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Removing carbon dioxide from the atmosphere is essential to meet climate targets and limit global
warming. Oceans already absorb a large share of carbon dioxide, and electrochemical methods can
strengthen this process by treating seawater to increase its storage capacity. Here, we identify
locations along the United States coastline that can support large-scale deployment of such systems.
Thirty-eight facilities with seawater intake, including power plants, desalination plants, and liquefied
natural gas terminals, are grouped into five hubs: Northeast, Southeast, South, West, and Northwest.
A decision-making framework evaluates each hub based on removal capacity, cost, energy mix, local
emissions, community vulnerability, facility diversity, and supporting infrastructure. The South, West,
and Northeast hubs rank highest for deployment because they combine strong removal potential,
affordability, and infrastructure readiness. This framework provides a practical tool for selecting
priority sites and guiding technology development and policy for ocean-based carbon dioxide

removal.

The Intergovernmental Panel on Climate Change (IPCC) has emphasized
the urgent need to reduce global CO, emissions to mitigate the impacts of
climate change and limit global warming to below 2 °C by the end of this
century'. Among the strategies for emissions reduction, carbon capture and
storage (CCS) has been highlighted by the IPCC as a critical technology.
CCS captures CO, emissions from point sources, such as industrial flue
gases, preventing their release into the atmosphere™’. The captured CO, is
subsequently stored, e.g., in sub-surface geological reservoirs, thereby
offering an approach for emissions mitigation. However, challenges with the
scale-up and scale-out of CCS technologies, and associated infrastructure
gaps (e.g. pipelines) are making it increasingly necessary to create new
pathways for CO, mitigation, for point-source emitters, and by the direct
removal of accumulated (excess) CO, from the atmosphere®.

In particular, carbon dioxide removal (CDR) technologies remove
accumulated (excess, ie., present and forthcoming) CO, from the

atmosphere, addressing historical emissions that CCS cannot address*. In
addition, CDR provides a pathway to offset emissions from hard-to-abate
sectors, enabling potential net-negative emissions, which is critical to meet
longer-term  climate goals (ie, reducing atmospheric CO,
concentrations)™®. Conventional CDR methods, such as afforestation and
reforestation and soil carbon sequestration, rely on natural processes to
capture and store atmospheric CO,’. While these approaches are well-
established, their effectiveness is often limited by land availability and
competition with agricultural production®. In contrast, engineered CDR
solutions, such as bioenergy with carbon capture and storage (BECCS) and
direct air capture (DAC), are suggested to overcome many of the limitations
associated with natural processes'’. These technologies require significantly
less land, can be deployed widely, operate continuously, and are designed for
durable CDR". Among engineered solutions, DAC has gained
prominence'™"”. DAC combines chemical and physical methods to extract
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and store atmospheric CO, and can be powered by renewable energy,
offering a promising pathway for CDR. Despite its advantages, DAC faces
significant challenges, particularly in terms of cost and the uncertainty
around access to storage sites to sequester the captured CO,"*"*.

Geological subsurface sequestration of captured CO, is often suggested
as the preferred method for long-term storage. In geological sequestration,
CO, is injected into saline aquifers, depleted oil and gas reservoirs, or other
appropriate “pore spaces”. While the technical potential of subsurface sto-
rage is enormous, the risks of leakage (e.g., due to fault activation, porous
layers, cracks in capping layers, etc.) can result in CO, escape back into the
atmosphere”. Thus, storage sites are likely geographically constrained and
must be monitored continuously to make sure no leakage occurs, which
prolongs the liability of using geological sequestration to store captured
CO,”. The high cost of DAC primarily arises from the CO, desorption step,
and the need for large absorbers and blowers to move air through the
system®"*”. Research on DAC is highly active, focusing on designing more
efficient and cost-effective processes to leverage this CDR technology for
achieving emission reduction goals.

Marine-based CDR (mCDR) has recently drawn attention as a pro-
mising engineered carbon removal approach. mCDR leverages the ocean’s
role as the largest “at-the-Earth’s surface” sink for CO,, having dissolved
inorganic carbon (DIC) concentrations ~140 times higher (mass per unit
volume) than ambient air”’. Moreover, not only do the oceans naturally
remove ~30% of anthropogenic CO, emissions, annually, but the oceans
store ~6 times more CO, than the remaining storage systems (land,
atmosphere) available on the earth’s surface™”’. The oceans naturally store
CO; in two main forms: mineral carbonates (e.g., CaCO3) and dissolved
bicarbonate anions (HCO5~), with the latter being predominant™. The
primary goal of mCDR systems is to enhance the ocean’s and/or seawater’s
capacity to absorb and store additional atmospheric CO,, making mCDR an
indirect air capture technology. mCDR technologies can be broadly cate-
gorized into biological and non-biological methods™”. Biological approa-
ches utilize marine organisms, including coastal flora and primary
producers, to sequester dissolved CO, in the ocean. Techniques in this
category include marine BECCS™, blue carbon enhancement”, ocean
fertilization™, and artificial upwelling’', all of which support CO,-fixating
organisms to eventually increase oceanic CO, uptake from the atmosphere.
Non-biological approaches rely on activating carbonate chemistry and
making use of oceanic hydrodynamics to enhance CO, absorption and
storage. Non-biological mCDR technologies have recently received
increasing attention, primarily on account of the development of electro-
chemical approaches as effective, efficient, and scalable approaches™”**. A
similar trend has been observed in leveraging electrochemical processes for
point-source CCS**™*, further validating the potential of this
emerging route.

Electrochemical mCDR (e-mCDR) technologies can be broadly
grouped into three main pathways: direct ocean capture (DOC)*, ocean
alkalinity enhancement (OAE)*, and hybrid methods which involve ele-
ments of both***. All these methods result in additional CO, uptake from
the atmosphere as described by Henry’s law gas-liquid equilibrium. DOC
includes a range of electrochemical processes designed to remove CO, from
seawater, by lowering or raising its pH'*"”. In one approach, DOC involves
acidifying seawater to shift the carbonate equilibrium, converting DIC into
dissolved CO, gas that can be extracted and subsequently stored or utilized.
Although less common, DOC can be alternatively implemented by
increasing the pH of seawater, which promotes the conversion of DIC into
carbonate ions and leads to the precipitation of carbonate minerals, such as
calcium and magnesium carbonates, sequestering CO, in a solid form™*. In
parallel, OAE focuses on increasing seawater alkalinity to stimulate the
natural absorption of atmospheric CO,, converting it into stable bicarbonate
and carbonate ions for long-term storage**. A comprehensive explanation
of the electrochemical processes involved in CO, removal from seawater
and the critical role of pH manipulation is provided in Section S1.1 in
the Supplementary Information. Hybrid systems, such as those suggested by
La Plante et al***,, and pioneered by Equatic Inc., integrate features of both

DOC and OAE by using electrolysis to drive pH changes, enabling the
production of solid carbonate precipitates while enhancing CO, storage in
the form of dissolved bicarbonate ions. Recently, DOC and hybrid
approaches have garnered the most attention due to their operational
flexibility, and ability to create valuable co-products (e.g., green hydrogen in
the case of Equatic)”***". As prominent examples of ongoing commercial
activities in this space, Equatic is developing a hybrid pathway, Captura is
focusing on DOC, while Planetary Technologies and Ebb Carbon are
focused on OAE™ (Section S1.2 in the Supplementary Information).

Electrochemical pH alteration, which underpins both DOC and hybrid
systems, is fundamentally driven by proton-coupled electron transfer
(PCET) reactions™”. DOC primarily utilizes electrodialysis, often with
bipolar membranes, to drive the separation of acid and base streams from
seawater”>**”. In bipolar membrane electrodialysis (BMED), PCET reac-
tion causes water dissociation at the membrane interface, generating pro-
tons (acid) and hydroxide ions (base)”. The acidified stream shifts the
carbonate equilibrium to release dissolved CO, as a gas, which can then be
captured and sequestered, while the base stream can be used to restore
alkalinity before discharge™ or to promote the precipitation of carbonate
minerals’”. In contrast, the hybrid pathway relies on PCET-based elec-
trolysis via the water splitting reaction. Water splitting to produce alkaline
and acidic streams produces H, at the cathode, increasing pH, and evolves
oxygen and/or chlorine gases at the anode, decreasing seawater pH*. A
recent implementation of the hybrid process used oxygen-selective elec-
trodes to suppress chlorine evolution that is otherwise endemic to direct
seawater electrolysis®.

While electrodialysis can operate at lower theoretical energy require-
ments, electrolysis-based hybrid systems offer several compelling advan-
tages for large-scale e-mCDR applications. One major benefit is that
electrolysis can be performed directly on raw seawater with minimal fil-
tration, primarily to remove large particulates. In contrast, electrodialysis-
based DOC systems require extensive pretreatment to remove divalent ions,
such as Ca** and Mg’*, which can cause membrane fouling, scaling, and
precipitation®. This need for careful ion removal adds significant cost and
complexity to DOC operations. Furthermore, electrolysis-based processes
provide significantly higher CO, removal capacities; nearly 20 times greater
than electrodialysis™. This substantial difference in throughput is critical for
scaling up carbon removal to climate-relevant levels. Another notable
advantage of electrolysis is the co-production of hydrogen™, a valuable clean
fuel and industrial feedstock, which can create additional revenue streams
and support broader decarbonization goals. Electrodialysis-based DOC
does not generate hydrogen, limiting its potential co-benefits. Additionally,
hybrid systems built upon electrolysis are typically designed as closed-loop,
integrated plants, which allows for straightforward measurement, reporting,
and verification (MRV) of both CO, removal and hydrogen production*. In
contrast, MRV is more challenging for open-system approaches, where
verifying atmospheric CO, uptake in the ocean is less direct”. Finally, while
electrodialysis-based DOC produces a stream of CO, gas that requires
robust infrastructure for handling, compression, and transportation, often
necessitating access to CO, pipelines or storage facilities™, hybrid systems
require no CO, infrastructure, reducing logistical complexity, especially in
regions without CO, pipelines. Given these advantages, this paper focuses
on the hybrid electrolysis-based approach. Performance data, including
energetics and capture rates, are drawn from kilowatt-scale operations from
Equatic, which is developing the world’s largest mCDR facility employing a
hybrid system®. A detailed comparative summary of the main e-mCDR
pathways, including key performance metrics and qualitative features, is
provided in Section S1.3 of the Supplementary Information

From a logistical perspective, e-mCDR systems can be deployed
onshore, offshore, or on mobile platforms. Ideally, these systems operate
continuously, utilizing seawater and renewable electricity as inputs. Among
these three deployment scenarios, onshore systems are often the most
straightforward to implement™”". Onshore e-mCDR processes are designed
to operate near coastlines, leveraging their proximity to both the ocean and
land. Onshore facilities can be strategically located to access existing
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seawater intake and outfall infrastructure, and/or CO, and H, transporta-
tion pipelines or storage infrastructure. Additionally, onshore operations
offer greater flexibility in integrating a broader range of renewable energy
sources’. Onshore e-mCDR plants can be deployed as stand-alone units or
co-located with existing facilities that have seawater intake and treatment
systems, such as seawater desalination plants. A recent techno-economic
analysis (TEA) highlighted the potential cost benefits of co-location relative
to stand-alone implementation”. As a result, the initial development of
e-mCDR systems may focus on co-location with facilities already equipped
with seawater intake and handling infrastructure.

Beyond co-location, several other factors significantly influence the
effectiveness and economics of an e-mCDR plant™'. The type and avail-
ability of energy sources play a critical role in determining the overall removal
cost and extent. Logistics related to the handling and transportation of co-
produced H, must also be carefully evaluated. Furthermore, social factors are
important for planning the construction and operation of an e-mCDR
facility. Consequently, a comprehensive assessment of these factors is
necessary to evaluate the feasibility of e-mCDR systems. Additionally, while
hub-based planning concepts have been developed and applied in other CDR
fields (e.g., for DAC)*™*, an analogous, systematic hub framework is cur-
rently lacking for e-mCDR. Therefore, the primary objective of this work was
to identify, evaluate, and rank potential hubs along the U.S. coast for the
deployment of e-mCDR systems based on hybrid approaches, leveraging
existing seawater intake infrastructure and regional advantages. Figure 1
outlines the step-by-step framework used in this study to identify and rank
e-mCDR hubs. We first identified coastal facilities that could potentially
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support co-located e-mCDR plants. These facilities include near-coastal
power plants, seawater desalination plants, and liquefied natural gas (LNG)
import/export facilities, all of which pump and utilize significant amounts of
seawater. We then employed a hierarchical clustering technique to group
geographically proximal facilities into distinct hubs along the U.S. coastline,
with each hub including multiple facilities (e.g., power plants, desalination
plants, and LNG terminals). Once the hubs were identified, several key factors
associated with each hub were systematically evaluated. These factors
included the CO, removal capacity of the hub, the energy supply char-
acteristics (e.g., energy costs and the grid emission factor), H, management
infrastructure, the local carbon footprint, the social vulnerability index, and
the diversity of facility types within the hub. Multi-criteria decision-making
(MCDM) methods were then applied to assign relative weights to these
factors and integrate them into a systematic ranking of the hubs. Specifically,
the Analytic Hierarchy Process (AHP) was used to determine the relative
weight of each normalized criterion, and the Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) was employed to rank the hubs based
on these normalized weighted criteria. Sensitivity analysis was conducted on
the AHP-derived weights, and the new weights were subsequently applied in
the TOPSIS method to re-rank the hubs. Overall, this study provides a
comprehensive framework for assessing and ranking the suitability of
potential hubs for the large-scale deployment of e-mCDR systems. In addi-
tion to delivering overall hub rankings, the platform developed in this work
offers detailed insights into the specific strengths of each hub, enabling tai-
lored and optimized implementations of e-mCDR systems based on local
conditions and infrastructure.
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Fig. 1 | Study Framework for Identifying and Ranking e-mCDR Hubs. This study
followed a logical framework to identify potential e-mCDR hubs along the U.S.
coastline and rank them. Step 1: A total of 38 coastal facilities were identified as
potential colocation sites, and a database of facility-specific features was compiled.
Step 2: Five facility-level criteria were developed based on the collected data. Step 3:
Hierarchical clustering (HC) was used to group geographically proximate facilities
into hubs, and the Convex Hull algorithm was applied to define their geographical
boundaries. Step 4: Two categories of hub-level criteria were established: (i) those
derived from facility-level criteria and (ii) those based on hub-specific
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characteristics, including facility diversity index (calculated using Shannon diversity
index) and hydrogen management infrastructure (adopted from the DOE Connect
Data tool). Step 5: The Analytic Hierarchy Process (AHP) was applied to assign
weights to the normalized hub-level criteria. Step 6: The Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) was used to rank the hubs based
on their normalized weighted scores. Step 7: A sensitivity analysis was conducted on
the AHP-derived weights, and adjusted weights were applied to re-rank the hubs
using TOPSIS.
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Fig. 2 | Geographical Distribution, Clustering,
and Composition of Coastal e-mCDR Hubs. A
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A Geographical distribution of 38 coastal facilities

identified as potential colocation sites for e-mCDR
deployment along the U.S. coastline. Facilities are
distributed relatively uniformly, with clusters
forming near major metropolitan areas. The three

S

facility types included power plants («), desalination
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plants (A), and LNG terminals (s). B Hierarchical . . .
clustering dendrogram illustrating the classification Eepdiicls Philadelphia
of facilities into five distinct clusters, each repre-
senting a potential e-mCDR hub based on geo-
graphical proximity. C Identified e-mCDR hubs and
facility composition. The five hubs—Northeast, Los Angeles
Southeast, South, West, and Northwest—are deli-
neated uﬁmg Fhe Convex Hull algo.rlthm. E'lac}'l hl{b s Houston
composition is represented by a pie chart indicating
the percentage distribution of power plants, desali-
nation plants, and LNG terminals within the hub.
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Results And discussion

Spatial Analysis of Coastal Facilities

An assessment of the geographical distribution of the facilities revealed
important insights about their locations along the U.S. coastline. Most
facilities are located near major metropolitan areas, as proximity to these
cities is crucial for their operations. For example, on the West Coast, facilities
are concentrated around the Greater San Francisco and Los Angeles Areas,

while along the Gulf Coast, they are located in or near the Greater Houston
area. Similarly, on the East Coast, facilities are situated around major
cities (Fig. 2A).

A comparison of facility types across different geographic regions
revealed distinct patterns. The East predominantly includes power plants,
the South hosts a higher number of LNG terminals, and the West features
more seawater desalination plants™. This distribution aligns with the unique
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needs and characteristics of each region. For instance, the East’s higher
population density necessitates a greater number of power plants to meet
electricity demands*. The South’s abundance of LNG terminals is attributed
to being located on the coast of the Gulf of Mexico, which is favorable for
LNG export/import terminals”*". In contrast, the West requires desalina-
tion plants to address the region’s limited freshwater resources”. These
regional variations highlight the functional specialization of facilities based
on local demands and resources.

Hub Analysis

Using the HC method based on the geolocation of facilities, five distinct
clusters were identified through the dendrogram, shown in Fig. 2B. These
clusters correspond to five coastal regions that vary significantly in terms of
economic conditions, population, and climate”. These regions are desig-
nated as the Northeast, Southeast, South, West, and Northwest hubs, each
representing a potential e-mCDR hub. These identified hubs were illustrated
on the US map using the Convex Hull method (Fig. 2C).

An initial analysis of the facility distribution within each hub reveals
notable differences. The Northeast and Southeast hubs are characterized by
water intake capacity predominantly from power plants, accounting for 98%
and 97% of their total intake, respectively. In the South hub, power plants
contribute 61% of the water intake capacity, followed by LNG terminals at
35%. Despite housing several desalination plants, power plants’ water intake
capacity dominates the West hub, representing 96.5% of its total water
intake capacity. In contrast, the Northwest hub is unique, with 94% of its
water intake capacity attributed to LNG terminals (Fig. 2C). Overall, the
majority of water intake capacity across all hubs is associated with power

plants, highlighting their significant water consumption compared to LNG
terminals and desalination plants. Although the South and West hubs have
fewer power plants, this facility type still accounts for the largest share of
water intake capacity. The Northwest hub is an exception, as the lack of large
fossil fuel-based power plants results in LNG terminals being the primary
contributors to water intake capacity. Among the identified hubs, the South
stands out as the most diverse, with a balanced mix of facility types.

Comparative Analysis of Hub Criteria

To gain deeper insights into the suitability of each hub for e-mCDR
implementation, a comparative analysis was conducted based on the seven
evaluation criteria previously established. Figure 3 provides a visual repre-
sentation of the hubs’ performance across these criteria, facilitating a
comprehensive understanding of their strengths and limitations. The
Northeast hub demonstrated relatively high CO, removal capacity, pri-
marily attributed to the high water intake of the facilities located in this hub.
The hub also offers high grid emissions efficiency, making it a viable option
within the hybrid pathway to achieve net carbon negative outcomes.
However, the Northeast hub ranked low in facility diversity, with power
plants being the predominant colocation facilities. Considering its strengths
and weaknesses, the Northeast hub is best suited for e-mCDR projects that
focus on the hybrid pathway, prioritizing total CO, removal capacity with a
net carbon negative.

The Southeast hub demonstrates high removal affordability and a
favorable social vulnerability index. The relatively low electricity costs in
states, such as Florida and Georgia are primarily driven by the region’s
reliance on cost-effective natural gas and nuclear power generation’.

@ CO:z Removal Capacity (ktonne CO2/day)
(2) Removal Affordability (kg CO-/$)

@ Grid Emissions Efficiency (kWh/kg COz2)
@ Social Vulnerability Index (-)

@ Local Carbon Footprint (kg CO:/year/capita)
@ Facility Diversity Index (-)

@ Hydrogen Mng. Infra. (-)

West

Fig. 3 | Comparative Performance of e-mCDR Hubs. Comparison of the five
e-mCDR hubs across the seven hub-level criteria, highlighting their relative
strengths and limitations. These criteria included CO, removal capacity (ktonne

South

Southeast

CO,/day), removal affordability (kg CO,/$), grid emissions efficiency (kWh/kg
CO,), social vulnerability index (-), local carbon footprint (kg CO,/year/capita),
facility diversity index (-), and hydrogen management infrastructure (-).
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Additionally, the region exhibits a high social vulnerability index due to
factors, such as higher population densities in coastal areas, economic
disparities, and exposure to climate-related hazards. The hub possesses
average local carbon footprint values, as the region does not host a
significant number of CO,-emitting industries. Despite these advantages,
the Southeast hub faces limitations in grid emissions efficiency, with
relatively low integration of clean energy sources into the grid. Furthermore,
the region lacks significant hydrogen management infrastructure, which
could pose challenges for implementing hydrogen-focused e-mCDR
pathways.

The South hub demonstrated the highest performance across five of
the evaluated criteria, including removal affordability, social vulnerability
index, local carbon footprint, facility diversity index, and hydrogen man-
agement infrastructure. Similar to the Southeast hub, the South benefits
from cost-effective electricity, primarily due to the widespread availability of
natural gas, wind, and nuclear power generation in states, such as Texas and
Louisiana’". The social vulnerability index is also notably high in this region,
largely because many of the facilities are situated in areas designated under
the Justice40 initiative’’, which aims to address environmental and eco-
nomic disparities in disadvantaged communities. The South hub’s high local
carbon footprint is attributed to the presence of some of the largest CO,-
emitting industries in the country, primarily within the oil and gas sector”.
Texas and Louisiana are major energy-producing states, housing numerous
refineries, petrochemical plants, and processing facilities that contribute
significantly to national CO, emissions. One of the South hub’s key
strengths is its high facility diversity, including power plants, desalination
plants, and LNG terminals. This diversity is crucial from a logistical per-
spective, as it enhances the hub’s adaptability to potential regulatory changes
and technical challenges. For instance, if stringent environmental regula-
tions were imposed on a specific facility type, such as desalination plants, or
if retrofitting e-mCDR systems into certain process flow diagrams proved
challenging, the hub’s diversity would provide flexibility in selecting suitable
alternative facilities for deployment, thereby mitigating logistical and
technical constraints. Additionally, the South hub includes robust hydrogen
management infrastructure, with Texas and Louisiana being home to some
of the largest H, storage facilities, as well as extensive pipeline networks and
transportation systems’*”°. The region hosts several large hydrogen hubs
and pipelines to meet the growing demand for H, as an alternative energy
source”’. The generated H, can also serve as valuable feedstocks for
numerous industrial units located within or near the hubs, further enhan-
cing the economic feasibility of e-mCDR deployment.

The South hub also has certain limitations that may impact its potential
for e-mCDR implementation. The hub demonstrated the lowest CO,
removal capacity among all evaluated regions. This limitation is primarily
attributed to the low overall seawater intake capacity. Despite achieving a
low score in grid emissions efficiency, the South hub has a sufficient score for
the hybrid pathway to provide a net carbon negative result. This perfor-
mance can be attributed to the region’s substantial wind energy generation
capacity, with Texas being the largest wind electricity producer in the United
States”. The state has made significant investments in wind power infra-
structure, contributing to a relatively higher share of renewables compared
to other industrialized regions. However, fossil fuels still dominate the
energy mix, with natural gas and coal remaining primary energy sources.
Louisiana continues to heavily depend on fossil fuels, with minimal inte-
gration of renewable energy sources into its grid”".

Considering all evaluated criteria, the South hub emerges as an
attractive location for implementing e-mCDR technologies. Its strong
removal affordability, extensive hydrogen management infrastructure, and
high facility diversity collectively position it as a strategic choice for large-
scale deployment. The availability of well-established industrial networks
and extensive transportation infrastructure further enhances the hub’s
attractiveness for integrating e-mCDR with existing processes. While the
Southeast hub excels in criteria, such as removal affordability and social
vulnerability index, the South hub demonstrates even greater strengths in
these areas. This superior performance, coupled with the geographic

proximity of the two hubs, suggests that the South hub is likely to attract
e-mCDR projects that would otherwise consider the Southeast.

The Western hub exhibited the highest CO, removal capacity among
all evaluated hubs. This superior performance is attributed to the high water
intake capacity of this hub. Although the cost of electricity is relatively high
in this region, which lowers its removal affordability, it offers a very high
clean energy capacity, mostly located in Southern and Central California,
introducing substantial renewable energy sources into the grid”. The
Western hub also benefits from well-developed hydrogen management
infrastructure, providing access to existing storage facilities and transpor-
tation networks that could support e-mCDR deployment. The development
of H, infrastructure is driven by environmental policies”, with H, infra-
structure being particularly focused on its use in transportation®'. One of the
primary limitations of the Western hub is its low facility diversity index, as
the majority of its water intake capacity comes from power plants. This lack
of diversity may introduce logistical challenges, as previously discussed,
potentially limiting the hub’s adaptability to regulatory changes or technical
constraints associated with integrating e-mCDR systems into desalination
operations.

The Northwest hub achieved a moderate score in grid emissions effi-
ciency, with most facilities located in Northern California and Oregon,
regions that have some of the highest renewable energy integration in the
country’"”’. The availability of renewable energy resources, from hydro-
electric, wind, and solar power, enhances the region’s potential for low-
carbon e-mCDR operations. Similar to most of the hubs, the Northwest hub
also ranked high in social vulnerability index, largely due to the presence of
several Justice40-designated communities that can benefit from sustainable
climate initiatives””. The hub demonstrated moderate performance in other
criteria, including removal affordability, local carbon footprint, and facility
diversity index. A key limitation of the Northwest hub is its underdeveloped
hydrogen management infrastructure, which could hinder the integration of
hydrogen-focused e-mCDR pathways and limit opportunities for utilizing
captured H, as a feedstock for local industries, if new facilities (e.g., for
Sustainable Aviation Fuels, SAFs) are not built. Given its moderate overall
score, the Northwest hub remains an attractive option for implementing
e-mCDR systems that prioritize low-carbon operations and sustainability
goals, while further development of H, infrastructure would unlock addi-
tional incentives for e-mCDR deployment.

Ranking of Hubs Based on Weighted Criteria

The criteria weights were determined using the AHP method to reflect their
relative importance in evaluating e-mCDR hub suitability. The results,
presented in Fig. 4A, indicated that CO, removal capacity holds the highest
weight at 24%, followed by removal affordability at 23%. Green energy share
contributed 23%, while local carbon footprint contributed 12%. Hydrogen
management infrastructure was weighed at 9%. The facility diversity index
and social vulnerability index carried the lowest weights at 6% and 4%,
respectively.

This weight distribution highlights the central importance of CO,
removal capacity. Removal affordability closely follows in importance, given
its critical impact on the economic feasibility of e-mCDR projects. The
significant weighing of grid emissions efficiency highlights the growing
empbhasis on sustainable energy sources in carbon removal initiatives. If the
grid emissions efficiency is low (i.e., energy mix used to power these mCDR
approaches is largely dominated by fossil fuels), then the overall process may
not be carbon negative. However, as the share of renewable energy increases
over the years, the net carbon removal potential of these hubs is expected to
improve. Local carbon footprint and hydrogen management infrastructure,
while lower in weight, still contribute meaningfully to the overall assess-
ment. The relatively lower weights assigned to the facility diversity index and
social vulnerability index suggest that while these factors are considered,
they play a less critical role in determining the suitability of e-mCDR hubs
for the DOC pathway.

Analyzing the top- and lowest-performing hubs for each weighted
criterion is essential for understanding the factors influencing overall hub
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Fig. 4 | Multi-Criteria Ranking of e-mCDR Hubs. A Criteria weights assigned

using the Analytic Hierarchy Process (AHP), with CO, removal capacity receiving
the highest weight, followed by removal affordability, and grid emissions efficiency.
B Hub rankings across individual criteria, determined using normalized weighted

scores. C Overall hub rankings derived from the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) method, indicating that the South hub
achieved the highest relative closeness score (C = 0.60), closely followed by the West
and Northeast (C=0.52).

rankings. While Fig. 3 presented the absolute scores of each criterion for the
hubs, Fig. 4B illustrates the hub rankings based on normalized weighted
scores determined through AHP. Regarding CO, removal capacity, the
West and Northeast hubs outperformed the others, primarily due to their
high water intake capacities. The remaining hubs exhibited relatively lower
performance in this criterion. Removal affordability demonstrated sub-
stantial variability, with the South and Southeast hubs exhibiting the higher
values, indicating lower electricity costs. In contrast, the grid emissions
efficiency criterion showed relatively minor variation across the hubs, with
the Northeast and West Coast hubs (i.e,, West and Northwest) achieving
slightly higher scores due to the widespread integration of renewable energy
into their regional grids**™*". It is worth to note that all the hubs meet the grid
emissions efficiency threshold for net carbon negativity which makes them
suitable for e-mCDR integration”. In terms of the local carbon footprint, the
South hub exhibited the highest score, indicating its substantial contribu-
tions to national CO, emissions™. This highlights the potential for e-mCDR
implementation to achieve meaningful emission reductions in this region,
whereas other hubs exhibit relatively lower emissions and may offer less
immediate impact in this regard. The hydrogen management infrastructure
criterion was led by the South hub, followed by the West hub, reflecting the
extensive availability of H, transportation and storage facilities in these
regions™*"**, Additionally, the South hub stood out in the facility diversity
index criterion, highlighting its broad mix of facility types, which enhances
flexibility and adaptability for e-mCDR deployment. Finally, for the social
vulnerability index, all hubs except the Northeast ranked high, suggesting
that e-mCDR implementation in these regions could provide substantial
community benefits. This further reinforces the importance of deploying
such technologies in socially vulnerable areas to address environmental and
economic disparities.

All weighted criteria were incorporated to rank the hubs using the
TOPSIS method. The analysis revealed that the South hub achieved the
highest overall relative closeness score (C=0.60), closely followed by the
West and Northeast hubs (C=0.52). The Southeast (C=0.43) and
Northwest (C=0.24) hubs ranked fourth and fifth, respectively (Fig. 4C).
The South hub’s top ranking is primarily attributed to its strong

performance across multiple criteria, particularly in removal affordability,
hydrogen management infrastructure, local carbon footprint, and facility
diversity index. The West hub ranked highly due to its superior CO,
removal capacity, grid emissions efficiency, and well-established hydrogen
management infrastructure. Given the varied performance across the hubs,
categorizing them based on their overall suitability provides a more practical
perspective. Instead of a linear ranking from first to fifth, the hubs can be
grouped into high potential (West, South, and Northeast), moderate
potential (Southeast), and low potential (Northwest) hubs.

Sensitivity Analysis
The narrow margin between the top three hubs indicates that slight changes
in the criteria’s weights could influence the overall rankings. Therefore, a
sensitivity analysis of the weight assignments was conducted, and the
adjusted weights were subsequently applied in the TOPSIS method to re-
rank the hubs. The sensitivity analysis was conducted on all seven evaluation
criteria, and the results are presented in Fig. 5, highlighting the four most
influential criteria impacting each hub’s ranking. For the South hub, CO,
removal capacity emerged as the most influential criterion, exerting the
greatest impact on its closeness score (C). It was followed by removal
affordability, local carbon footprint, and hydrogen management infra-
structure, indicating the hub’s reliance on these factors for maintaining its
top position. Similarly, in the case of the West hub, its ranking was found to
be most sensitive to the weight assigned to CO, removal capacity. This
criterion was followed in importance by removal affordability, local carbon
footprint, and facility diversity index. For the Northeast hub, the ranking
was primarily influenced by CO, removal capacity, with local carbon
footprint, removal affordability, and facility diversity index also playing
significant roles. In contrast, the ranking of the Southeast hub was found to
be relatively stable, with no single criterion exerting a substantial impact on
their overall ranking positions. The relative closeness score for the North-
west hub is mainly impacted by the removal affordability, and CO, removal
capacity.

For the high-potential hubs, West, South, and Northwest, which per-
formed well across most criteria, their rankings were primarily influenced by
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Fig. 5 | Sensitivity Analysis of Key e-mCDR Hub
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their most weighted criterion—CO, removal capacity. This criterion
represented the primary determinant in their performance, making their
rankings highly sensitive to any changes in this criterion. As a result, an
improvement or deterioration in CO, removal capacity could significantly
impact these hubs’ overall standing. For instance, if the weight of CO,
removal capacity, which reflects the relative importance of the criterion, is
decreased to its lower bound, the South hub would become the single
dominant hub with a C of 0.71, increasing its margin over the West
(C=0.38) and the Northeast (C=0.36) hubs. However, if the weight is
increased to its upper bound, the South hub would rank third (C=0.49),
after the Northeast hub (C = 0.64), while the West hub slightly surpasses to
take first place (C = 0.65). The next most influential criteria were those that
differentiated the most between the high-potential hubs. For instance, the
South hub excelled in removal affordability, local carbon footprint, hydro-
gen management infrastructure, and facility diversity index, while the West
and Northeast hubs struggled the most in all of these criteria. This suggests
that further improvements in these criteria reinforce the South hub’s
competitive advantage and contribute to enhancing its overall ranking.
Conversely, these criteria represent key limitations on the West and
Northeast hubs’ performance, acting as bottlenecks that limit their overall
potential. Any improvement in these areas yields significant gains in the
hub’s overall ranking. For the moderate and low potential hubs, which
generally perform strongly in one or two specific criteria, their rankings were
primarily influenced by those criteria. For example, the rankings of the
Southeast hub were most impacted by the removal affordability, as it
represents its strongest criterion.

Beyond the weight-based sensitivity analysis, an additional round of
sensitivity analysis was conducted to evaluate the influence of specific facility
types and infrastructure characteristics on hub rankings. This analysis
aimed to assess how the elimination of key facilities within each hub affects
the overall ranking outcomes, providing further insight into the structural
dependencies of e-mCDR deployment via the hybrid pathway. Three dis-
tinct scenarios were examined. In the first scenario (Fig. 6A), the facility with
the highest water intake was removed from each hub to determine the extent
to which hub rankings rely on a single high-capacity facility. Since water
intake capacity directly influences CO, removal potential, this analysis
evaluates the resilience of each hub when its largest seawater-processing
facility is excluded, for example, due to logistical constraints in imple-
mentation, challenges in retrofitting, facility-specific regulatory restrictions,

or potential operational disruptions. In the second scenario (Fig. 6B), all
power plants were removed from each hub. Power plants generally
exhibit the highest water intake capacity among the three facility
types. Eliminating power plants simulates a scenario in which e-mCDR
deployment is limited to smaller-scale systems that are better suited
for facilities with lower water intake capacities, such as desalination plants
and LNG terminals. This analysis provides insight into how hub
rankings would shift under a deployment model focused on lower-capacity
e-mCDR implementations rather than large-scale systems co-located
with high-intake power plants. In the third scenario (Fig. 6C), all LNG
terminals were removed from each hub to investigate their role in
supporting e-mCDR deployment. Unlike power plants and desalination
facilities, LNG terminals do not operate continuously at full capacity, and
their long-term availability may be uncertain due to shifts in energy markets
and policy changes”. This analysis assesses the extent to which hub rankings
are influenced by the presence of LNG infrastructure and evaluates the
potential challenges of e-mCDR deployment in hubs without LNG terminal
support.

The Northwest hub exhibited the greatest sensitivity to the removal of
its highest water intake facility, with a 20% decrease in its closeness score (C)
compared to the base scenario, which was represented in Fig. 4C. This was
followed by the South hub, which showed a 14% reduction in C. These
findings suggest that the Northwest hub’s ranking is disproportionately
reliant on a single high-capacity facility, making its suitability for eemCDR
deployment particularly vulnerable to logistical constraints or facility-
specific limitations. In contrast, the relatively lower impact observed for
other hubs indicates a more distributed reliance on multiple facilities,
reducing the risk associated with the unavailability of any single high-
capacity site (Fig. 6; Scenario I).

The removal of power plants had a profound effect on hub rankings,
with the Northeast hub experiencing the most significant decline, a 71%
decrease in C, followed by the West hub, which showed a 46% reduction.
This substantial drop highlights the Northeast hub’s strong dependence on
power plants, which account for 98% of its total water intake. Conversely,
the South hub emerged as the highest-ranked hub under this scenario, with a
C 0f 0.79, indicating that this region presents the most favorable conditions
for lower-capacity e-mCDR implementations that rely on smaller seawater-
processing facilities, such as desalination plants and LNG terminals (Fig. 6;
Scenario II).
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Fig. 6 | Impact of Facility-Specific Exclusions on e-mCDR Hub Rankings. Sen-
sitivity analysis was conducted to evaluate the impact of removing specific facility
types on hub rankings, providing insight into the structural dependencies of
e-mCDR deployment. Closeness scores (C) were recalculated using the TOPSIS
method for each of the following scenarios. A Scenario I: Removal of the highest
water intake facility from each hub to assess the resilience of hub rankings when a
single high-capacity facility is unavailable due to logistical constraints or retrofitting
challenges. B Scenario II: Removal of all power plants from each hub to simulate a
scenario where e-mCDR deployment relies solely on smaller-scale seawater-

processing facilities, such as desalination plants and LNG terminals, offering insights
into hub suitability for lower-capacity e-mCDR systems. C Scenario III: Removal of
all LNG terminals from each hub to examine their influence on hub rankings,
considering that LNG terminals do not operate continuously at full capacity and
their long-term availability is uncertain due to shifts in energy markets and policy
changes. The labels in each panel represent the two most impacted hubs for each
scenario, with values indicating the percentage change in C relative to the base
scenario.

The impact of removing LNG terminals was less pronounced than the
removal of power plants, as LNG facilities generally contribute a smaller
fraction of total water intake across hubs. The Northwest hub experienced
the greatest reduction in ranking, with a 20% decrease in C, followed by the
South hub, which showed a 7% decline. In this scenario, the high potential
hubs (South, West, and Northeast hubs) obtained similar high ranking
(C=0.57), indicating that it is the most reliable for e-mCDR deployment, as
LNG terminals operate intermittently and face long-term uncertainty due to
shifts in energy markets and policy changes (Fig. 6; Scenario III).

The results of these scenarios provide a deeper understanding of the
sensitivity of hub rankings to facility-level variations, informing future site
selection and infrastructure planning for e-mCDR implementation. In
general, the Northwest hub is the most susceptible to disruptions, as it
exhibited the highest sensitivity across multiple scenarios, making it a
relatively uncertain candidate for future e-mCDR deployment.

Future directions for e-mCDR deployment
While this study focused on identifying high-potential hubs for future
e-mCDR deployment via the hybrid pathway, future research must also
advance other critical aspects of the process. Key areas include further
improving core electrochemical technologies and developing policy mea-
sures that ensure scalability, economic viability, and environmental justice.
To ensure e-mCDR systems are both effective and scalable, future
efforts must focus on optimizing their electrochemical efficiency, durability,
and modular scalability. Current efficiency—the fraction of input electricity
converted into carbon removal—must be maximized to enhance energy
efficiency and reduce operational costs™”’. Additionally, modular system
designs should be developed to allow e-mCDR units to be stacked together
for large-scale deployment while maintaining operational stability. Seawater
presents a complex environment, posing potential durability challenges for
electrochemical cell components. Electrodes, membranes, and other critical
materials are susceptible to chemical degradation and fouling, particularly
due to interactions with dissolved salts, organic matter, and microbial
communities. Before real-world implementation, long-term stability tests
under simulated marine conditions should be conducted to evaluate the
resilience of system components and identify cost-effective materials with
enhanced durability’. In parallel, refining techno-economic assessments
(TEA) and life cycle analysis (LCA) will be crucial for quantifying the long-
term cost-effectiveness and environmental footprint of e-mCDR projects at
different hubs™”>. While the present work focuses on an electricity-based
affordability metric to enable consistent comparison across diverse sites,
future hub- and project-specific studies should integrate detailed CAPEX,
O&M, and infrastructure cost components to derive full levelized costs of

CO, removal. These assessments should incorporate regional energy costs
and grid integration potential, ensuring that future deployments align with
both economic and environmental sustainability targets.

Beyond technological advancements, large-scale deployment of
e-mCDR requires a robust policy and regulatory framework that enhances
economic viability, streamlines permitting processes, and ensures equitable
implementation. Financial incentives, such as carbon credits, tax incentives,
and direct subsidies are essential to improving the cost-competitiveness of
e-mCDR relative to other carbon removal approaches. Public-private
partnerships can play a crucial role in funding large-scale pilot and
demonstration projects, facilitating collaboration between government
agencies, research institutions, and industry leaders. Regulatory barriers
remain a hurdle for e-mCDR deployment, particularly in marine environ-
ments where environmental permitting processes are complex and jur-
isdictional oversight is fragmented”**. Current permitting frameworks do
not fully account for electrochemical interventions in marine settings,
creating uncertainty for project developers™. Streamlining regulatory
approvals, particularly for hubs near federally controlled waters, will be
critical for scaling deployment. Establishing harmonized regulations at the
federal and state levels can facilitate multi-jurisdictional implementation,
reducing administrative bottlenecks and ensuring a consistent permitting
process across coastal regions™. Beyond regulatory challenges, the equitable
deployment of e-mCDR must also remain a priority. Many high-potential
hubs, including the South, coincide with socially vulnerable communities
that could benefit from targeted investment in low-carbon technologies and
workforce development initiatives. Policy frameworks should prioritize
projects that align with environmental justice initiatives, such as Justice40, to
ensure that benefits extend to historically disadvantaged populations.

This study provided a systematic framework for the evaluation and
ranking of hubs for e-mCDR deployment via the hybrid pathway, inte-
grating economic, environmental, infrastructural, and social considerations.
Although the analysis was specifically designed around the hybrid pathway,
the developed framework can be adapted and tailored for other e-mCDR
approaches, such as DOC. The primary logistical distinction between the
hybrid and DOC pathways lies in their respective infrastructure require-
ments: the hybrid approach necessitates evaluation of hydrogen manage-
ment infrastructure, whereas DOC requires comprehensive consideration
of CO, management infrastructure. In DOC processes, permanent CO,
storage is essential for process completion; thus, identifying suitable storage
sites is a critical component. A detailed assessment of all available CO,
storage sites across the United States was conducted, and for each hub,
primary and alternative storage sites were evaluated based on proximity to
deployment locations. The complete analysis, including the detailed list of
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storage sites identified for each hub, is provided in Section S7 of the Sup-
plementary Information.

While the analysis provided in this study focused on the U.S. coastal
regions, the approach can be extended globally to assess e-mCDR potential
in other maritime regions, offering valuable insights for optimizing
deployment strategies across diverse geographic and regulatory landscapes.
Expanding this framework to international contexts will help identify
strategic locations for scaling e-mCDR, enhance cross-border collaboration,
and contribute to the broader integration of marine-based CDR in global
climate mitigation efforts.

Conclusions

e-mCDR technologies offer a promising route to achieve durable, large-scale
carbon removal while co-producing hydrogen, but its deployment could
benefit from siting decisions that balance technical, economic, environ-
mental, and social considerations. This work addressed that need by
developing and applying a multi-criteria hub-screening framework for the
U.S. coastline. The framework integrates facility-level data from 38 coastal
sites, using hierarchical clustering to identify candidate hubs and AHP and
TOPSIS to rank them, yielding five potential e-mCDR hubs.

By combining five facility-level criteria (CO, removal capacity,
removal affordability, grid emissions efficiency, local carbon footprint, and
social vulnerability index) with two hub-level criteria (facility diversity index
and hydrogen management infrastructure), the framework provided an
overall characterization of each hub’s suitability for e-mCDR deployment.
The resulting rankings indicated that the South hub offers particularly high
potential, driven by favorable combinations of electricity costs, industrial
carbon footprints, and hydrogen infrastructure. Sensitivity analyses on
criteria weights and hub composition demonstrated that the overall quali-
tative ordering of high-, moderate-, and lower-potential hubs is robust to
plausible variations in subjective judgments and facility availability, while
also highlighting which criteria most strongly influence each hub’s
performance.

Beyond producing a ranked list of hubs, the analysis clarified how
distinct configurations of features create unique e-mCDR hubs. For
example, the South and Southeast hubs excel in low-cost energy, whereas
West and Northeast excel in large seawater throughputs. This helps
developers and policymakers design projects that fit each hub’s advantages
instead of using a single approach. Although designed for the U.S. and a
hybrid mCDR setup, the method can be adapted to other regions and
technologies, making it a useful tool for planning carbon removal strategies.

Methodology

Coastal Facilities

Data Collection. A comprehensive database consisting of 38 coastal
facilities was generated using a range of publicly available
documents”””>”"'", For each facility, key features were recorded,
including the facility type (i.e., power plants, desalination plants, or LNG
terminals), geolocation, and average intake capacity in million gallons
per day (MGD). Features related to the energy infrastructure of the region
where the facility is located were also included, such as electricity cost and
grid emissions factor. Finally, regional characteristics of the facility’s

location were considered, including local CO, emissions and the social
vulnerability index. Table 1 presents the mean with standard deviation
(Std), minimum, and maximum values for the collected features. The full
database of all 38 facilities, along with a detailed discussion of the features,
is provided in Section S2 of the Supplementary Information.

Facilities Criteria Development. The features collected for each facility
were used to develop five criteria that influence the facility’s suitability as a
co-location site for e-mCDR implementation. These criteria include CO,
removal capacity, removal affordability, grid emissions efficiency, local
carbon footprint, and social vulnerability index. These five facility-level
criteria were selected to jointly capture the technical potential for CO,
removal, the economic feasibility of operation, the carbon intensity of the
energy supply, and the broader environmental and social context of
deployment, thereby enabling a holistic assessment of e-mCDR co-
location potential at each site. A detailed justification of feature and cri-
teria selection, along with data sources, is provided in Section S2 of
the Supplementary Information. The CO, removal capacity of the hybrid
pathway depends only on the seawater intake capacity*. The hybrid
process demonstrates a removal capacity of 4.6 g CO, per kilogram of
seawater processed as catholyte. When considering a symmetric electro-
lysis process with equal volume of catholyte and anolyte streams, this
translates to an overall removal capacity of 2.3 g CO, per kilogram of
seawater (52.3 mmol per L of seawater)*. Thus, the CO, removal capacity
of a CDR facility can be simply estimated as the product of the facility’s
water intake and the hybrid process’s removal capacity (2.3 g CO,/kg
seawater). The removal affordability criterion (kg CO,/$) is calculated
based on the electricity cost in the facility’s state ($/kWh) and the gross
energy requirement (kWh/kg CO, removed). For example, the gross
energy required to remove one kilogram of CO, for Equatic’s hybrid
process is 2.5 kWh per kilogram of CO, removed. After accounting for the
energy embodied in the co-produced green hydrogen, the net energy
intensity is 1.5kWh per kg of CO, removed. In this study, removal
affordability is thus used as an electricity-cost-based screening indicator of
relative economic favorability across hubs, recognizing that a full lifecycle
cost of CO, removal (including CAPEX, O&M, and hub-specific infra-
structure) would require detailed project-level data that are not con-
sistently available for all 38 facilities. Grid emissions efficiency directly
indicates how much electricity is generated for each kilogram of CO,
released, with higher values indicating a cleaner grid (more energy per unit
of CO, emitted). Based on the concept of a Specific Intensity Ratio®, this
implies that the average grid emissions efficiency should be higher than 2.5
(kWh/kg CO, emitted) to render a net negative carbon removal outcome.
Thelocal carbon footprint and social vulnerability index criteria are taken
as-is from the extracted data for each facility zip code.

Hubs Identification

Hierarchical clustering. Hierarchical clustering (HC) was used to
identify potential e-mCDR hubs along the U.S. coastline, with each hub
representing a group of geographically proximate facilities. HC aggre-
gates data points according to their proximity through an iterative pro-
cess, finally producing a hierarchical structure of clusters'’. The

Table 1 | Descriptive Statistics of Key Features for Coastal Facilities

Average intake Capacity Electricity Cost Grid Emissions Factor Local Carbon Footprint Social Vulnerability Index
(m®%day) x10* (cents/kWh) (kgCO2/kWh) (kgCO,/year/capita) (-)°

Mean + Std  240.8 + 354.2 18.7 + 4.4 39+13 15.0 £ 10.1 0.7 £ 0.3

Minimum 0.2 14.9 2.6 8.2 0

Maximum 1134.7 28.1 9.1 422 1

Summary statistics of key features collected for 38 coastal facilities identified as potential colocation sites for e-mCDR deployment. The table presents the mean + standard deviation, minimum, and

maximum values for each feature.
“*Normalized to range between 0 and 1.
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clustering process began by calculating the pairwise distances between
facilities. The Ward’s linkage method with squared Euclidean distances
as a measure of similarity'”” was applied to minimize the total within-
cluster variance, ensuring that each cluster represented a cohesive group
of facilities. Detailed HC procedure is provided in Section S3.1 of
the Supplementary Information. A dendrogram was generated to
visualize the hierarchical structure and determine the number of clusters
based on practical information. Additionally, an effective method is to
establish the number of clusters at about /3 for a dataset of 1 points'”,
which yields 5 clusters with n = 38 (i.e., the number of facilities). Cluster
validation was conducted using the Elbow method, which plots the
within-cluster sum of squares as a function of cluster number'**'”*; the
resulting curve exhibited a clear inflection (elbow) at five clusters (Fig. S3
in S$3.1.2 in Supplementary Information), supporting the choice of five
hubs. Several Python libraries, such as SciPy and matplotlib, were used to
perform the HC and output the dendrogram graph, respectively. Addi-
tionally, to delineate the geographical boundaries of each identified hub
on the map, the Convex Hull algorithm was employed'® (Section S3.2 of
the Supplementary Information). This algorithm constructs the smallest
convex polygon that includes all facilities within a given hub, providing a
clear visual representation of the hub’s spatial extent.

Hubs Criteria Development. Following the identification of hubs using
HC, a systematic approach was adopted to quantify and characterize each
hub’s potential for e-mCDR implementation. Two distinct categories of
hub criteria were established. The first category was derived from the
corresponding facility criteria, while the second category was based on
features extracted specifically at the hub level. For the first category, the
hub criteria are calculated as the average values of each criterion of the
facilities included in each hub (Eq. 1).

"G
Cix _ it Gi (1)
’ n

where C; ; is the hub-related criterion j for hub k, ; is the facility-related
criterion j for facility i, and # is the total number of facilities in hub k.
Therefore, similar to the facility-level criteria, five criteria were established at
the hub level. These include CO, removal capacity (ktonne CO,/day),
removal affordability (kg CO,/$), grid emissions efficiency, local carbon
footprint (Mtonne CO,/year), and social vulnerability index. As for the
second category, two additional hub-level criteria were defined, including
the facility diversity index and hydrogen management infrastructure. The
facility diversity index quantifies the variety and distribution of different
types of facilities (e.g., power plants, desalination plants, LNG terminals)
within a hub, which influences logistical flexibility and the robustness of
e-mCDR deployment. It was estimated using the Shannon diversity index, a
widely used measure for quantifying diversity in a system'”". For each hub,
the diversity score was computed by categorizing the facilities based on their
type and calculating the relative proportion of each facility type within the
hub (Eq. 2).

N
H' = =3 pin(p) @)
i=1

where H' is the Shannon diversity index, S is the total number of facility
types (in this study: S=3), and p; is the proportion of each facility type
within the hub. A higher diversity score indicates a more balanced dis-
tribution of different facility types, whereas a lower score suggests a hub
dominated by one or two facility types. Detailed calculations of hub-level
criteria are provided in Sections S4.1 and S4.2 of the Supplementary
Information.

Hydrogen management infrastructure refers to the availability of
transportation, storage, and utilization systems needed to handle co-
produced hydrogen via the hybrid approach. The locations of H, hubs were
compiled using the Department of Energy (DOE) Connect Data tool™. To

quantify this criterion, a detailed assessment of the hydrogen management
infrastructure was conducted. Hydrogen management infrastructure was
assessed using the normalized weight of H, storage capacity, pipeline length,
and total H, demand within each hub. Ideally, the presence of hydrogen
offtake sites would also be considered; however, the available data was
limited. Hubs with more developed infrastructure were assigned higher
scores, reflecting their greater suitability for e-mCDR implementation. The
Gulf Coast, with its extensive industrial complexes, stands out as a favorable
region for its established and accessible hydrogen infrastructure. Further
detailed calculations are provided in Section S4.3 in the Supplementary
Information.

Criteria Weights Assignment

Following the estimation of criteria values for each hub, the relative sig-
nificance of these criteria was evaluated. To rank the hubs, it was essential to
assign weights to the criteria, which was conducted using the Analytic
Hierarchy Process (AHP). AHP is a structured decision-making tool that
quantifies the relative importance of multiple factors through pairwise
comparisons'™'”. The criteria were compared according to their impor-
tance in assessing the suitability of e-mCDR hubs. Pairwise comparisons
were performed using a scale from 1 (equal importance) to 5 (extreme
importance), and the values were assigned based on the findings in the
literature and consolidated judgments of ten experts with relevant experi-
ence in ECC systems, e-mCDR, marine environmental systems, techno-
economic analysis, and environmental impact assessment. The resulting
pairwise comparison matrix was used to calculate the normalized weights
for each criterion by determining the principal eigenvector of the matrix.
Consistency of the judgments was evaluated using the consistency ratio
(CR), with a CR below 0.1 (in this work, CR = 0.09) indicating acceptable
consistency'". A detailed AHP procedure is provided in Section S5.1 of
the Supplementary Information.

Overall Hub Ranking

Ranking the identified hubs is essential to prioritize locations with the
highest potential for successful e-mCDR implementation. For each path-
way, the Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) was applied to rank the hubs based on the weighted evaluation
criteria'™"". This method ranks alternatives by identifying both the positive
ideal solution, representing the best possible performance across all criteria,
and the negative ideal solution, representing the worst. Criteria values were
normalized to ensure comparability across criteria with differing scales.
Weighted scores, derived from AHP, were then applied to the normalized
values. TOPSIS produces a score between 0 and 1 for each hub, known as the
closeness (C) score. This score indicates how close a hub is to the ideal
solution, with values closer to 1 being preferable. Hubs closer to the ideal
solution received higher rankings, reflecting their overall suitability for
e-mCDR implementation. A detailed TOPSIS procedure is provided in
Section S5.2 of the Supplementary Information.

Sensitivity Analysis

Sensitivity analysis was conducted on the AHP-derived weights to assess the
impact of subjectivity in the pairwise comparison process, which was based
on findings in the literature and the authors’ expertise. The sensitivity
analysis involved systematically adjusting the pairwise comparison scale by
increasing the importance of each criterion by a factor of 2 relative to all
other criteria, and conversely, decreasing it by a factor of 2. The adjusted
weights were then recalculated using AHP, and these new weights were
subsequently applied in the TOPSIS method to re-rank the hubs. This
process was repeated for each criterion individually. AHP pairwise com-
parison tables and their respective weights are provided in Section S6 of
the Supplementary Information.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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Data availability

All data used in this study consist of derived quantitative datasets on coastal
facilities, hub-level criteria, and associated environmental, infrastructural,
and social indicators for electrochemical marine carbon dioxide removal
deployment. These datasets are openly available at https://doi.org/10.6084/
m9.figshare.30940202. No additional unpublished data sets were generated.

Code availability

Custom Python code was used to implement the hierarchical clustering. The
version of the analysis code used to generate all results and figures has been
deposited in a DOI-minting repository and is available at https://doi.org/10.
6084/m9 figshare.30940202, together with information on software ver-
sions and parameter settings. No restrictions apply to code access.
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