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Sailing towards sustainability: offshore wind'’s
green hydrogen potential for decarbonization
in coastal USAT

Rishi Kaashyap Balaji 2 ® and Fengqi You (2 *@°<

In the pursuit of achieving net-zero emissions to combat climate change, green hydrogen is expected
to be an important decarbonization vector for hard-to-abate sectors. Scaling up green hydrogen
production necessitates significant resources such as renewable energy and water, presenting an
opportunity for a synergistic integration with offshore wind—a largely untapped energy source with
abundant potential and declining costs. In this study, we employ a systematic assessment, utilizing an
optimization framework and life cycle assessment, to evaluate the economic and environmental
implications of green hydrogen production offshore. We examine the two delivery pathways of direct
hydrogen transport — liquefied hydrogen and compressed gaseous hydrogen for 30 coastal states in the
United States and further extend the analysis to the regional level, conceptualizing offshore hydrogen
hubs. Our findings reveal that under optimistic scenarios of hydrogen uptake, 75% of the nation’s ser-
viceable consumption potential of hydrogen can be fulfilled through the deployment of 0.96 TW of off-
shore wind capacity. This leads to a significant increase in the utilization of offshore wind resources
from 1% at present to over 22% of its technical resource potential. Our assessment predicts a delivered
cost range of $2.50-57.00 per kg H, and life cycle greenhouse gas emissions below the 4 kg CO,e per
kg H, benchmark at the coast for hydrogen produced offshore. These estimates are robust over a large
range of demand scenarios. Furthermore, we delve into the factors that lead to the spatial differentiation
in these metrics and discuss key policy support measures to bolster the growth potential of these nas-
cent sectors.

Tackling climate change urgently demands global carbon neutrality. While electrification remains a cornerstone in the race for decarbonization, propelled by
the widespread adoption of renewable energy sources such as solar and wind, the focus is now extending to the “hard-to-abate” sectors. These sectors present
greater technical challenges, with emissions deeply embedded in fundamental processes and technologies that are challenging to electrify or often beyond the
direct reach of renewable energy’s Midas touch. Clean hydrogen is poised to play a crucial role here, emerging as a molecular carrier of energy with capabilities
for storage, transformation, and trade, bearing structural similarities to our traditional energy systems. However, unlocking its potential hinges on establishing
scalable strategies for hydrogen production and utilization in cost-effective and environmentally sustainable ways. Integration of offshore wind energy and
green hydrogen production could be a pivotal step in this direction, enabling opportunities for deep-decarbonization and promoting a sustainable and carbon-

neutral future.
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Introduction

Achieving the ambitious target of attaining net-zero carbon
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global annual demand of more than 500 million metric tons

b Robert Frederick Smith School of Chemical and Biomolecular Engineering, (MMT) of clean hydrogen’l‘?’ with North America accounting
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for approximately 100 MMT." While the US currently produces
about 10 MMT of grey hydrogen annually, new projects totaling

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ 10 MMT of additional capacity of green and blue hydrogen have
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been announced, aligning with the national clean hydrogen

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0003-1819-2226
https://orcid.org/0000-0001-9609-4299
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ee01460j&domain=pdf&date_stamp=2024-05-21
https://doi.org/10.1039/d4ee01460j
https://doi.org/10.1039/d4ee01460j
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee01460j
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE017017

Open Access Article. Published on 17 Motsheanong 2024. Downloaded on 2025-09-14 08:16:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analysis

strategy roadmap until 2030.> However, beyond 2030, a mar-
ket gap of up to 86 MMT per year presents opportunities for a
transformative expansion predicated on shifting supply reli-
ance on fossil fuels from 98%°® at present to a composition
composed primarily of cleaner sources to realize deep decarbo-
nization goals in the United States. This is particularly signifi-
cant because the US Department of Energy forecasts a growth in
demand for clean hydrogen across nine different markets, most
of which are known as hard-to-abate sectors.” Influenced by
factors such as availability, price, ease of adoption, and com-
petition with alternative technologies, this growth could vary
significantly, potentially reaching the serviceable consumption
potential (SCP) of 106 MMT per year, representing the upper
bound of the market size of hydrogen. Though multiple low-
carbon hydrogen production pathways such as steam methane
reforming with carbon capture,®*' methane-pyrolysis'*™** and
biomass based thermochemical routes'>" exist, electrolysis
with renewables is expected to be most widely adopted to meet
this growing demand, potentially accounting for over 60% of
future supply,'® but its water usage and land requirements
necessitate careful consideration for large-scale implementa-
tion. In addition to facing significant local resistance in siting
new wind energy projects,'®® a recent study indicates that land
scarcity could arise from the potential use of wind power to
meet the 2050 targets of hydrogen production in the US while
maintaining adequate forest and agricultural coverage, despite
the US’s vast geographical expanse.”" Such competing require-
ments for land and water resources can lead to renewable
energy infrastructure having environmental consequences,
such as habitat destruction and a reduction in biodiversity,
with repercussions reaching far beyond the confines of the land
they occupy, impacting various species and their ecosystem
interactions.>® Therefore, exploring alternative approaches to
generate clean energy that powers electrolysis is essential to
scale and sustain clean hydrogen production.

Offshore wind offers a promising solution to scale up green
hydrogen production in the US, leveraging abundant resources
and high capacity factors.”>>® Although the United States
possesses significant offshore wind energy potential of over 4.3
TW?>"?® and a large number of areas with sustained high wind
speeds over 7 m s~ ',* the nation has lagged significantly in the
utilization of these resources. Global offshore wind power
capacity reached 64.3 GW in early 2023, with less than 0.1%
of this capacity currently operational in the US.** Ongoing
projects for 2030 account for less than 1% of the country’s
potential, with 2050 targets reaching up to 3%,*" while Europe
and China have already surpassed the planned future capacity
of the US. Recent studies suggest that achieving 10-25% of
US electricity supply from offshore wind by 2050 is feasible
and offers substantial benefits, utilizing 250-750 GW of
capacity,®>*® but it is still less than 20% of the available
technical resource potential. Integrating green hydrogen pro-
duction with offshore wind emerges as a promising strategy,
synergistically increasing offshore wind utilization while elim-
inating challenges like high transmission costs, losses, and
coastal grid congestion, associated with offshore wind energy.**

This journal is © The Royal Society of Chemistry 2024
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Further, directly producing hydrogen offshore enables the
conversion of an otherwise untapped, variable energy resource
which faces major hurdles in grid connection into a decarbo-
nization vector capable of extended storage and cost-effective
transportation at higher capacities, with minimal losses of 1%
through pipelines, as opposed to the 3% losses in electricity
transmission.*

While the concept of harnessing the ocean’s vast resources
for hydrogen production has been contemplated for a long
time, recent technological advancements have propelled us
closer to transforming this vision into reality. These advance-
ments include floating wind turbines, which extend our reach
into deeper ocean waters for access to superior wind resources
and breakthroughs in catalysts and electrode materials
enabling direct seawater electrolysis.*®?” In tandem, the cost
of offshore wind energy has also seen a rapid decline, a trend
which experts predict will persist in the future.?® Yet, there is a
lack of systematic investigation of the life cycle energy, eco-
nomic, and environmental impacts related to offshore green
hydrogen production and transportation pathways. Notably,
there is also a significant knowledge gap concerning delivered
cost projections for offshore wind-based hydrogen in the US,
as previous research®*™** has primarily focused on different
regions**™*° or its combined use with other renewable genera-
tors,>* leaving the specifics of the American context under-
explored. Existing studies also focus solely on production costs,
rely on general assumptions about facility size neglecting
location-specific demand data, and predominantly examine
smaller 2-8 MW wind turbines** despite the industry’s move
towards larger 11-15 MW turbines.’>*! It is crucial to tackle
these knowledge gaps to quantify the costs and environmental
impacts of offshore hydrogen production, compare it to
onshore alternatives, identify the barriers to its adoption, and
synthesize insights necessary for science-based policy develop-
ment, informed investment decisions, and strategic infrastruc-
ture planning in the pursuit of a sustainable energy future.

Addressing these knowledge gaps presents three primary
challenges: first, the systems design and optimization of the
entire offshore wind-to-hydrogen supply chain, encompassing
decisions related to facility location, production scheduling,
and transportation planning. This involves accommodating
wind speed variations for flexible system operations, effectively
managing trade-offs in capacity utilization, onsite inventory,
and fleet sizing and usage. Second, systematic analysis of the
environmental impacts of offshore wind-based hydrogen pro-
duction across the life cycle, distinct from offshore wind energy
assessments as it focuses on hydrogen transport impacts rather
than those from electricity transmission. Third, the develop-
ment of location specific insights on the effect of delivery
pathways and scale on the economic and environmental per-
formance of offshore wind to hydrogen infrastructures for
the US.

Bridging these gaps, this study offers detailed systems-level
insights into the energy, economic and life cycle environmental
implications associated with offshore wind-based green hydro-
gen for the United States (Fig. 1). It presents a comprehensive

Energy Environ. Sci., 2024,17, 6138-6156 | 6139
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Fig. 1 Schematic of offshore wind to hydrogen systems highlighting the two delivery pathways—liquefied hydrogen shipping and compressed gaseous
hydrogen pipelines analyzed for economic and environmental performance through the framework integrating optimal systems design and life cycle
assessment. Offshore hydrogen production involves generation of variable renewable energy through floating offshore wind farms (A) which is
subsequently used for desalination (B) of sea water and electrolysis (C). In the compressed gaseous hydrogen pipelines pathway (D)-(F), the green
hydrogen produced is compressed (D), stored on site (E) and transported to the shore via subsea pipelines (F), while in the liquefied hydrogen shipping
pathway (G)—(1), it is liquefied (G), stored on site (H) and shipped using liquefied hydrogen tankers (I) to ports on the shore. Green hydrogen finds
applications across hard-to-abate sectors such as refineries, metals production, chemicals, ammonia and fertilizer production, fuel cell electric vehicles
(medium and heavy duty), biofuel/synthetic fuel production, natural gas supplementation and long-term storage critical for decarbonization.

systems analysis approach that employs an optimization frame-
work to effectively address trade-offs like proximity to demand,
resource variability and quality, and scalability for design
considerations spanning strategic, tactical, and operational
facets within the offshore wind-to-hydrogen supply chain, with
the overarching aim of minimizing the total delivered costs of
hydrogen produced offshore to coastal areas. Two hydrogen
delivery pathways - liquefied hydrogen (LH,) shipping and
compressed gaseous hydrogen (CGH,) pipelines are explored
through this framework. While ammonia and other liquid
organic hydrogen carriers (LOHC) have emerged as alternative
pathways for hydrogen delivery, offering cost-effectiveness and
reduced losses for long-distance transportation applications
like intercontinental trade, the hydrogen-to-carrier conversion
and reconversion processes involve significant costs and energy
requirements that may outweigh their benefits for the distances
and volumes pertinent to this study,”*>® due to which they
are not considered. The optimization framework is further

6140 | Energy Environ. Sci., 2024, 17, 6138-6156

augmented with life cycle assessment, facilitating environ-
mental impact quantification by way of estimating the life cycle
greenhouse gas (GHG) emissions. Furthermore, through a
multi-scale spatial analysis approach, the study analyzes indi-
vidual states and extends to the regional level, clustering states
into hubs based on geographical proximity—an alignment with
the US Department of Energy’s localized clean hydrogen hubs
initiative,” which defines hydrogen hubs as regional networks
comprising all the necessary infrastructure for production,
storage, delivery, and end-use of clean hydrogen. This study
builds upon the existing literature by offering spatially resolved
insights into delivered costs and life cycle impacts of hydrogen,
providing reliable benchmarks for onshore comparisons,
inputs for future analyses and revealing opportunities for off-
shore hydrogen competitiveness. Additionally, this study delves
into variations in these impacts and the factors driving them,
shedding light on crucial considerations for planning and
locating offshore wind to hydrogen facilities.

This journal is © The Royal Society of Chemistry 2024
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This study’s key findings reveal that meeting 75% of the US’s
hydrogen consumption potential in coastal states would
require installing 0.96 TW of offshore wind capacity. This
approach could channel 22% of the nation’s offshore wind
resource potential toward deep decarbonization. The study
emphasizes the significance of the hydrogen delivery pathway,
showing that the choice of transportation method significantly
affects costs and emissions. Regional hubs with centralized
offshore hydrogen production could achieve cost savings of up
to 30% through shared infrastructure and optimized facility
siting. However, longer transportation distances from centra-
lized hubs may double GHG emissions for some states. The
East Coast stands out as a prime region for offshore wind-based
green hydrogen production, thanks to its high capacity factors,
regional demand, surplus potential, and export opportuni-
ties to European markets. These findings suggest that policy
actions are needed to integrate offshore green hydrogen into

View Article Online
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the US energy portfolio, address resource and workforce require-
ments, focus on technology development, and establish long-term
contracts and support for new hydrogen applications.

Results
Offshore wind resource availability and quality

Fig. 2a illustrates the regional distribution of the technical
resource potential of offshore wind in the United States. With
approximately 4.3 TW of capacity along its coastline (including
the Great Lakes region),”” the United States has among the
highest offshore wind potential in the world.>® It can be
observed that this potential, which is dependent on a region’s
wind capacity factors and area available for offshore wind
resource development is also well distributed, promoting equi-
table access and opportunities across the regions. Notably, the
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Fig. 2

(a) Regional offshore wind capacity and utilization illustrated through donut charts, alongside state-wise annual serviceable consumption

potential of hydrogen presented in a bubble chart, with bubbles grouped by regions/hubs. Figure highlights the availability of adequate offshore wind
capacity across regions for hydrogen production. (b) The sectoral split of serviceable consumption potential of hydrogen in US states shows varied use
cases across regions, with conventional applications like refineries and ammonia dominating demand in the Gulf of Mexico region, while emerging
decarbonization applications contribute to increased demand share in other regions.

This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci., 2024,17, 6138-6156 | 6141


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee01460j

Open Access Article. Published on 17 Motsheanong 2024. Downloaded on 2025-09-14 08:16:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

coastal states also contribute to a substantial 75% of the
nation’s SCP of hydrogen.” Nine of the top ten states with the
highest SCP of hydrogen are also coastal. The concentration of
hydrogen demand along the coast is a trend that aligns with the
higher population density and economic development along
coastal regions, with US coastal counties housing over 128
million people, nearly 40% of the nation’s total population,
and collectively boasting a GDP that is higher than that of most
countries.>® Developing an offshore wind-based hydrogen infra-
structure is therefore a strategic approach to meet the majority
of the nation’s hydrogen potential that is concentrated in
coastal regions. Our analysis suggests that by integrating off-
shore wind and green hydrogen production to meet the opti-
mistic hydrogen demand represented by the SCP of the coastal
states, a substantial 0.96 TW of offshore wind capacity can be
harnessed, equivalent to around 22% of the nation’s offshore
wind potential. Correspondingly, at low levels of future hydro-
gen uptake, the increase in offshore wind capacity utilization to
meet the hydrogen demand is estimated to be at least 6%. The
wind resource requirements for meeting these hydrogen
demands were determined as part of the overall optimal design
of offshore wind-to-hydrogen facilities (See Methods, Optimal
design) conducted for four cases comprising of two delivery
pathways - liquefied hydrogen shipping and compressed gas-
eous hydrogen pipelines, and two scale pathways - state-level
and regional hub-level infrastructure. The illustrated utilization
results correspond to the SCP & Low Case demand scenarios
(See Methods, Hydrogen Demand) of the hub-wise pipelines
case, which is estimated to have the lowest cost and

West (. L. Michigan 0 Gulf of Mexico {_ L. Eerie {
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environmental impact. Furthermore, our analysis reveals that
there is sufficient offshore wind capacity at the regional level to
fulfill the hydrogen production requirements of the states as
substantiated by the donut charts presented in Fig. 2a. These
charts depict the limiting case of the percentage utilization of
offshore wind resources required for meeting the SCP.

While Fig. 2 establishes the availability of wind resources,
Fig. 3 offers an additional perspective into the quality of the
available resources by examining the annual offshore wind
capacity factors (CF) at the candidate offshore locations
(See Methods, Offshore wind energy model). The Gulf of Mexico
stands out as the region with the largest offshore wind potential
and also boasts the highest hydrogen demand of 24 MMT per
year. Texas takes the lead in SCP singularly accounting for
12 MMT per year. Nevertheless, Fig. 3 reveals that all Gulf of
Mexico states experience lower offshore wind capacity factors in
the range of 40% to 45% as compared to the other regions,
primarily due to slower wind speeds. This region is also prone
to higher risk of hurricanes and storms, which may have to be
mitigated through measures such as siting farms in areas of
lower risk, adoption of more robust designs and increased
design loads.>”*® Alaska and Hawaii, though distant from the
mainland, exhibit some of the highest wind capacity factors,
though most of these areas are reported to be cost prohibitive
or restricted completely due to their protected status as
national wildlife sanctuaries, conservation areas, and other
sensitive habitat designations.’® The Great Lakes region also
displays a strong potential for hydrogen uptake, with a com-
bined SCP of 27 MMT per year distributed across three hubs
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Fig. 3 Annual offshore wind capacity factors vs. serviceable hydrogen consumption potential for coastal states in the US, grouped by hubs to illustrate
variations within and among the different regional hubs. Most coastal states have high quality wind resources, but concentration of multiple states with
high CF and small demands in North—East and large intra-regional variations in South—East and West regions highlight potential for centralization

through hub formation.
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centered around Lake Erie, Lake Superior, and Lake Michigan.
However, an analysis of the existing data suggests that the
quality of wind resources in this area tends to be on the lower
end of the spectrum, particularly for the Lake Erie and Lake
Michigan hubs. Furthermore, this region is expected to face
unique challenges, such as blade icing and additional struc-
tural loading on the wind turbines caused by the wind driving
large sheets of surface ice through stationary wind arrays.®
While our strategic assessment does not account for these
regional constraints, detailed location-specific mitigation stra-
tegies could be a topic of future research.

The East coast, which holds 40% of the US’s offshore wind
capacity, is particularly noteworthy for its surplus potential that
is available at high capacity factors of over 60%, as shown in
Fig. 3. This surplus potential, coupled with its advantageous
position along the transatlantic trade route, positions the East
coast as a promising destination for the development of export-
oriented facilities aimed at serving net hydrogen importers in
Europe. While the West Coast also boasts high-quality wind
resource regions, its technical resource potential of 0.3 TW
is less than 50% of the resource potential in the North East.
The excess capacity on the West Coast, at 0.24 TW, would be
one-third of the excess capacity in the North East. Despite this,
regions on the West Coast could be developed to serve
as export-oriented facilities, targeting markets in Japan and
South Korea, where local hydrogen production is expected to
be expensive due to resource availability and regulatory con-
straints that challenge the generation and sourcing of renew-
able energy.®'

As new offshore wind projects are typically known to have
capacity factors in the range of 40%-50%,°* a capacity factor
greater than 50% can be considered indicative of a high-quality
resource suitable for development. As shown in Fig. 3, most
coastal states meet this criterion. Recent studies that obtain an
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View Article Online

Energy & Environmental Science

offshore wind energy atlas for higher altitude wind turbines
also substantiate these findings.”® However, the variations in
CF across states, coupled with different levels of SCP, have
tangible impacts on both the economic and environmental
aspects of offshore wind-based green hydrogen production.
In the subsequent sections, we delve into the nuanced implica-
tions arising from the variations in CF and SCP, emphasizing
how these translate into the economic and environmental
impacts.

Delivered costs of hydrogen produced offshore

Fig. 4 shows the estimates of delivered costs of hydrogen (in
2022 USD per kg H,) for coastal states across all four cases. This
metric encompasses the levelized midstream costs linked to
compression and pipelines in the compressed gaseous hydro-
gen pipelines pathway, and liquefaction and shipping in the
liquefied hydrogen shipping pathway, alongside the levelized
offshore hydrogen production costs. It serves as a valuable tool
for analysis, facilitating a closer comparison with hydrogen
produced from inland resources by accounting for the added
expenses of point-to-point transport of hydrogen produced
offshore to coastal locations. In practice, hydrogen produced
offshore must attain cost competitiveness or even surpass
onshore production costs to establish its market viability,
despite these additional midstream costs. Fig. 4 further dis-
sects these costs by subsystem components, representing the
total capital and operating costs of each system for a more
detailed assessment. As the costs related to desalination and
storage are minimal, contributing less than 5%, they are not
explicitly illustrated. Additionally, the delivered costs depicted
in Fig. 4 correspond to meeting the optimistic hydrogen
demand, represented by the SCP. Fig S2a and b (ESIt), which
illustrate these values for the other scenarios also show that the
sensitivity of the delivered costs across the demand scenarios is
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The delivered costs of green hydrogen for the coastal states based on meeting the SCP through the four cases investigated (a) state-wise and

(b) hub-wise configurations of compressed gaseous hydrogen pipelines and (c) state-wise and (d) hub-wise configurations of liquefied hydrogen
shipping. Compressed gaseous hydrogen costs range from $2.50 per kg H, to $6.00 per kg H, and liquefied hydrogen costs range from $3.00 per kg H»
to $7.00 per kg H,. The legend shows the breakdown of total capital and operating costs by each subsystem. The pipeline based compressed gaseous

hydrogen pathway emerges to be economically favorable.

This journal is © The Royal Society of Chemistry 2024
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limited. Considering this, further discussion on the delivered
costs is based on the results of the limiting case presented
in Fig. 4.

Fig. 4a and b show that the delivered costs for state-based
and hub-based configurations range from $2.50 per kg H, to
$6.00 per kg H, in the compressed gaseous hydrogen pipelines
pathway. Maine, North Caroline, Virginia, Hawaii, Alaska,
exhibit the lowest costs, while Illinois, Indiana, Ohio, and
Pennsylvania have costs towards the higher end. Fig. 4c and d
display the delivered costs for the liquefied hydrogen shipping
pathway, showing that the costs range from $3.00 per kg H, to
$7.00 per kg H,. Similar to the previous case, states with high
CF such as Alaska, Hawaii, Maine, and North Carolina continue
to demonstrate the least costs, while Indiana, Iowa, Ohio, and
Pennsylvania are among those with the highest costs. Notably,
this points to a strong dependence on the wind capacity factors.

Comparing the distribution of costs among states in all four
cases reveals that the pipeline based compressed gaseous
hydrogen pipelines pathway emerges as the economically favor-
able option, consistent with previous analyses®®*®® that
explore factors affecting hydrogen delivery costs, including
transportation distance and volume. The higher delivered cost
of the liquefied hydrogen shipping pathway can be ascribed to
increased energy requirements for liquefaction and elevated
unit costs associated with liquefaction technology. Further-
more, it is observed that the hub-based approach generally
leads to cost reductions, primarily due to favorable offshore
wind-to-hydrogen facility locations with higher capacity factors.
This results in substantial cost reductions for hubs like the
Southeast, whereas the Gulf of Mexico hub experiences only
modest cost reductions due to similar wind speeds and capacity
factors among all the states within the hub. In the hub-wise
liquefied hydrogen shipping case, the proportion of costs
attributed to liquefaction is reduced due to non-linear scaling
of liquefaction costs. Conversely, in the hub-wise compressed
gaseous hydrogen pipelines scenario, the fraction of costs
associated with pipelines is more significant for states situated
at a greater distance from the hub, indicating potential cost
challenges related to longer transportation distances.

While Fig. 4 shows that the primary cost driver in all
scenarios is the construction and operation of offshore wind
farms, redistributing the costs of the offshore wind farms
across the energy-consuming processes using a levelized cost
of energy approach reveals the actual costs of individual
process steps, including those related to their energy demands.
Fig. 5 provides a visual representation of this insight, present-
ing the range of percentage contributions of various process
steps to the levelized delivered cost of hydrogen. The additional
costs in offshore hydrogen production, such as desalination
and midstream costs covering compression/liquefaction, pipe-
lines/shipping, and storage, constitute only 2-7% of the de-
livered costs in the case of compressed gaseous hydrogen
pipelines and 18-23% of the delivered costs in the case of
liquefied hydrogen shipping. Notably, liquefaction stands out
as the most expensive midstream process, with individual
contributions ranging from 16% to 20% of the delivered costs.
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This high cost of liquefaction is attributed to the current scale
at which liquefaction plants are designed and implemented.
Liquefying hydrogen is particularly challenging due to its
extreme conditions, requiring a temperature of —253 °C (in
comparison to —160 °C for liquefied natural gas).®” Achieving
such low temperatures necessitates multiple refrigerant cycles,
contributing to significant energy losses during the process.
These losses occur during various stages of the process, includ-
ing heat exchange, ortho-para conversion, hydrogen gas pur-
ification, compression and expansion, nitrogen liquefaction
processes, and insulation.®” Presently, the energy consumption
for liquefaction is roughly 30% of the lower calorific value of
hydrogen. However, it is anticipated that advancements in
technology will substantially reduce this figure by more than
50%,? bringing up to 8%-10% reductions in the delivered cost
of liquefied hydrogen. This progress is crucial for establishing a
liquid hydrogen value chain with distributed hydrogen
demand, particularly in sectors like transportation, aviation,
and shipping, where significant inland transportation of hydro-
gen may be necessary, as liquefied hydrogen trucks are best
suited for long-range transportation with low throughput.®**
It also holds strategic significance in the absence of an exten-
sive hydrogen pipeline infrastructure for distribution, which
may take several years to develop.

Overall, the range of delivered costs for hydrogen produced
offshore, spanning $2.50 per kg H, to $7.00 per kg H,, is well
above the current hydrogen costs ($1.50 per kg H,)"®® in a
market dominated by grey hydrogen and future US targets®
which have been announced in the range of $1.00 per kg H,.
However, this projection aligns with other latest estimates for
hydrogen produced using offshore wind®® and with some
estimates for green hydrogen produced on land, which take
into account additional costs related to electrical grid or renew-
ables connections, hydrogen storage, compression, and distri-
bution and project an expected total green hydrogen cost of
approximately $3.00-7.00 per kg H, for a typical end-user.”®
More ambitious estimates of green hydrogen costs,”* " often
below $1.50 per kg H,, have been reported, but they are likely to
be contingent on specific conditions, including exemption
from renewable connection charges, the absence of storage
requirements, and immediate hydrogen utilization post-
production, in addition to assumptions of substantial cost
reductions and efficiency improvements in renewable energy
generation and electrolysis.”® Nevertheless, economic support
measures for the production and uptake of green hydrogen is a
key intervention that might be required to enable its adoption
at scale.

Life cycle GHG emissions of offshore hydrogen at the shore

Fig. 6a and b show the life cycle GHG emissions at the coastal
states for the state-based and hub-based configurations of
the compressed gaseous hydrogen pipelines pathway. The
emissions are further categorized by life cycle emissions gen-
erated from the construction and operation of each of the
subsystems. The trends observed here closely mirror those of
the delivered costs.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Breakdown of the delivered costs of offshore hydrogen showing the range of contributions at the process level, accounting for energy costs from
offshore wind based on consumption ratios. The costs of hydrogen production offshore are similar across both the pathways. The boxes show the
dispersion of process costs across all the scenarios investigated, representing the minimum, maximum and median values. The Midstream costs
associated with liquefaction, storage, and shipping lead to higher overall costs in the liquefied hydrogen shipping pathway with liquefaction emerging as

the most expensive midstream process.

Facilities located in high-capacity factor regions exhibit
higher capacity utilization rates, while those in low-capacity
factor regions are often oversized, resulting in elevated material
burdens and higher GHG emissions. States with the lowest
GHG emissions include Alaska, Hawaii, Maine, North Carolina,
and Virginia, while Indiana, Illinois, Ohio, and Pennsylvania
top the list with the highest GHG emissions.

Fig. 6¢ and d focus on the liquefied hydrogen shipping
pathway, displaying the distribution of life cycle GHG emis-
sions for states under state-based and hub-based configura-
tions. Notably, the states with the lowest GHG emissions
include Maine, Delaware, and Rhode Island, while Texas,
Louisiana, Ohio, New York, and Florida exhibit the highest
GHG emissions. These trends also generally align with wind
capacity factors, similar to the compressed gaseous hydrogen
pathway, but deviations arise due to shipping, which contri-
butes to higher emissions in specific states in the state-wise
scenario. The hub-based approach, employing a mixed-fleet
associated with the hub, mitigates these variances to some
extent. However, states located farthest from the offshore
facility within hubs still experience the highest GHG emissions,
primarily due to higher transportation-related emissions.

Fig. 7 breaks down the percentage contributions of various
process steps in the system to the life cycle GHG emissions of
hydrogen. Similar to Fig. 5, these estimates are based on the
re-distribution of the offshore wind farm’s emissions to the
energy consuming processes. Interestingly, it reveals that life
cycle GHG emissions contribution of desalination, and mid-
stream processes, such as compression/liquefaction, pipelines/
shipping, and storage, account for only 5-7% of GHG

This journal is © The Royal Society of Chemistry 2024

emissions in the case of compressed gaseous hydrogen pipe-
lines. In contrast, in the case of liquefied hydrogen shipping,
midstream processes contribute significantly more, ranging
from 16% to 81%. Particularly, operational emissions from
transport powered by traditional fuels emerge as the largest
contributor to the life cycle GHG of liquid hydrogen. Though
this estimate has been obtained conservatively based on highly
carbon-intensive fuels that are in use at present, in the future,
the decarbonization of the maritime industry through the
adoption of lower-carbon liquid or gaseous biofuels, e-fuels
such as methanol, ammonia, or even hydrogen will bring
reductions to shipping related emissions,” improving the
overall environmental impact of the liquefied hydrogen ship-
ping pathway substantially.

With attributional lifecycle GHG emissions ranging from 0.6
kg CO,e per kg H, to 3.00 kg CO,e per kg H,, green hydrogen
produced offshore is a substantially cleaner alternative to
currently used grey hydrogen, which is estimated to have a well-
to-gate GHG emissions of between 10-11 kg CO,e per kg H, in
USA.”> However, another crucial finding established from this
analysis is that the life cycle GHG emissions of hydrogen produced
offshore and delivered onshore also remain well below the 4 kg
CO,e per kg H, benchmark set by the US Department of Energy for
the well-to-gate GHG emissions of “clean” hydrogen through the
clean hydrogen production standard (CHPS).”> This signifies that
green hydrogen produced offshore retains its environmentally
friendly status even when considering additional burdens, such
as those arising from transportation, emphasizing the decarboni-
zation potential of green hydrogen produced offshore even in the
face of transportation-related emissions.
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Fig. 6 The life cycle GHG emissions of green hydrogen for the coastal states based on the four cases investigated (a) state-wise and (b) hub-wise
configurations of compressed gaseous hydrogen pipelines and (c) state-wise and (d) hub-wise configurations of liquefied hydrogen shipping. Emissions
in the compressed gaseous hydrogen pipelines pathway range from 0.60 kg CO»e per kg H» to $1.50 kg CO.e per kg H, and emissions in the liquefied
hydrogen shipping pathway range from 0.97 kg CO,e per kg H, to $3.15 kg CO,e per kg H,. The legend shows the breakdown of total GHG emissions
from construction and operation of each subsystem. The pipeline based compressed gaseous hydrogen pathway emerges to be environmentally

favorable.

Regional offshore hydrogen hubs: costs and emissions trade-
offs

Fig. 8 presents an overview of the delivered cost of hydrogen
and the life cycle GHG emissions for all four scenarios, encap-
sulating the key findings from our previous analyses. Notably,
states such as Florida, Georgia, New Hampshire, Maryland, and

6146 | Energy Environ. Sci., 2024, 17, 6138-6156

South Carolina experience significant cost reductions resulting
from hub formation across both delivery pathways. Moreover,
these states along with states such as Delaware, Connecticut,
Rhode Island, Massachusetts, and New Jersey also witness
reductions in the life cycle GHG emissions of hydrogen. The
regionalization of facilities through hub formation emerges as

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Breakdown of the life cycle GHG emissions of offshore hydrogen showing the range of contributions at the process level, accounting for energy
related emissions from offshore wind based on consumption ratios. The boxes show the dispersion of process costs across all the scenarios investigated,
representing the minimum, maximum and median values. While midstream processes in the liquefied hydrogen shipping pathway generally exhibit higher
emissions compared to their counterparts in the compressed gaseous hydrogen pipelines pathway, shipping powered by traditional fuels emerges as a
major contributor, resulting in higher emissions overall in the liquefied hydrogen shipping pathway.

a strategy generally favorable for cost and GHG emissions
reductions, with some exceptions, such as New York, Califor-
nia, Wisconsin, and Texas, where life cycle GHG emissions
exhibit significant increases, particularly in the case of lique-
fied hydrogen shipping. Fig. 8i and j offers deeper insights into
the factors contributing to these overall effects, visualizing the
percentage change in costs and environmental impact at a
more granular sub-system level to discern overall trends.

The trends observed in Fig. 8i and j indicate cost reductions
in all hydrogen production aspects like wind turbines, desali-
nation, compression, storage, and liquefaction for both the
pathways. Increases are primarily observed in delivery costs due
to extended transportation distances for some states from the
centralized production facility of the hub. Despite increased
distances in some cases, the costs of shipping consistently
show a reduction due to shared fleet utilization. However, in
instances such as New York, California, Wisconsin, and Texas,
the overall life cycle GHG emissions show an increase. This
increase can be attributed to higher shipping emissions which
primarily stem from variations in fleet usage, such as the
employment of smaller-sized ships leading to an increased
number of round-trip movements thereby leading to higher
emissions.

It is worth noting that the hub-based approach exerts a more
pronounced influence on the liquefied hydrogen shipping as
compared to the compressed gaseous hydrogen pipelines. This
distinction is attributed to the impact of liquefaction costs and
shipping emissions, which constitute a significant proportion
of the costs and emissions associated with this pathway,
respectively. The pooling of demand leads to a noticeable

This journal is © The Royal Society of Chemistry 2024

reduction in costs of liquefaction, which scales non-linearly,
contributing to the cost reductions observed in the liquefied
hydrogen shipping pathway. In the case of pipelines, the effects
of hub formation are more constrained. Pipelines and com-
pressors, whose costs do not scale linearly, still require capacity
corresponding to the individual state’s demand, even when hub
formation is considered. As a result, the benefits derived from
economies of scale are somewhat limited in this scenario.

Based on these observations, the benefits of hub formation
can be summarized as follows: firstly, hub formation enhances
scale of hydrogen production through demand pooling, deliver-
ing benefits from improved economies of scale. Secondly,
it promotes the efficient utilization of shared infrastructure,
leading to high levels of facility utilization and the distribution
of common infrastructure costs across multiple states, and
thirdly, it facilitates access to hydrogen produced from regions
with superior wind resource quality, characterized by higher
capacity factors, thus improving cost-effectiveness, especially
for states with lower capacity factors.

In summary, these findings underscore the pivotal role of
hub formation in optimizing the cost-efficiency of offshore
wind-based green hydrogen production. While there are nota-
ble advantages in different scenarios and pathways, it is essen-
tial to consider the specific circumstances of each state to
evaluate the extent of these benefits. Additionally, future
research should investigate the synergies from hub-based con-
figurations further. These analyses could evaluate the technical
parameters such as the number of hubs and their sizes to
determine optimal hub configurations, study more integrated
architecture that includes further packing of hydrogen into its
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