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hydrogen supply chains in the
western United States under uncertainties: an
optimization-based approach focusing on
California as a hydrogen hub†

Vishnu Vijayakumar, * Alan Jenn and Joan Ogden

With a vibrant economy and regulatory drivers to decarbonize, California could be a major hydrogen

demand center, but uncertainties in hydrogen demand, supply, and government policy can influence

infrastructure deployment. We employ a least-cost infrastructure planning framework to analyze the

impacts of these uncertainties for future hydrogen supply chains. Falling electricity prices and

electrolyzer capital expenditures would encourage investments in renewable hydrogen in all regions,

more so outside California. Fossil-based hydrogen investments in California could continue well beyond

2030, but some of it could be disincentivized with additional renewable hydrogen mandates.

Investments in building dedicated hydrogen pipelines require high degrees of demand certainty, which

could be spurred by farsighted policy incentives. A complete reliance on an increasingly renewables-

based electricity grid for hydrogen production can be expensive for California, unless grid-connected

electrolyzers are further incentivized through favorable rate structures. Long-term investment strategies

substantially reduce system costs in all our scenarios.
1. Introduction

The 2021 United Nations Climate Change Conference (COP26)
concluded with the signing of the Glasgow Climate Pact, which
agreed to keep a 1.5 °C temperature increase due to climate
change as a global mitigation target. This target translates into
an energy transition that would have to achieve economywide
carbon neutrality by the middle of the 21st century.1 Major
economies have pledged to achieve this target, with many
identifying hydrogen as one of the key tools to help in this
transition.2–5 Hydrogen's imminent role as a decarbonization
vector stems from its innate versatility, both as an energy carrier
and storage medium. In the United States, recent legislation
such as the Bipartisan Infrastructure Bill6 has earmarked close
to $8 billion for scaling up hydrogen technologies and estab-
lishing at least four hydrogen hubs (large, geographically
concentrated demands) on a national level. Additionally,
national-level cost targets, such as the “Hydrogen Shot,” seek to
reduce the cost of clean hydrogen by 80% to $1 per kilogram in
a decade. In California, policies such as the Zero-Emission
Vehicle mandate, Low Carbon Fuel Standard (LCFS),
Advanced Clean Trucks regulation, and Clean Vehicle Rebate
ity of California, Davis, CA 95616, USA.

tion (ESI) available. See DOI:

f Chemistry 2023
Program have encouraged the uptake of hydrogen, especially in
the transportation sector.7–10 Other notable initiatives like
HyDeal LA, in which the Los Angeles Department of Water and
Power is partnering with the Green Hydrogen Coalition to
develop a renewables based hydrogen supply chain, have cata-
pulted California's prospects of becoming a major future
hydrogen center.11

Early hydrogen infrastructure development will inherently
be regional, requiring strategic investments.12 A system-level
analysis capable of capturing the underlying interactions
between the different stages of the HSC such as production,
storage, and distribution could guide some of those investment
decisions. With so many choices available at each stage of the
HSC, the selection process is a complex optimization problem.
The complexity is further accentuated by temporal and spatial
variations of these choices.

California's energy system is highly integrated with neigh-
boring states; its electricity grid, freight corridors, and oil/gas
pipeline networks operate as systems spanning multi-state
territories. In 2019, one-quarter of California's electricity
demand and almost half of its natural gas demands were
satised through regional imports.13 Hydrogen market is still in
a nascent stage, and the exact proportion of future regional
imports and exports is uncertain. The rollout of critical
hydrogen supply chain (HSC) infrastructure in the Western
states will determine the future hydrogen landscape in this
region. This study aims to provide a perspective of when, where,
Sustainable Energy Fuels, 2023, 7, 1223–1244 | 1223
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and how the HSC might evolve in the Western states, to meet
the growing hydrogen demand in California.

Several studies have attempted to model a HSC that is driven
by demand from the on-road transportation sector, predomi-
nantly by light-duty vehicles.14–17 However, hydrogen's role
seems more pronounced in long-haul freight transportation,
which can substantially drive up hydrogen demand in the
future.18,19 Decarbonizing on-road transportation is critical for
California, since this sector is the largest contributor to carbon
emissions in the state.20 Here we project spatially and tempo-
rally resolved hydrogen demand from on road transportation in
California and use that information to understand how the HSC
could be buildout in a cost optimal fashion. Further, we will
include hydrogen demands from other sectors (industry,
buildings, aviation, marine, renery) and explore the impacts of
perfect versus myopic demand foresights on the evolution of
HSC.

Furthermore, previous studies typically analyze HSC optimi-
zation in isolation, without proper integration with other supply
chains like the electricity grid.21,22 Integrating these supply chains
(oen referred to as sector coupling) could lead to substantial cost
savings through increased asset utilization.23Hydrogen could play
a vital role in balancing the electricity grid, especially while it is
transforming to accommodate more variable renewable energy
sources like solar and wind.24 While some previous studies
capture the effects of sector coupling, this is oen done within
a single modeling framework.14,23 In such analyses, many
components of the HSC (like infrastructure scaling and utiliza-
tion) are not captured accurately, due to simplistic assumptions,
to avoid prohibitive levels of model complexity and computation
time. Here we propose a novel so-linking methodology for
integrating a full-scale electricity grid model with the HSC to
accurately capture relevant parameters like electricity prices,
electrolyzer capacity, and hydrogen storage. We focus on deci-
sions made by the hydrogen infrastructure planner, based on the
electricity grid operation. Generally, previous studies have
modeled the interaction between the HSC and the grid, assuming
that the HSC is a price-taker.21,25 This would imply that the elec-
tricity price is not impacted by hydrogen demand, which can lead
to suboptimalities. Here, we partially circumvent this by ensuring
that the electricity prices are representative of both the electricity
and hydrogen demand in a particular location.

Hydrogen storage is a critical piece to solving the puzzle of
an optimized HSC. Large-scale/bulk hydrogen storage options
can offset the supply-demand imbalances in the network and
help in sector coupling. Previous studies have concluded that
hydrogen is among the most cost-effective options for bulk and
long-duration storage needs of the electricity grid.24,26 Hydrogen
stored in cryogenic spherical vessels or pressurized cylinders
will likely not be cost-competitive as bulk storage
requirements.27–29

One option for bulk storage of hydrogen is underground salt
caverns. Salt cavern storage has some advantages compared to
other geologic hydrogen storage options (depleted oil and gas
reservoirs, aquifers, and lined hard rock caverns). It offers
a virtually leak-proof surrounding withminimal risks of hydrogen
contamination. Hydrogen can be cycled multiple times (in and
1224 | Sustainable Energy Fuels, 2023, 7, 1223–1244
out of the cavern) in a year, thereby reducing the levelized cost of
hydrogen storage.30,31 We include salt caverns as a bulk storage
option with locational constraints (see Fig. S1†).

Another hydrogen storage option we consider in this study is
line packing of pipelines. Line packing refers to the inherent
storage capacity contained within gas pipelines, by means of
varying the overall pressure levels.32,33 Previous studies have
analyzed the possibility of leveraging existing natural gas
pipelines for storing hydrogen by suitably blending hydrogen
into the natural gas stream. This has been proposed as an
intermediate step before we transition to building large-scale
dedicated hydrogen pipelines. While blending hydrogen into
a natural gas stream does come with many technical and
economic challenges,34–38 it could be suitable for certain appli-
cations. However, in this study, we consider line packing of
dedicated hydrogen pipelines only. Considering the time frame
of our analysis, which extends to 2050, we expect the hydrogen
demands to be high enough to justify the signicant upfront
capital costs for building dedicated hydrogen pipelines. We
model hydrogen pipelines as a means for hydrogen trans-
mission and storage.

Driven by favorable policies, California could become
a potential early producer for both renewables based and fossil
derived hydrogen. Policies such as SB 1505 (mandates 33%
renewable hydrogen requirement for transportation) encourage
renewable hydrogen production.39 Hydrogen produced from
Renewable Natural Gas (RNG) is as an eligible technology under
SB 1505, but we do not consider that option in this study owing
to the uncertainty of feedstock supply and the ability to scale.40

The recently passed “Carbon Capture and Sequestration (CCS)
Protocol” within the LCFS encourages fossil derived hydrogen
production. However, a HSC overly dependent on fossil derived
sources could be risky, owing to the possibility of methane leaks
(if not adequately monitored) and the potential of CCS projects
to elicit NIMBY (not under my backyard) reactions.41 In view of
the above, we develop a high-delity, multi-zone, multi-period,
least-cost HSC optimization framework: the Scenario Evalua-
tion and Regionalization Analysis model (SERA 2.0). SERA 2.0 is
so linked to a suite of other models, including an electricity
grid expansion model (Fig. 1), to accurately capture the relevant
modeling parameters for this supply chain analysis. We apply
the SERA 2.0 model to the western United States (with demand
mainly in California) to understand the impacts of hydrogen
demand variations, renewable hydrogen policies, and sector
coupling on the rollout of hydrogen infrastructure in the region.
The analysis is spread over 25 years, starting in 2025. We follow
a deterministic modeling approach using scenarios to nd the
least-cost technology mix across the HSC, while adhering to
operational constraints and the spatiotemporal variations in
demand, feedstock prices, and infrastructure costs.

In Section 2, we describe our modeling methods and data
sources. In Section 3, we use SERA 2.0 to examine three
important research questions:

� How would future HSC network in neighboring western
states develop, to accommodate a growing and uncertain
hydrogen demand from on road transportation in California?
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Superstructure of the modeling framework for this study.
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� Will a completely electricity grid driven HSC network be
cost optimal to meet future hydrogen demands of California
(from both on road transport and other sectors)?

� What would a renewable hydrogen portfolio standard for
California entail for the buildout of future HSC networks in
western United states?
2. Methods and data
2.1. HSC infrastructure optimization: scenario evaluation
and regionalization analysis model (SERA 2.0)

The SERA model developed by the National Renewable Energy
Laboratory (NREL) lls a unique and important niche in
temporal and geospatial optimization of hydrogen infrastruc-
ture.42 It is complementary to other U.S. Department of Energy
(DOE) HSC models (such as H2A, HDSAM, HRSAM as described
in 2.5), as there is compatibility in the technologies available
across these models. SERA has a hydrogen demand generation
module and an infrastructure optimization module.17

This study utilizes SERA's infrastructure optimization module
that estimates what infrastructure (for production, delivery, and
distribution) is required to meet regional demands for hydrogen,
Table 1 Scenario and sensitivity case descriptions for HSC optimization

Scenario
name

Planning
window

Hydrogen
demand prole Hydrogen production

IOD_H 5 years High (on-road
transport only)
in California

1. Central production
using SMR with CCS
and grid-connected
PEM electrolyzers

2. A 33% renewable
hydrogen requirement
is enforced (SB 1505)

IOD_L Low (on-road
transport only)
in California

a Sensitivity case to scenario IOD_H.

This journal is © The Royal Society of Chemistry 2023
at the minimum cost. For this study, we upgraded this module to
accommodate many additional capabilities (e.g., so linking with
other models, bulk hydrogen storage, policy constraints) and
from here on is referred to as SERA 2.0.

Given annual hydrogen demands on a nodal basis, forecasts
of feedstock costs, and a catalog of available hydrogen
production technologies and delivery pathways, SERA 2.0
generates “blueprints” for hydrogen infrastructure buildout.
SERA 2.0 minimizes the overall net present value of capital and
operating costs for the system. Considerations of economies of
scale for the different technologies introduce nonlinearities in
the problem formulation. We convert this nonlinear concave
optimization problem into a linear formulation through
approximations by iterations and heuristics, to arrive at near-
optimal solutions without a large penalty on accuracy and
computation time.23,43

The total cost associated with hydrogen infrastructure
includes the capital, xed, and operating costs of the three main
elements of the supply chain: production, storage, and distribu-
tion. The objective function minimizes the total discounted cost,
as shown in eqn (1). The decision variables are capacities for
hydrogen production, storage, and distribution, optimized both
to meet on-road transport demand in California

Hydrogen distribution
Sensitivity case
description

Sensitivity case
name

1. Delivery using
gaseous tube trailers,
pipelines, and liquid
tankers

With on-site/forecourt
hydrogen production
allowed

Onsite_allowa

2. Hydrogen storage
through salt caverns
and line packing is
available

With no bulk storage No_Stora

Longer planning
window/perfect
demand foresight of 25
years

IOP_25a

3. Hydrogen delivered
up to the nozzle for
vehicle refueling

Sustainable Energy Fuels, 2023, 7, 1223–1244 | 1225

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3se00043e


Table 2 Scenario and sensitivity case descriptions for HSC optimization with and without electricity grid integration

Scenario name
Planning
window

Hydrogen
demand prole

Hydrogen
production

Hydrogen
distribution

Sensitivity case
description Sensitivity case name

GRID_integ_
hub_H

5 years Higha 1. Central
production by grid-
connected PEM
electrolyzers only

1. Delivery using
gaseous tube
trailers, pipelines,
and liquid tankers

Longer planning
window/perfect
demand foresight of
25 years

GRID_integ_hub_25b

2. Hydrogen storage
through salt caverns
and line packing is
available

2. Total PEM
capacity is lower
bounded by
requirements of the
electricity grid
(GOOD model
output)

3. Total storage
capacity is lower
bounded by the
requirement of the
electricity grid
4. Hydrogen
delivered up until
“city gate”

GRID_NOinteg
_hub_H

Central production
using SMR with CCS
and grid-connected
PEM electrolyzers

Same as above but
there is no
minimum storage
capacity
requirement from
the grid

GRID_NOinteg_
hub_H_25c

a On-road and other sectoral demands in California plus hydrogen demand for electricity generation in WECC, as described in Sections 2.2, 2.3 and
2.4 above. b Sensitivity case to scenario GRID_integ_hub_H. c Sensitivity case to scenario GRID_NOinteg_hub_H.

Table 3 Scenario and sensitivity case descriptions for understanding the impacts of a renewable hydrogen policy mandate for the HSC

Scenario name
Planning
window

Hydrogen
demand prole

Hydrogen
production

Hydrogen
distribution

Sensitivity case
description Sensitivity case name

POL_0perc_hub 25 years High (road
transport and
other sectors) in
California

1. Central
production using
SMR with CCS and
grid-connected PEM
electrolyzers

1. Delivery using
gaseous tube
trailers, pipelines,
and liquid tankers

Minimum
renewable hydrogen
requirement is 25%

POL_25perc_hub

2. Hydrogen storage
through salt caverns
and line packing is
available

50% POL_50perc_hub
2. No renewable
hydrogen
requirement (0%)

75% POL_75perc_hub

3. Hydrogen
delivered up until
“city gate”

Renewable
requirement
increases from 25%
in 2025, 40% in
2030, 60% in 2040,
and 100% in 2045

POL_step_hub
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spatially and temporally. Additionally, SERA 2.0 also optimizes
the operations of these infrastructures aer they are constructed.
Detailed model formulation can be found in ESI (S2†).

Min

X
y˛Y

�
1

1þ r

�y

ðI þ F þOÞ (1)

where I = capital investment ($), F= yearly xed operating costs
($), O= yearly variable operating costs ($), r= real discount rate,
y = years.
1226 | Sustainable Energy Fuels, 2023, 7, 1223–1244
The objective function is constrained using mass balance
equations (at each node) and operational requirements for
production, distribution, and storage.

Each SERA 2.0 analysis relies on a user-specied level of
geographic detail. For the present analysis, we represent 491
potential supply, demand, and storage locations, modeled as
nodes. We represent about 450 primary demand nodes for on-
road transportation as projected by the Spatial Transportation
Infrastructure, Energy, Vehicles, and Emissions (STIEVE)
model. Demand from other sectors is assumed to be
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Hydrogen demand projections for on-road transportation
(from STIEVE) in California.

Fig. 3 Spatial distribution of on-road transportation demand (high
case) in California.
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concentrated across six centers (aggregated demand nodes) in
California. In some scenarios we aggregate all hydrogen
demands (road transport and others) in these six centers (see
Tables 2 and 3). The remaining nodes (about 41) are either
hydrogen supply or storage locations spread across the Western
Electricity Coordinating Council (WECC) region (see Fig. S1†).
For bulk storage locations (caverns), we use information from
the U.S. Energy Information Administration44 and from Lord
et al.30 Further, there are 1401 potential corridors or “links” for
the transmission and delivery of hydrogen between these nodes.
The length, route, and potential for links between nodes are
computed using the Delaunay algorithm.45

Wemodel hydrogen ow starting from upstream production
locations to distribution centers, bulk storage, and downstream
demand locations along the links. The production and tech-
nology options considered along each pathway are based on our
understanding of the status of technology and its regional
feasibility.40 For production, we consider central production
using steammethane reforming (SMR) with carbon capture and
sequestration (CCS) and grid-connected proton-exchange
membrane (PEM) electrolyzers. In one of the sensitivity cases,
we also consider forecourt/on-site production (co-located
alongside refueling stations) using PEM electrolyzers. Trans-
mission of hydrogen along the network links takes place via
three competing delivery pathways: gaseous trucks, liquid
trucks, and gaseous pipelines (see Table S1† for details). Addi-
tionally, for gaseous pipelines we include the possibility for line
pack storage. We introduce additional constraints in SERA 2.0
(refer eqn (17) in ESI S2†) to limit themaximum storage capacity
for a given length of pipeline. We assume an average forty
percent drop of gas pressure within the pipeline, which is
aligned with the assumptions in HDSAM. It is important to note
that we do not model daily/hourly dispatch of storage from line
packing, but rather focus on annual average storage capacity
that could be built on a system level.

In SERA 2.0, the total optimization horizon (in this case 25
years) can be divided into discrete planning windows, as spec-
ied by the user. Typically, a 5 year window is chosen for the
optimization since this roughly corresponds with the planning
windows of commercial entities. We also explore longer plan-
ning windows (25 years) in this study to understand impacts of
perfect demand foresight on the evolution of supply chains.
2.2. Hydrogen demand projection for on-road
transportation in California: STIEVE model

STIEVE is an optimization model, developed by researchers at
the University of California, Davis, to deploy hydrogen refueling
stations based on the characteristics of travel and attributes of
the stations.46 The model is based on a subset of empirical
origin-destination data and route network data from the Cal-
ifornia Statewide Travel Demand Model47—version 2.0, which
forecasts both personal and commercial travel (including long
haul, class 8 trucks) in California based on traffic analysis
zones. STIEVE calculates hydrogen demand based on the
shortest route traveled between the traffic analysis zones, fuel
economy of the vehicle, and an assumed market penetration of
This journal is © The Royal Society of Chemistry 2023
fuel cell vehicles.40 This hydrogen demand at the traffic analysis
zone level from STIEVE is an exogenous input to SERA 2.0 (see
Fig. 1). There is a low- and high-demand scenario projection
(driven by varying levels of fuel cell vehicle stock) that we use in
SERA 2.0 (see Fig. 2 and 3). For the high scenario the fuel cell
vehicle stock is assumed to grow to 13 million by 2050, versus 3
million in the low scenario.40

2.3. Hydrogen demand projection for other sectors in
California

Current demand for hydrogen in California is about two million
tonnes per year, primarily for use in oil reneries. Future
demands for hydrogen will likely be diversied across many
different sectors (e.g., buildings, shipping, aviation, biofuels,
industry).19 The nature of the demand from these sectors, their
potential growth, and the timing of that growth will affect the
pace at which the infrastructure is built and is therefore an
important piece to the development of an optimized HSC. A
number of recent hydrogen studies have projected the future
hydrogen demand from other sectors in California.19,48,49 We use
data largely from a California Energy Commission report19 and
explore a high- and low-demand scenario (Fig. 4). We allocate
these demands spatially across six different locations in Cal-
ifornia (Fig. 5). The breakdown of hydrogen demand by sector in
each of these six locations can be found in the ESI (Table S2†).
Sustainable Energy Fuels, 2023, 7, 1223–1244 | 1227
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Fig. 4 Hydrogen demand projections for other sectors in California. Fig. 6 Industrial electricity rate projections for WECC in 2025.
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These demands can be considered as incremental, over and
above what already exists in California today.
Fig. 7 Industrial electricity rate projections for WECC in 2050.
2.4. Electricity grid operation and planning: grid optimized
operation dispatch (GOOD) model

The GOOD model is a national-level economic electricity
expansion model developed by the University of California,
Davis, that optimizes the operation of power generation units to
meet the electricity demand at the minimum cost to the systems
operator.50,51 Electricity demand for a region at a particular time
is an exogenous input, and the model dispatches generating
units based on the lowest marginal costs, considering regional
bulk transmission constraints. The generation capacity expan-
sion decisions are largely driven by the Renewables Portfolio
Standard (RPS),52 which requires the grid to achieve carbon
neutrality by 2045.

For this study, the GOOD model is updated with a hydrogen
module (refer Fig. S2†). The module includes PEM electrolyzers,
hydrogen-driven gas turbines, and hydrogen storage as decision
variables in the optimization. The model is run for the WECC
region.

Regional electricity price is a critical input in SERA 2.0.
Marginal electricity costs from GOOD are transformed into
annual average electricity prices by including the additional
Fig. 5 Spatial distribution of demand from other sectors (high case) in C

1228 | Sustainable Energy Fuels, 2023, 7, 1223–1244
costs of generation (capital recovery) and regional transmission
and distribution costs. Adders ($/kWh) adopted from NREL's
Regional Energy Deployment System (ReEDS) model53 are used
to transform the electricity costs from the GOOD model into
regional commercial and industrial tariffs (see Fig. 6 and 7).

In addition to generation costs, we use PEM electrolyzer
capacity, hydrogen demand for electricity generation, and bulk
hydrogen storage capacity from GOOD (see Fig. 1) to constrain
SERA 2.0 in the grid-integrated scenario (see Table 2).
alifornia.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Industrial natural gas rate projections for WECC in 2025.

Fig. 9 Industrial natural gas rate projections for WECC in 2050.
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2.5. Hydrogen infrastructure and other feedstock cost
assumptions

SERA 2.0 optimizes from a range of user-dened technology
options for every stage of the HSC. The user can dene relevant
technology costs and a suite of other operational parameters
like nameplate capacity, scaling, and capacity factors. To
generate the technology costs and operational parameters for
different hydrogen production and delivery technologies, we
employ stand-alone models developed by the DOE national
laboratories. We employ the Hydrogen Analysis (H2A) model,
Hydrogen Delivery Scenario Analysis Model (HDSAM),
Hydrogen Refueling Station Analysis Model (HRSAM) and
Heavy-Duty Refueling Station Analysis Model (HDRSAM) to
calculate hydrogen production, delivery, and refueling costs
and operational parameters.54–56 Levelized costs for hydrogen
production, distribution, and refueling can vary substantially
for different technologies based on feedstock prices, technology
learning rates, and scaling factors (see Fig. S3–S5†).

SERA 2.0 considers the spatial and temporal variations in
feedstock (electricity, natural gas, diesel, and water) prices while
deciding on the cost-optimal solution. The electricity prices for
WECC are derived from the GOOD and ReEDS models as
explained in the previous section. For other feedstocks, we use
the price projections from the U.S. Energy Information
Administration's Annual Energy Outlook (AEO 2021).57 We
notice considerable variations in these prices across regions
and time (see Fig. 6–9). California's electricity prices (annual
This journal is © The Royal Society of Chemistry 2023
average) are expected to remain well above the average of other
WECC regions. California electricity rates are projected
assuming a rapid uptake of renewables, driven by the state RPS
requirements. Overall, in theWECC, between 2025 and 2050, we
expect natural gas and diesel prices to increase and electricity
rates to decrease (largely driven by falling generation costs).
2.6. Scenarios and sensitivity cases

We have followed a scenario-based deterministic approach to
understand specic aspects of the HSC development. The
scenarios are classied into three main groups, based on the
three research questions we are interested in answering here.
All scenarios and sensitivity cases analyze capacity expansion of
hydrogen infrastructure that would be required for a period of
25 years, starting in 2025.

Table 1 describes scenarios that explore the impacts of
demand uncertainties while planning for infrastructure to meet
on-road transportation demand in California. Two main
scenarios and three sensitivity cases are considered here. The
two scenarios correspond to low and high travel demand esti-
mated using the STIEVEmodel as shown in Fig. 1 and described
in Section 2.2. Sensitivity cases are run to understand the
impacts of perfect demand foresight, allowing forecourt
production, and excluding large-scale/bulk hydrogen storage.
The delivery system here is modeled up to the last mile (i.e., up
to the nozzle for vehicle refueling).

Table 2 describes a set of scenarios and sensitivity cases
designed to understand the impact of sector coupling between
the electricity grid and the HSC. We have two main scenarios
and two sensitivity cases. The grid-integrated scenario (GRID_-
integ_hub_H) simulates a fully coupled grid and HSC. To
capture the effects of sector coupling, we so link SERA 2.0 with
GOOD and use “PEM capacity” and “hydrogen storage capacity”
as insertion points for the linkage. We constrain SERA 2.0 to
build enough PEM and storage capacity as required by the grid.
GOOD projects these capacities in lieu of electricity grid
requirements (to satisfy electricity demand in WECC, balance
the grid) and at the same time to meet hydrogen demand. We
compare the grid-integrated scenario to a scenario where SERA
2.0 makes decisions independent of grid operation. Sensitivity
cases are run to understand the impacts of perfect demand
foresight. Hydrogen demands (road transport and others) in
California for these scenarios are distributed over six major
centers (as described in Sections 2.2 and 2.3). Additionally,
hydrogen demand for electricity generation (projected by
GOOD) is spread all over the WECC. The delivery system here is
modeled until the “city gate.”

Table 3 describes scenarios that explore the economic and
technological impacts in the buildout of HSC in California, under
different renewable hydrogen policy regimes. We have a “no
policy” scenario and four different sensitivity cases. Both the policy
scenario and sensitivity cases are run on a longer planning window
(25 years) because policies do affect longer-term planning deci-
sions. The sensitivity cases correspond to different “command and
control” approaches that enforce certain levels of renewable-based
hydrogen in the supply chain. This draws from similar existing
Sustainable Energy Fuels, 2023, 7, 1223–1244 | 1229
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policies, like the RPS for the electricity grid and SB 1505 for
transportation. We evaluate two types of policy regimes as sensi-
tivity cases. The rst regime follows the SB 1505 format, wherein
we set a certain percentage (25%, 50%, 75%) of renewable
hydrogen requirement starting in 2025, which remains constant
through 2050. The second type of policy regime is like the RPS,
where we gradually in a stepwise manner increase the renewables
requirement to reach 100% by 2045. Hydrogen demands (on-road
transport and other sectors) in these scenarios and sensitivity cases
are concentrated along six demand centers in California, as
described in Sections 2.2 and 2.3. The delivery network here is
modeled until the “city gate”.
3. Results
3.1. How can we best meet on-road transportation demand
for hydrogen in California under uncertainties?

3.1.1. Hydrogen production. Fig. 10 and 11 represent the
share of total hydrogen produced by different technologies.
PEM electrolysis is found to be dominant over SMR with CCS in
these scenarios (see Table 1 for scenario descriptions). We
identify two reasons that drive this trend. One is the existing
Fig. 10 Percentage share of hydrogen production by technology type fo
only).

Fig. 11 Percentage share of hydrogen production by technology type for
only).

1230 | Sustainable Energy Fuels, 2023, 7, 1223–1244
renewable hydrogen mandate (SB 1505) that discourages
building fossil derived SMRs, especially in the earlier years. But
it is important to note that we do not track grid level emissions
at a regional scale but assume that the grid will be increasingly
renewables based (at least 33%) starting 2025. As per CEC's
estimates for 2020, renewables accounted for more than 33% of
California's total electricity mix (including imports). Therefore,
for this analysis which starts from 2025, we assume grid con-
nected PEM electrolysis to qualify as an eligible technology
under SB 1505. Another reason for the dominance of PEM based
hydrogen production is the fact that SMRs with CCS tend to
have better economies of scale over PEMs only aer a certain
plant size (approximately 50 tons per day and above). The highly
distributed nature of on-road transport demand in California
(see Fig. 3 for details of spatial distribution of on-road demand)
that increases only incrementally does not incentivize building
very large SMR plants with CCS. However, this trend (where
PEMs dominate) could change with longer planning windows
(e.g., 25 years instead of the 5 year planning window used in
most cases in Table 2), which guarantees perfect foresight of
demand and encourage building higher capacity SMR plants. In
such a scenario, hydrogen produced via SMR with CCS could
r scenario IOD_H (5 year planning window, on-road transport demand

scenario IOP_25 (25 year planning window, on-road transport demand

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Hydrogen production capacity expansion over 25 years for scenario IOD_H (5 year planning window, on-road transport demand only).

Fig. 13 Hydrogen production capacity expansion over 25 years for scenario IOP_25 (25 year planning window, on-road transport demand only).
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constitute nearly 42% of the entire hydrogen supply in 2050
(Fig. 11).

The technology choice for hydrogen production is primarily
driven by feedstock prices in the region. In all scenarios
analyzed here, we see that almost every SMR plant is built in
California (see Fig. 12 and 13). The primary reason is that the
industrial natural gas rates in California are comparable to what
we see in other WECC states. In contrast, the industrial elec-
tricity rates in California are nearly twice (in some cases) as
compared to other WECC regions. This forces much of the grid-
connected PEM electrolyzer capacity to be built outside
California.

Additionally, we observe that the location and size of
production plants are inuenced by their proximity to demand
and the planning window (5 or 25 years) that is available to
potential investors. In these scenarios, we only consider
demand in California, which encourages building larger SMR
plants (compared to PEM) in California, closer to demand. This
begs an interesting question: how much hydrogen would be
produced in-state versus regional imports?

In scenarios considered here, we nd that California could
end up importing a substantial portion (between 30% and 70%)
of its hydrogen from neighboring states. With a shorter
This journal is © The Royal Society of Chemistry 2023
planning window, the imbalance between in-state production
and regional imports is starker in the initial years, and though
imports keep increasing, their shares gradually dwindle down
over the years (Fig. 14).

Interestingly, the levels of imports remain much higher
when we have a longer planning window (Fig. 15). Much of the
expenditure here is directed toward building a delivery network
(e.g., truck terminals, pipelines) that would bring in the cheap
hydrogen produced via electrolysis in regions where the elec-
tricity prices are at least half of what California sees. Also, much
larger PEM electrolyzer plants are built out of state with a longer
planning window (compared to 5 year planning window), which
further incentivizes regional imports.

We nd that with on-site/forecourt production allowed
(sensitivity case Onsite_allow) alongside refueling stations,
about 18% of the total production in 25 years would come from
these plants.

With lower demand (scenario name IOD_L), we see a greater
shi toward electrolysis-based production and consequently
higher levels of imports.

It is worth noting that our analysis did not consider the
possibility of utilizing any existing production plants in Cal-
ifornia. Most of the existing capacity is captive (within
Sustainable Energy Fuels, 2023, 7, 1223–1244 | 1231
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Fig. 14 Distribution of in-state and out-of-state production/regional imports for scenario IOD_H (5 year planning window, on-road transport
demand only).
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reneries), and their availability to satisfy external demand for
hydrogen is uncertain. Nevertheless, we ran a sensitivity case
considering the possibility of using 15% of the existing name-
plate capacities, which did not have a substantial impact on the
rollout of future HSC infrastructure.

3.1.2. Hydrogen distribution. The most cost-effective
hydrogen delivery option depends primarily on the amounts
of hydrogen delivered, distance of delivery, and network effects.
SERA 2.0 chooses the optimum delivery pathway aer
Fig. 15 Distribution of in-state and out-of-state production/regional imp
demand only).

1232 | Sustainable Energy Fuels, 2023, 7, 1223–1244
considering all these factors simultaneously. For the scenarios
considered in this section, we model delivery up to the nozzle of
the vehicle for refueling at 700 bars.

Fig. 16 and 17 depict the percentage share of hydrogen
owing through the three delivery pathways considered in this
study: gaseous tube trailers, liquid hydrogen trucks, and
gaseous hydrogen pipelines. California currently has close to 52
hydrogen refueling stations, vast majority of which receives
gaseous hydrogen from tube trailers and one station (in
orts for scenario IOP_25 (25 year planning window, on-road transport

This journal is © The Royal Society of Chemistry 2023
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Fig. 16 Percentage share of hydrogen distributed through different delivery options in scenario IOD_H (5 year planning window, on-road
transport demand only).

Fig. 17 Percentage share of hydrogen distributed through different delivery options in scenario IOP_25 (25 year planning window, on-road
transport demand only).
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Torrance) has access to pipe fed hydrogen. But many new
stations (currently under commissioning or in permitting stage)
plan to source hydrogen in the liquid form, using trucks.20,58

One key takeaway is that with a myopic planning window (5
years), wherein the delivery infrastructure would be built
incrementally, hydrogen delivery using trucks is the most cost-
effective option. Within trucking, the choice between liquid
versus gaseous is largely a function of ow capacity. Larger ow
rates incentivize liquid-based delivery because of its advantage
to scale, both for delivery (larger capacities per truck) and at the
refueling station. Hence, with a longer planning window, the
liquid hydrogen delivery pathway is preferred to meet on-road
transportation demand.

Building new hydrogen pipelines is very capital-intensive
and becomes cost-effective only at higher utilization rates.
One way to incentivize pipeline building is through farsighted
policies that would guarantee some levels of future demand, to
encourage investment decisions in new pipelines. We capture
this in our modeling by running a scenario with a very long
This journal is © The Royal Society of Chemistry 2023
planning window of 25 years. Comparing Fig. 16 and 17, we can
note that a long-term planning strategy would encourage
building new pipelines. However, with the highly distributed
nature of demand (for on-road transportation), even with a 25
year planning window, pipeline delivery would only account for
about 40% in 2050. Also, the cost economics of the refueling
stations are not very supportive of having pipeline-based
delivery. Even with hydrogen delivered at 70 bars by pipelines,
the cost of compressing this to 700 bar is substantial, and
subsequently the refueling station costs become prohibitive,
especially when compared to a similar capacity refueling station
that has hydrogen delivered by liquid trucks (see Fig. S5†).

In a low-demand scenario (IOD_L), we nd that delivery
using gaseous tube trailers becomes even more prevalent
because of its cost-effectiveness to serve incremental demands
that are highly distributed.

3.1.3. System costs. Fig. 18 and 19 provide a breakdown of
expenditures/costs incurred for capacity expansion and opera-
tion of the HSC over the 25 year period. We present the results
Sustainable Energy Fuels, 2023, 7, 1223–1244 | 1233
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Fig. 18 Breakdown of expenditure (production, distribution, and refueling) incurred in 5 year block periods for scenario IOD_H (5 year planning
window, on-road transport demand only).

Fig. 19 Breakdown of expenditure (capex, operating expenses [opex], and variable) incurred in 5 year block periods for scenario IOD_H (5 year
planning window, on-road transport demand only).
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for one representative scenario, as the trends are similar across
all scenarios and sensitivity cases.

Clearly, hydrogen production expenses dominate the overall
costs (Fig. 18). Also, we can observe that variable operating costs
are signicant (Fig. 19), which are primarily due to feedstock
consumption. Together, this means that the choice of hydrogen
production is the primary driver for supply chain development,
and that decision is largely dependent on feedstock prices. A
deeper dive into how the source for hydrogen production would
inuence the decisions for supply chain development is pre-
sented in Section 3.2.
1234 | Sustainable Energy Fuels, 2023, 7, 1223–1244
It is also evident that capital expenditures (capex) are a major
chunk of the total costs in the earlier periods. In the latter years,
there is substantial capacity being carried forward, and there-
fore very sizeable capex investments are not needed moving
forward.

Fig. 20 compares the total system costs across all the “on-
road transportation” scenarios and sensitivity cases. We nd
that the scenario (IOP_25) with a longer planning window (25
years) turns out to be the least expensive to build. Long-term
planning enables better economies of scale and asset
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3se00043e


Fig. 20 Comparison of system costs/expenditures incurred over 25 years.
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utilization, driving down overall system expenditures. This
would reect on the retail price of hydrogen as well.

The scenario that allows on-site hydrogen production
(Onsite_allow) incurs more expenditures. Once these small on-
site plants are built (mostly during the initial years), they
continue to operate to 2050, and are not as efficient as larger
central electrolyzers. We calculate that the total system cost over
the 25 years for this scenario is approximately 6% higher
compared to the base case (IOD_H) where we only have central
production.

Additionally, we nd that the total system expenditures for
a supply chain without any bulk storage (scenario No_stor) are
comparable to the base case. Therefore, with a highly distrib-
uted demand prole (as for “on-road transportation”), which
only increases incrementally, we could have a system that either
overbuilds capacity in production and delivery or have bulk
storages to handle demand uncertainties.
Fig. 21 Percentage share of hydrogen production by technology type
connected PEM, 5 year planning).

This journal is © The Royal Society of Chemistry 2023
3.2. Will a complete reliance on the electricity grid be a cost-
optimal solution for the hydrogen supply chain, and will
perfect foresight change the decision?

In the previous section we briey discussed the role of feedstock
prices (particularly electricity and natural gas) in selecting the
optimal hydrogen production technology. This section focuses
on understanding the interdependencies between the electricity
grid and the HSC, while deciding on the buildout of hydrogen
infrastructures (see Table 2 for scenario descriptions).

3.2.1. Hydrogen production. Fig. 21 depicts the production
prole if the system were allowed to select the cost-optimal
production technology based on capital and operational costs
(GRID_NOinteg_hub_H). Fossil derived hydrogen production is
very dominant early on when electricity prices are very high,
particularly in California. Also, these trends would be more
skewed toward fossil derived hydrogen if we had a better fore-
sight (i.e., if the planning window was 25 years). For the grid-
for scenario GRID_NOinteg_hub_H (no restriction to build only grid-

Sustainable Energy Fuels, 2023, 7, 1223–1244 | 1235
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Fig. 22 Distribution of in-state and out-of-state production for
scenario GRID_integ_hub_25 (restricted to building only grid-con-
nected PEM, 25 year planning window).
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integrated scenario (GRID_integ_hub_H), the system is forced
to build a certain capacity of grid-connected PEM electrolysis
plants (based on output from GOOD model), which can be
suboptimal, especially in the earlier periods when natural gas
prices are lower and electricity rates are high.

Another key takeaway is the correlation of “grid dependence”
with regional imports for California. From Fig. 22, it is evident
that a greater reliance on the grid would mean that California
imports a vast majority of its hydrogen from neighboring states.
Here we constrain SERA 2.0 to build enough PEM capacity
(output from GOOD model) at a systems level but allows SERA
2.0 to choose the optimal location based on capital and opera-
tional constraints. Given these, we nd that much of the PEM
capacity is built outside of California due to lower electricity
Fig. 23 Distribution of in-state and out-of-state production for scenari
production 25 year planning window).

1236 | Sustainable Energy Fuels, 2023, 7, 1223–1244
prices. Alternatively, when there are no constraints from the
electricity grid side, we nd that the levels of regional imports
for California drops substantially (see Fig. 23).

3.2.2. Hydrogen distribution. We observe that when
demand is concentrated, pipelines become lower cost solutions
over distribution by trucks (Fig. 24). This holds true for all
scenarios irrespective of uncertainties around demand and the
source of hydrogen supply. This is in stark contrast to the
scenarios considered in Section 3.1, where trucking was the
preferred mode of hydrogen delivery to meet demand that was
widely distributed. Therefore, having concentrated hydrogen
demand is a primary driver for pipeline construction.

Another key takeaway here is that hydrogen distribution in
liquid form is found to be relatively more expensive in these
scenarios, and hence it is not chosen by SERA 2.0. This is
primarily driven by the high costs of liquefaction. It is inter-
esting to compare these results with the “on-road trans-
portation demand only” scenarios (Section 3.1). There we see
substantial amounts of liquid hydrogen delivery because in
some scenarios, the high liquefaction costs were offset by the
relatively lower refueling station costs (mostly at higher capac-
ities). Therefore, in those cases, the total delivery costs by the
liquid hydrogen pathway would be lower as compared to
gaseous tube trailer or pipelines. However, with aggregated/
concentrated demand the liquid hydrogen pathways become
uneconomical.

3.2.3. System costs. In Fig. 25, we compare the total system
costs/expenditures for the different scenarios considered in this
section. We nd that a hydrogen system that is completely grid-
integrated is approximately 10% more expensive over the next
25 years. This holds true irrespective of the uncertainties in
demand (low or high) or planning window (5 versus 25 years). It
is worth mentioning here that we do not include the system
o GRID_NOinteg_hub_H_25 (no technology restriction for hydrogen

This journal is © The Royal Society of Chemistry 2023
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Fig. 24 Percentage share of hydrogen distributed through different delivery options in scenario GRID_integ_hub_H (restricted to building only
grid-connected PEM, 5 year planning window).

Fig. 25 Comparison of system costs/expenditures incurred over 25 years.
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costs from the electricity grid in our calculations. It could well
be the case that the total system costs at the grid level could
reduce by more than 10% with the inclusion of PEM electro-
lyzers and bulk hydrogen storage. Our focus is more on the HSC
development and hence does not include system costs from the
grid side.

We understand that there is a fundamental difference in the
decision-making process that an electricity grid operator makes
versus a hydrogen infrastructure investor. The grid sees great
value in building PEM capacity to satisfy demands (electricity
and hydrogen) and balance the grid, especially under a high-
renewables-based generation regime. The distribution costs of
hydrogen to the end use demand point are not a major
consideration for the grid operator. For a hydrogen infrastruc-
ture investor, the decision to build a PEM electrolyzer versus an
This journal is © The Royal Society of Chemistry 2023
SMR is largely driven by the price of feedstock (industrial elec-
tricity and natural gas rates) and distribution costs of hydrogen.
We note that in California, though the cost of electricity
generation could fall with larger intake of renewables (solar and
wind), there is no indication that the electric transmission and
delivery costs would reduce in the long term. In this analysis, we
assume the transmission and delivery costs would remain
constant throughout the 25 years (Fig. S7†). If industrial elec-
tricity rates don't fall substantially over the years (as we assume
here), it would be cheaper for California to have more fossil
derived hydrogen in its system, especially during the earlier
years. Alternatively, California could also incentivize grid-
connected PEM electrolyzers through a favorable electricity
rate structure.
Sustainable Energy Fuels, 2023, 7, 1223–1244 | 1237
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Fig. 26 Percentage share of hydrogen production by technology type for scenario POL_0perc_hub (no policy mandate).

Fig. 27 Percentage share of hydrogen production by technology type for scenario POL_25perc_hub (a flat 25% renewable hydrogen mandate).
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3.3. What would a RPS-like renewable hydrogen standard
entail for the buildout of future HSC networks in California?

There are existing policies like the LCFS that could indirectly
impact the buildout of early HSC networks in California but
Fig. 28 Percentage share of hydrogen production by technology type fo
reaching 100% by 2045).

1238 | Sustainable Energy Fuels, 2023, 7, 1223–1244
understanding its impact on investment decisions is hard to
quantify using this modeling framework. Since this is
predominantly a supply chain analysis, we focus on policies that
directly impact hydrogen supply. We explore how a renewables
r scenario POL_step_hub (a stepwise increase in policy requirements,

This journal is © The Royal Society of Chemistry 2023
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Fig. 29 Capital investments for hydrogen production capacity expansion (technology wise aggregate), scenario POL_50perc_hub (a flat 50%
renewable hydrogen mandate).

Fig. 30 Capital investments for hydrogen production capacity expansion (technology wise aggregate), scenario POL_75perc_hub (a flat 75%
renewable hydrogen mandate).
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mandate (like SB 1505 or RPS) would assist in a quicker tran-
sition from fossil derived to renewables-based hydrogen tomeet
future hydrogen demands in California from both transport
and non-transport sectors (see Table 3 for scenario
descriptions).

We nd that in the absence of any renewable hydrogen
policy, fossil derived hydrogen dominates, and its share could
increase over time (Fig. 26). We nd very large SMR plants being
built (all in California) whose utilization is low in the initial
periods but then gradually increases. From an economic
standpoint, building these large SMR plants with CCS (that have
better economies of scale) to cater to highly concentrated
demand centers look very attractive. Another way of interpreting
Fig. 31 Capital investments for hydrogen production capacity expansi
increase in policy requirements, reaching 100% by 2045).

This journal is © The Royal Society of Chemistry 2023
this would be to consider the existing hydrogen supply (SMR
with no CCS) in the state to be converted into cleaner hydrogen,
through some retrot with CCS. Either way, having such large
supplies from mostly a fossil-based source could be an envi-
ronmental concern, especially with the chances of “fugitive
methane emissions” being high. One way of addressing this
could be through a renewable hydrogen mandate.

We nd that even with a 25% renewable hydrogen require-
ment, the share of renewable hydrogen in 2025 is much higher
as compared to a no-policy scenario. However, with a at
mandate (like 25%, 50%, or 75%), the share of fossil derived
hydrogen would continue to increase into the future (Fig. 27).
When we compare this against a stepwise increase in
on (technology wise aggregate), scenario POL_step_hub (a stepwise
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Fig. 32 Comparison of system costs/expenditures incurred over 25 years.
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renewables requirement (Fig. 28), we see a gradual reduction in
fossil derived hydrogen production over the years. We note that
with a policy framework that aims to achieve 100% renewables
based hydrogen production by 2045 (scenario POL_step_hub),
investments in fossil derived hydrogen wean off as early as 2035,
unlike in other scenarios where the investments continue well
beyond 2040 (Fig. 29–31).

We also see lower-capacity SMR plants being built under any
renewable hydrogen policy regime as compared to a scenario
with no policy. The nameplate capacities for SMR plants would
decrease commensurately with increasing stringency of the
renewable's requirement.

There is also a direct correlation between the levels of policy
stringency and regional hydrogen imports for California. As
expected, a more stringent mandate increases imports, and this
could reach as high as 70% by 2050 (Fig. S8 and S9†).

3.3.1. System costs. The expenditure for system buildout is
found to increase commensurately with increasing stringency of
policy, as seen from Fig. 32. However, we nd that the cumulative
expenditure incurred over 25 years under a stepwise policy regime
is lower by at least 20% in comparison to a high and a at
renewable policy mandate (50% and above). This is driven by the
fact that with gradual increments in renewable requirements, the
system can build more renewable-based production capacity and
at the same time have the exibility to choose the cheapest option
in the earlier years. This is true especially because fossil derived
hydrogen production is initially cheaper than renewables-based
hydrogen but gets relatively more expensive in the latter years. A
high and at renewablemandate (e.g., 75%) could force the system
to choose a more expensive solution in the early years, as there is
very little exibility for selecting other production options.

We note that the stepwise policy regime may be more
expensive (compared to no policy or a very low renewable policy
regime like 25%), but it is more effective in disincentivizing
fossil derived hydrogen production in the long term.
1240 | Sustainable Energy Fuels, 2023, 7, 1223–1244
3.4. Preliminary insights into hydrogen storage needs of
California

A portion of this work sought to build out a simplistic repre-
sentation of future hydrogen storage capacity requirements in
SERA 2.0. We note, to capture hydrogen storage requirements
on a more granular time scale (hourly/diurnal/seasonal), SERA
2.0 would require inputs (demand, feed stock prices) in the
same time scale. We continue to develop these capabilities for
projecting more granular input parameters in our future anal-
ysis. However, for the purpose of this study, we model only
inter-year bulk hydrogen storage capacity requirements (with
a yearly time resolution), employing either salt caverns or line
packing of pipelines as possible options. We then try to draw
a perspective as to how and where hydrogen could be stored
economically, given the supply chain dynamics.

In general, we nd that a myopic planning window/limited
demand foresight (5 years) does not incentivize building bulk
hydrogen storage capacities. Here, it is more cost-effective to
overbuild production capacity to meet incremental increase in
demands. We also nd that, the need for bulk storage steadily
increases over time, more so aer 2035, when rates of annual
demand changes accelerate (Fig. 2 and 4) considerably.

We understand that the choice of the storage type (salt
cavern or line packing) is largely a function of both proximity of
demand to supply as well as supply capacity with respect to
uctuations in demand, whether hourly, diurnal, or seasonal.
California, with no “in-state” salt caverns (as of today), could
utilize hydrogen pipelines for some of its storage needs, espe-
cially when most of the hydrogen supply is concentrated within
California. In scenarios where there is more reliance on regional
imports, salt caverns in states closer to California like Nevada,
Arizona, and Utah, may benet from higher utilization.
However, we do note that these inferences could change
considerably if we were to broaden and deepen the analysis to
This journal is © The Royal Society of Chemistry 2023
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include hydrogen demands for other WECC states with a higher
time resolution into the analysis.

4. Conclusions

Given California's aggressive carbon-neutrality targets,
hydrogen could be one suitable vector for achieving economy-
wide decarbonization. California has the potential for
becoming a major hydrogen hub in the future, but the
unavailability of infrastructure remains a major bottleneck
toward larger adoption of hydrogen across sectors. Now, with
availability of federal funds together with state support, there is
an opportunity to build out supply infrastructure across the
Western US, to support a growing demand for hydrogen in
California.

To this end, we develop a generalized decision-supporting
framework (SERA 2.0) for cost-optimal hydrogen infrastruc-
ture investment and operations, with so linkages to an elec-
tricity grid model (GOOD). We use this framework to
understand the rollout of hydrogen infrastructure in the
western United States over a period of 25 years, starting in 2025.
This modeling effort provides numerous insights as to how,
when, and where capacity expansion for hydrogen production,
distribution, and storage would evolve under demand uncer-
tainties, sector coupling, and renewable hydrogen policies.

The results show that the nature of California's on-road
transportation demand (which is very distributed and
increasing only incrementally) is a major driver for the choice of
upstream supply chain infrastructure. Hydrogen produced via
electrolysis and distributed by trucks (both gaseous and liquid)
is the preferred choice to meet on-road transportation demand
inmost scenarios. However, when demand from other sectors is
aggregated (into hubs), building new hydrogen pipelines
become cost optimal. Building pipelines is further encouraged,
with better demand foresight and a longer planning window
(like 25 years). Additionally, we nd that having a large pipeline
network does allow cost reductions at a system level, because
pipelines can also serve as a bulk hydrogen storage option, via
line packing. Pipelines could be a valuable proposition for
California, which does not have access to some of the cheap
underground bulk hydrogen storage options (like salt caverns)
within state.

Annual average industrial electricity rates in California are
projected to be nearly twice as expensive compared to other
WECC regions. If this holds true, we nd that California could
end up importing anywhere between 30 and 75% of its
hydrogen needs from other WECC states. Suitable policy
interventions like formulating a rate structure that considers
the grid balancing benets of PEM electrolyzers, could incen-
tivize building these in California and thereby help reduce the
overall distribution costs from importing hydrogen. We also
nd that, if California were to fully rely on the electricity grid to
produce all its hydrogen, that could lead to building out
a system that is at least 10–12% more expensive as compared to
having a more diversied hydrogen supply portfolio.

Assuming there are no geographical constraints for carbon
sequestration, we nd that a vast majority of fossil derived
This journal is © The Royal Society of Chemistry 2023
hydrogen could be sourced within California in most scenarios.
This is because California's industrial natural gas rates are ex-
pected to be comparable withmost otherWECC states in future.
Although a supply chain dominated by fossil derived hydrogen
(especially in early years) could be a cost-optimal solution, there
could be impending environmental concerns related to leaked
methane emissions. We nd that a carefully designed RPS-like
renewable hydrogen standard could be one way of discouraging
fossil derived hydrogen production. We nd that a stepwise
increase in renewable hydrogen requirement, starting at 25% in
2025 and gradually increasing to 100% by 2045, could be a more
cost-optimal solution rather than a renewable mandate that's
stays constant (like the SB 1505).

We acknowledge that there is a whole array of future work
that can build on this analysis. Although this study largely
focuses on hydrogen demands in California, a greater demand
might be realized from the decarbonization plans of other
Western states. Those hydrogen demands will have different
temporal and spatial proles and thus may affect the hydrogen
supply-demand balance in different ways. Second, investigating
the last-mile delivery of hydrogen from the concentrated
demand centers/hubs (scenarios in Tables 2 and 3) is out of
scope of this study but is denitely an important area of anal-
ysis. Last-mile delivery could vary substantially based on end
use (building, industry, and transportation) and could tilt the
balance in favor of one or the other supply chain choice. Third,
modeling the combined effects of existing policies on the
supply chain rollout could be critical. For example, we do not
consider the impacts of the LCFS on the choice of hydrogen
production technology and the size of the distribution system
(like refueling station capacity). Having a holistic under-
standing of how these different policies impact the investment
decisions could be very insightful. Lastly, we make initial
attempts here to capture line packing of hydrogen pipelines as
a possible storage option. Our analysis is static. We assume
predened operating pressures in evaluating the amount of
hydrogen that can be line packed for a given length. A more
transient analysis capable of capturing a wider range of pres-
sures with higher time resolutions (to capture daily or hourly
operations) could add more realism into the results.
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