns.

In addition to renewable electricity cost, the material costs of the electrochemical cells

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

could be another key driver of the system total cost. As shown in Figure 3C, for the

BPMED-BS system, the cost of BPM and CEM reaches 1,426 $/t-CO,, substantially

(cc)

exceeding the corresponding PV plant cost of 361 $/t-CO,. In addition, the unit cost of
BPMs is estimated at 750 $ m=, nearly an order of magnitude higher than that of
CEMs*. As electricity costs decline, BPM price therefore emerges as a dominant
economic bottleneck. Continued progress in membrane engineering is expected to
alleviate this constraint over time, motivating the coupled sensitivity analysis of BPM

cost and electricity price presented in this section.

In the evaluated cost range, the results demonstrate that electricity cost exerts a stronger
influence than membrane cost. From Figure 7A, with BPM cost fixed at 100 $ m=, the
DAC total cost increases more than fourfold, from 330 to 1,480 $/t-CO,, as LCOE rises
from 50 to 400 $/MWh. In contrast, reducing BPM cost from 800 to 100 $ m-? lowers

30


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6el00018e

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Solar

Page 32 of 46

DAC total cost by less than half at a fixed LCOE of 200 $/MWh. This again highlight&; ¢ s oise

the central importance of continued progress in renewable electricity deployment and

cost reduction to enable scalable and economically viable BPMED DAC.
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Figure 7. Prospect of solar-driven BPMEM DAC system. (A) Combined effect of
future LCOE and material costs. (B) The optimal BPMED current density variation
affected by the relative value of electricity and material. (C) Comparison of total DAC
cost and specific energy consumption for the BPMED DAC versus currently deployed
DAC technologies.

In parallel, Figure 7B further illustrates how the optimal BPMED operating current
density depends on the relative importance of electricity and material costs. When
electricity prices are high, lower current densities (15-35 mA cm?) are favored to
reduce overpotential losses and limit energy consumption. In contrast, when membrane
costs dominate, higher current densities (55-85 mA cm) are preferred to increase pH-
swing productivity per unit membrane area. This highlights a fundamental design
consideration for electrochemical DAC systems: achieving stable performance at
elevated current densities is essential, particularly under current conditions where

membrane materials remain costly. The identified operating window of 15-85 mA cm-
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2 offers practical guidance for optimizing BPMED cell performance across a range.of;

future economic scenarios.

Figure 7C places these projections in the context of currently deployed DAC
technologies (detailed data are provided in Supplementary Information 11). Although
several DAC start-ups have reported low total costs, few have released independently
validated performance data. The figures disclosed by Climeworks and Carbon
Engineering are considered the most reliable benchmarks. According to Keith et al.??,
Carbon Engineering’s high-temperature calcium-looping process achieves a total DAC
cost of 94-232 $/t-CO,, approaching the 100 $/t-CO, target line for large-scale
deployment. In contrast, Climeworks has reported a total cost of 500-600 $/t-CO, based
on their commercial plant operations. For both companies, their thermal DAC systems
exhibit specific energy consumptions of approximately within 300-400 kJ/mol-CO,. As
shown in Figure 7C, the BPMED systems powered by PV electricity and energy storage
display a broader overall energy-consumption (including energy losses in conversion
and storage) range of 307-937 kJ/mol-CO,, depending on operating current density.
The corresponding total cost currently exceeds 1800 $/t-CO,, remaining several-fold
higher than that of established thermal systems. However, once the supplied renewable
electricity cost decreases to around 50 $/MWh, the BPMED systems are projected to
reach a comparable total cost of roughly 500 $/t-CO, (Figure 7A and C), similar to that

of Climeworks’ existing plants.

Further cost reductions will depend primarily on materials optimization. Climeworks
has claimed that their next-generation structured sorbents may halve energy
consumption and reduce DAC cost to 250-350 $/t-CO,. By comparison, the BPMED
approach relies heavily on reducing the cost of electrochemical components,
particularly BPMs. As illustrated in Figure 7A and C, achieving a BPM cost of around
100 $ m? would enable BPMED DAC systems to fall onto the same near-future cost
trajectory of 300 $/t-CO, as advanced thermally driven technologies. It should also be
noted that, under reduced electricity cost scenarios, the predicted energy consumption
of BPMED remains above 900 kJ/mol-CO,, as higher current densities are favored to
offset membrane-area-related costs. This further highlights the need for continued
electrochemical advancements to lower the intrinsic energy demand at higher current

densities and unlock the full potential of BPMED DAC.
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Generalizable Constraints and Design Principles for Electrochemical DAC, |, 03500 00018t

The findings motivate a broader discussion of their implications for electrochemical
DAC technologies beyond BPMED. Figure 8 A presents representative electrochemical
architectures for CO, capture applications (details are provided in Supplementary
Information 12). The simulated BPMED operating voltage (for a single BPM unit)
ranges from 1.0-2.4 V at current densities between 10 and 100 mA cm-!. By contrast,
lower operating voltages are widely reported for other electrochemical cells such as
proton-coupled electrolysis, capacitive deionization, and redox-active carrier systems.
The corresponding specific energy consumption for these alternatives is often reported
below 300 kJ/mol-CO,, indicating significant potential for further energy reduction
through electrochemical engineering. Such improvements could lessen the heavy
dependence on electricity supply and potentially reduce the total cost of electrochemical

DAC.
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Figure 8. Extended assessment of electrochemical DAC technologies and
generalizable cost-reduction pathways. (A) Representative electrochemical CO,-
capture routes and their key operational and material characteristics (In the cell

schematics, the cation (C*) and CEM can be replaced by the corresponding anion and
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anion-exchange membrane, respectively.). (B) Sensitivity of electrochemical DAC <5/ ee cooise
economics to key electrochemical performance parameters for the Shenzhen case,
assuming an electricity cost of 50 $ MWh-!. (C) Illustrative cost-reduction pathway

toward electrochemical DAC costs below 100 $/t-CO,.

However, two major uncertainties currently constrain their practical deployment. First,
most electrochemical innovations remain in the early stages of development. The
reported low cell voltages and energy consumptions are typically obtained under
controlled laboratory conditions, and some systems have only been demonstrated for
CO,-rich sources (e.g., flue gas) rather than atmospheric DAC. Consequently, the actual
energy demand is likely to be higher in practical DAC applications. Second, these
alternative electrochemical architectures similarly depend on specialized and costly
materials, such as membranes (as illustrated in Figure 8A), catalysts, or redox
electrolytes. Although many demonstrate excellent electrochemical performance at
small scale, their long-term stability and economics remain largely unproven.
Comprehensive techno-economic assessments are therefore essential to guide the

design of more complex electrochemical reactors and operational strategies.

To capture the influence of performance variations across different electrochemical
DAC devices, a set of key operating parameters is identified and controlled in the

annual simulations. Details of the selected parameters are provided in Supplementary

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Information 13. A sensitivity analysis is then performed to assess how uncertainties in

electrochemical device performance affect the resulting system-level outcomes under

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

constant renewable electricity supply conditions. All simulations are based on the

Shenzhen case, with the LCOE fixed at 50 $ MWh-! throughout.

(cc)

Figure 8B illustrates the variation in estimated DAC total cost resulting from changes
in individual electrochemical system parameters. The baseline corresponds to the
modeled BPMED system operating at a constant current density of 80 mA cm2, which
represents the optimal current density under an electricity cost of 50 $ MWh! (Figure
7B). Under this baseline condition, the estimated DAC cost is approximately 500 $/t-
CO,. Relative to this baseline, the influence of current (Faradaic) efficiency is the most
pronounced. Here, current efficiency is defined as the fraction of the cell current that
directly converted to captured CO, (Supplementary Information 13). As the current
efficiency varies from 20% to 80%, the estimated DAC cost changes by more than a

factor of three, ranging from 1,280 to 353 $/t-CO,. This strong sensitivity highlights
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the critical importance of charge utilization for CO, absorption and regeneratiop,, un

the inherently dilute conditions of atmospheric CO,.

Cell-level electrochemical characteristics also have a notable influence on DAC cost,
as reflected by operating cell voltage and current density. These parameters directly
determine the intrinsic power consumption and the required scale of the electrochemical
device. For example, at an idealized low cell voltage of 0.5 V operated at 80 mA cm,
the estimated DAC cost is reduced to approximately 291 $/t-CO,. In contrast, variations
in cell lifetime and unit-area cost over the investigated one-order-of-magnitude range
show comparatively smaller effects on total DAC cost. Nevertheless, both parameters
may span substantially wider ranges in practice, depending on the complexity of the
electrochemical architecture, including the use of expensive or sensitive materials and

the demands of complex operation.

Overall, the individual effects of the investigated electrochemical parameters on DAC
cost are comparable in magnitude and do not, by themselves, shift the system far from
the baseline cost level. Moreover, compared with the modeled BPMED system, most
existing electrochemical DAC technologies are reported or expected to exhibit similar
overall energy consumption under practical operating conditions. As a result, the
sensitivity analysis and cost trends derived from BPMED are broadly representative

and can be extended to a wide range of electrochemical DAC systems.

Figure 8C integrates the sensitivity insights from Figure 8B into an illustrative cost-
reduction pathway toward electrochemical DAC costs below 100 $/t-CO,. Consistent
with the preceding analyses, the largest initial reduction in DAC cost arises from
lowering the effective electricity cost, reflecting the dominant role of power generation
and long-duration energy storage in renewable-driven DAC systems. Transitioning
from a practical electricity cost of 450 $ MWh-! tto a favorable supply scenario of 50
450 $ MWh-! yields a substantial decrease in total DAC cost, from over 2,500 $/t-CO,
to 517 $/t-CO,.

Subsequent reductions are achieved through improvements in electrochemical cell and
system performance, including increased current efficiency (80%), reduced operating
voltage (0.5 V), and elevated current densities (>100 mA cm). Together, these
advances reduce the total DAC cost to below 200 $/t-CO,. Additional cost reductions

arise from enhanced cell durability and reduced material costs, which lower
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replacement frequency and capital expenditure over the system lifetime. Under theS/hcs ooorss

combined effects of low-cost electricity supply, improved electrochemical performance,
and enhanced materials durability and economy, a lower bound DAC cost of 98 $/t-
CO; is achieved. Although such idealized conditions may be challenging to realize in
the near term, this analysis outlines a coherent and quantitative pathway toward the

widely cited target of DAC costs below 100 $/t-CO..

Conclusion

Electrochemical DAC offers a fully electrified and potentially scalable pathway for
atmospheric carbon removal. In this work, we present a comprehensive techno-
economic assessment of continuous BPMED-based DAC systems powered by
intermittent solar electricity, explicitly accounting for diurnal and seasonal variability,
energy storage requirements, and operational flexibility. By evaluating three
representative system configurations: BPMED-PEMFC, BPMED-EL-PEMFC, and
BPMED-BS systems, we demonstrate that the renewable electricity supply

fundamentally governs system cost and feasibility.

Although battery-based storage achieves the highest energy efficiency (430 kJ/mol-

CO,), its reliance on large-scale, long-duration storage leads to prohibitively high

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

system costs under strict off-grid operation. In contrast, hydrogen-based configurations
reduce storage cost intensity, with the BPMED-PEMFC system achieving the lowest
DAC cost of 2,849 $/t-CO, by exploiting inherent load-following behavior. Enabling

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 7:35:34 AM.

active flexible BPMED operation (current density varying 10-90 mA cm?) further

(cc)

reduces DAC cost to 2,163 $/t-CO, by alleviating seasonal storage requirements.

Extending the analysis beyond off-grid operation, we show that electricity supply
flexibility through limited grid assistance defines a practical lower bound for system-
level electricity cost. When combined with operational flexibility and siting
optimization, all three systems achieve LCOEs below 100 $ MWh-! and DAC costs
below 1,000 $/t-CO,, establishing a realistic cost floor under renewable-dominated
electricity supply. Under favorable future conditions, characterized by electricity costs
of 50 $ MWh-! and reduced membrane prices of 100 $ m2, BPMED-based DAC costs
are projected to decrease to approximately 330 $/t-CO,.
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constraints and design principles arise from fundamental system-level interactions
between electricity supply, electrochemical operation, and energy storage, and are
therefore broadly applicable to electrochemical DAC technologies. Sensitivity and
pathway analyses further indicate that achieving DAC costs near the widely cited target
of 100 $ t! CO, will require coordinated progress across electricity supply,

electrochemical performance, materials durability and economy.

Overall, this work provides a quantitative framework for evaluating electrochemical
DAC under realistic renewable energy conditions and highlights the central role of
system-level design in translating promising electrochemical performance into scalable
and economically viable carbon removal. These insights inform both technology
development and deployment strategies for next-generation electrochemical DAC

systems integrated with low-carbon energy infrastructures.
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