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Executive Summary
Hydrogen system development, and its planning, have reached a critical point in California. While many
investments have been made, there is no clear overarching concept or plan for what a full hydrogen
system might look like 5, 10, and 20 years into the future. There is likely to be a system of some kind,
given the value of having one to various end users (transportation/industry/buildings), and the
possibility of low-cost renewable hydrogen to contribute to the state’s goal of carbon neutrality by
2045. This project seeks to assist the planning process by modeling potential future systems, and how
these systems could develop over time. It includes potential demands for hydrogen across sectors,
potential types and locations of hydrogen supply, and how hydrogen could be moved and stored
between supply and demand. It includes an analysis of the electricity sector, supply chain from
production to end use, and the role of hydrogen in different end uses. It is spatial so can provide a
highly granular picture of where supplies and demands may be located, and the specific systems that
would connect them.
Modeling potential hydrogen systems across supply and demand sectors is a complex undertaking and
developing a credible, yet sufficiently detailed analysis, is challenging. There are effectively infinite
possible configurations of hydrogen systems, depending on myriad factors in the actual development of
a system. Small changes in technology or cost assumptions can have a big impact on results, and finding
robust solutions and paths forward is difficult. Therefore this project is not focused per se on identifying
specific optimal configurations, but is intended to give a better picture of what types of configurations
may make the most sense and be the most cost-effective under different conditions, and how these
might be constructed over time. We are attempting to do this with more spatial detail, and at a higher
resolution, than perhaps any other study has achieved to date, at least for California. The study is
intended to provide policymakers with key insights useful for planning and policy making, and
information for potential hydrogen investors and other stakeholders to make good and timely decisions.
The project is ongoing and results included in this working paper are interim and evolving. We look
forward to comments and will continue to refine the analysis, with increasing detail until we produce
our final modeling report later in 2022. This paper provides our initial sketch of future hydrogen system
potential and growth. Some results are likely to change as we continue the study, though some broad
findings appear likely to endure and can be shared at this point. More detailed findings will be shared as
they become available, and this document will be updated in the coming months. When published as an
ITS-Davis Research Report (along with related project reports) toward the end of 2022, this will close out
the current phase of this study, but future phases are possible with deeper investigation into various
questions that are not yet fully addressed. A greater emphasis on near-term hydrogen system
development is expected as one follow-on activity.

Summary of the modeling approach
UC Davis has been researching hydrogen systems for over 20 years, and has published numerous reports
and papers (many by Joan Ogden and her colleagues and students). This research has covered most
major components of a system and many of the dynamics that would be involved in building one to
serve fuel cell vehicles. However, we have not previously undertaken detailed spatial level modeling of
an entire system for California. This project aims to do that with a focus on three connected modeling
efforts:
California Hydrogen Analysis Project Draft Working Paper
ITS-Davis Research Study

5

May 18, 2022

●

●

●

STIEVE Model - a California road network-based transportation demand model for California,
that we’ve used to project potential fuel cell vehicle stocks and the resulting impact on
hydrogen demand from these vehicles, and the need for hydrogen stations - numbers, sizes, and
locations - to 2050.
GOOD Model - a US level economic dispatch model (which for this study we are using just the
Western grid interconnect model capability) that allows us to simulate the operation of the
electricity system with higher renewable penetration and hydrogen production and energy
storage
through 2050. For hydrogen, the model produces the fuel for end use demand (both
transportation and stationary sources) and as an energy storage system within the power
system. Hydrogen PEM electrolyzers are sited by the model and produce needed hydrogen for
the energy system.
SERA Model - this hydrogen supply chain model, developed and maintained by NREL (2019),
helps to connect all hydrogen supply locations and quantities to demand locations and
quantities, and determines how this hydrogen will be moved (truck or pipeline) and how much
may need to be stored along the way. It also allows estimation of hydrogen supply from sources
other than electrolysis, such as SMR from various gaseous feedstocks (such as CNG and RNG)
and locations.

We describe how these models operate and are connected in the project in the Analysis and Modeling
Approach Section of this report. With these three models we have developed a fully spatialized
characterization of the nascent hydrogen system today (actually starting in 2025) and we project this
system into the future, in five-year increments to 2050, depending on a range of assumptions about
how hydrogen demand could grow. We do not currently model any “endogenous” growth of hydrogen
service demand - this projection is scenario-driven, based on the potential growth of fuel cell vehicles
and stationary use of hydrogen as a feedstock or energy growth in industries and buildings.
This paper focuses on some of the first findings of this study - mostly high-level findings based on our
modeling so far, which is on-going. We don’t expect these findings to change, but we will be able to
provide more detailed results in the coming months. Many details of the analysis completed so far, and
of the modeling system used to produce this analysis, are contained in the body of this report. Separate
documentation reports are in development, as well as a series of white papers on specific components
of a hydrogen system that feed assumptions used in our modeling.

Findings so Far
Some of the major takeaways so far from this on-going project are summarized below. These are still in
development and could change, but appear reasonable at this point.
Hydrogen end-use demand:
●

A hydrogen system with strong demand growth in either transportation or industry could
probably support the development of a large-scale supply and distribution system and help to
reduce future costs dramatically. Our scenarios suggest that either sector could support this
individually, though industrial demand from large facilities could do this with less distribution
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●

●

●

●

infrastructure and fewer “demand nodes”. With growth in both transportation and industry, a
large-scale system can likely be reached sooner.
If fuel cell vehicles and hydrogen systems to support them succeed in becoming a significant
share of the light-duty and medium/heavy duty vehicle market, hydrogen refueling station
numbers could eventually reach several thousands. As sizing and siting become more complex, a
long term perspective is important even for near term planning.
Building dedicated hydrogen refueling stations will require parcels of land with several
characteristics, and such parcels appear limited within California. Our initial screening effort
suggests that once large numbers of stations are required (e.g. over 1000), and especially if
average station sizes continue to increase, locating suitable parcels that align with desired siting
locations may become increasingly challenging and is worthy of further investigation before
such a point is reached.
At both refueling stations and other sites (such as industrial) that could use hydrogen, whether
this hydrogen should be produced on site or delivered from remote production is an important
question. The scale of operation and production will matter, as will the need to produce lowcarbon hydrogen. For example, on-site production from SMR is not likely to be amenable to
carbon capture systems. In general, large-scale production from remote sites, selected based on
resource availability and hydrogen production cost, appears likely to be cheaper than on-site
production; but the market must reach a certain size to support development of these sites.
Liquid-hydrogen vehicle and station systems have some advantages over gaseous systems,
especially with vehicles that also store liquids, but may be more expensive in some cases and it
is not clear how many vehicles will be equipped to store liquid H2. Light-duty vehicles are
unlikely ever to be designed to store liquids and trucks may vary with application. The optimal
arrangement also depends on technology cost and density of demand.

Hydrogen Supply:
●

●

●

●

Hydrogen produced and used in California is currently nearly all from natural gas and renewable
natural gas, though electrolytic hydrogen is likely to become competitive by 2030, given a push
to build it at scale, cost reductions for PEM electrolyzers, along with likely increases in natural
gas feedstock costs over time. However, large-scale production at specific sites may still favor
steam methane reforming, whereas electrolysis may have an advantage in terms of incremental
build-out of supply systems, and situations where electricity is available at low cost.
Rules requiring increases in the use of renewable or very-low-carbon hydrogen (or that simply
require reductions in carbon intensity over time) will likely lead to a transition to much greater
electrolysis use, especially outside California (given our estimates of future electricity and
natural gas prices within and outside the state).
Building out a renewable-dominated power system that can meet overall increases in
California’s electricity demand will require substantial growth in capacity, in part to handle daily,
weekly and seasonal variation in renewable resource availability (wind and solar). Producing
hydrogen for end-use markets as well as for energy storage within the electricity system can
help to manage this and cut the required amount of capacity significantly.
Meeting hydrogen end-use demand appears unlikely to require large scale storage systems,
since a several-day storage is all that is likely to be needed, with demand being fairly
predictable. In a pipeline-dominated system, the pipelines may provide all the storage needed,
especially if line-packing is used to increase their capacity.
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●

●

●

Hydrogen could play an important role in daily and seasonal energy storage for the grid system,
depending on its cost and availability. The cost of overbuilding intermittent renewables and the
patterns of intermittency, and the extent to which the entire Western interconnect system
moves toward high levels of these intermittent renewables, will be important factors. Building
intermittent capacity out in a strategic manner across the Western US may provide more
seasonal generation balancing than is generally assumed, though hydrogen or other energy
storage systems still appear likely to play a role.
In scenarios where most states require high shares of renewables in the future, the need for
hydrogen storage within that WECC system may be high enough to require deep storage of
hydrogen, such as in salt caverns. The specific amounts and locations would vary considerably
with assumptions made for a scenario, and this aspect is still being investigated.
The use of stored hydrogen to generate electricity (typically after being stored on a daily,
weekly, or seasonal basis) may benefit from rules allowing it to be treated as a renewable
source even when used in combustion turbines. Eventually fuel cells may be competitive with
turbines, but given the large installed base, hydrogen use in turbines may be important for many
years.

Hydrogen transmission and distribution:
●

●

●

●

●

Hydrogen can be moved as a gas or liquid by truck, or as a gas by pipeline; all of these options
have advantages and disadvantages and are estimated to be the preferred options in certain
situations. Pipelines can be the cheapest option but require large volumes to reach low costs per
kg of hydrogen moved. Even in some large-scale, long distance transport situations, liquid
hydrogen trucks may be cheaper than pipelines, but at large volumes this would mean many
hydrogen trucks on highways and in cities, which could be problematic.
In general, larger diameter pipelines are much more cost-effective than smaller ones, but
require large volume flows to achieve low costs. Reaching large volume flows will take time and
the establishment of a few large users in close proximity, or many small users connected to
“hydrogen hubs” that serve as large scale demand/storage nodes. A short term view of cost
recovery (e.g. 5-10 years) tends to push investments toward smaller scale options, such as
trucks and smaller system components; a longer term view toward a large scale system will
tend to encourage investments in pipelines and larger storage facilities, which may take more
than 10 years to achieve cost recovery. A shorter term view may lead to sub-optimal long-term
outcomes from a societal perspective, but subsidies and incentives may be needed to achieve
this trajectory, which are not without risks.
Building out a pipeline network is highly dependent on known and expected end-use locations
and demand levels, and planning requires a clear view of how these are expected to develop. A
master plan of some kind seems critical to pipeline development. Creating hub designs to
quickly achieve scale are an important aspect of developing a hydrogen system.
Long distance pipelines can be highly cost-effective and may be needed to connect the lowest
cost hydrogen production locations with key end-use locations, but the wide range of issues
associated with siting, permitting, rights of way, NIMBYism and other factors will need to be
addressed to get such pipeline systems in place. Time frames from planning to operation may be
considerable. Factoring in needed lead times and covering costs before pipelines are operations,
and reach large volume operation, appears to be a significant challenge.
So far this project has focused on describing new pipeline build strategies; in coming months we
will consider how existing pipelines could help serve this either via conversion to handle
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hydrogen, or blending of hydrogen for some period of time to help develop markets before
dedicated pipelines are put in. There would be a number of challenges for either blending
hydrogen into retrofitting existing pipelines for dedicated hydrogen movement, but these may
make sense in some situations.
Each of these findings are (or will be) explained in the body of this report, along with a presentation of
the modeling system and the various scenarios being investigated. The analysis completed to date (at
least the major aspects) are being presented in this working paper, which will be updated in the coming
months, leading to a final report targeted for late 2022, along with various documentation reports and
white papers.
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Introduction
UC Davis has undertaken hydrogen research for over two decades. In the past year, we have focused on
developing a full characterization of a hydrogen system in California, and addressing many questions
surrounding how this system could and should be developed, taking into account the transportation
sector but also other demand sectors, supply options, and H2 storage and distribution infrastructure.
This is a major 2-year undertaking. At the one year point, we have produced this first full report on our
analysis and modeling completed to date. This is still a work in progress but enough progress has been
made to report on progress and findings so far.
This project is intended to provide a time-dynamic, spatially-detailed hydrogen system analysis for
California out to 2050 and, in essence, answer the question “does a large-scale, carbon-neutral
hydrogen system provide significant net benefits compared to a future without this system, across
transportation, electric power, industry, and other sectors?” A number of related questions, regarding
the scope and rollout of such a system, cost of components, policies needed to make it happen, and
other aspects are included in the study.
The project’s geographic scope is focused on California but includes a detailed characterization of
potential hydrogen production outside the state, for example covering electricity production from the
Western Electricity Coordinating Council, aka the Western Interconnect (WECC), across the western
states of the country. We are characterizing the hydrogen system supply across this larger region,
identifying optimal points of production, storage, and transportation/transmission of hydrogen to
markets in California. We consider the design, construction and operation of this system out to 2050.
This includes a detailed transition and cost analysis, with comparisons across several scenarios. System,
market and investment requirements, growth aspects and risks, and policy actions needed particularly
over the next 5 years (while thinking to 2030 and beyond) are being identified. Particular attention is
paid to the development of the light-duty and heavy-duty fuel cell vehicle market, but other sectors are
also being characterized. The project's scope and scale allows an analysis of scenarios of the relative use
of hydrogen and electricity infrastructure and each system's share of the total [energy + feedstocks]
market, to achieve deep decarbonization for all sectors of the entire California enterprise by the year
2050.
Over the full course of the study, the goal is to produce a well-characterized, spatially-elaborated, lowcarbon hydrogen system for California, with spatial and supply-chain component level detail. It also
aims to produce a vision and plan for building out this system, including fuel cell vehicles, hydrogen use
in power generation and industry, and hydrogen storage and distribution systems. Along with
characterizing an optimized system of the future, key pathways and steps along the way are being
identified, on a five-year time step. It includes hydrogen’s role in transportation, including all light,
medium, and heavy-duty vehicles, as well as its use in industry and role as an emerging energy storage
option for (intermittent) electric power. A goal is to eventually provide an estimation of the transition
costs and net societal costs vs benefits, and of these the private costs and possible taxpayer costs. It is
too early to attempt this in this paper but work continues in this area.

Background: Hydrogen System Development in California
California has targeted a carbon neutral economy by 2045 and as part of this, has significant initiatives
for both battery electric vehicles (BEVs) and hydrogen fuel-cell electric vehicles (FCEVs). There are now
California Hydrogen Analysis Project Draft Working Paper
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over half a million plug-in hybrid electric vehicles (PHEVs) and pure (BEVs) in the state. The hydrogen
vehicle system is more nascent, but investments and interest are growing, including for trucks.
Additionally, state climate policies are driving the adoption of renewable power and low carbon fuels,
with a plan to reach a carbon-free electric grid1 and economy-wide carbon neutrality by 2045,2 creating
increased interest in hydrogen storage to support the grid. ITS-Davis led a study of how to achieve
carbon neutrality in transportation, with report published in 2021, that shows a significant potential role
for fuel cell vehicles and hydrogen in that transition, with a low and high case that we follow in modified
form in this study3.
California’s future could include large numbers of both electric vehicles (EVs) and fuel cell vehicles
(FCEVs) powered by low-carbon energy. EVs and FCEVs may compete in some applications while having
complementary roles in others. There appears to be significant value in having fuel cell vehicles in both
light-duty and medium/heavy-duty applications, from the point of view that both types of vehicles are
capable of helping to build large hydrogen markets. Many more LDVs are needed to reach a given
demand level (given much lower hydrogen use per vehicle), but the potential market is much bigger.
Depending on the application and usage patterns, electric and hydrogen vehicles might add to electricity
demands, further stressing a renewable-intensive grid, or offer opportunities for energy storage and
better system management, with electrolytic hydrogen production providing potentially important
seasonal storage. Hydrogen use in various industries may also increase significantly over time, and these
sectoral demands must also be accounted for in an overall supply/demand analysis of hydrogen in the
state.
Hydrogen and fuel cell vehicles are at a crossroads in California in 2020. As the state develops its plan
toward carbon neutrality, the role of this energy carrier and the market viability of fuel cell vehicles and
various other end-use applications remain unclear. The afore-mentioned UC Study for CalEPA study did
not have sufficient time or resources to deeply investigate the relative roles of EVs and FCEVs for lightduty or various truck classes or how a hydrogen system can be constructed to support large-scale use of
FCEVs, assist with grid management and energy storage, and other uses. This project does so. It explores
interlinkages between a relatively broad scope of applications and the strong role of scale in improving
economics. It tries to address questions such as the following.

Key Research Questions

1. What will an efficient, large scale hydrogen system look like in California in the year 2050 and
the years leading to this? How might a large, mature, optimized, equilibrium type system
operate in terms of demand levels, supply systems (particularly as a zero-emission system),
types, sizes and extent of storage and distribution systems, the role of electricity and gas sectors
(including grids and pipelines, and H2-dedicated pipelines), etc.? What are the major
uncertainties and possible variants in considering mature systems? As the system grows, how
does infrastructure change and in some cases be replaced or repurposed, e.g. natural gas
pipelines for H2? At what point, in scale and timing, does H2 become strategically and
economically important, and when can net benefits be derived?

1

https://ca100.org/
https://www.ca.gov/archive/gov39/wp-content/uploads/2018/09/9.10.18-Executive-Order.pdf
3
https://escholarship.org/uc/item/3np3p2t0
2
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2. Evaluating fuel cell vehicles’ potential large-scale role for light, medium and heavy-duty
vehicles in California. What role might fuel cell vehicles play across different vehicle types and
market segments, and to what extent may they coexist with large numbers of electric vehicles?
Very low-carbon futures may involve one million FCEVs in operation by 2030 across light,
medium and heavy-duty segments. What are their likely costs and benefits at that scale? What
non-cost advantages may they provide for households and various types of fleets? How would
achieving scale production for different segments help to bring down various costs, such as fuel
cell systems, refueling infrastructure, and hydrogen production and retail prices?
3. Building a hydrogen system to support a large-scale role in transportation and other sectors.
What role can and should gray, blue and green hydrogen play in the state, in the context of
increasing demands from transportation and other sectors, and required reductions in carbon
intensity (with an increasingly renewable grid)? How can a transition to very low carbon
hydrogen be managed cost-effectively? How may the hydrogen volumes, infrastructure, and
storage opportunities created in a high-growth scenario provide scale benefits and cost
reductions?
4. Optimizing scale-up in supply infrastructure for vehicles. Given a projection of numbers of fuel
cell vehicles, travel and energy use (in a spatial pattern) out to 2030 or 2050, what is an optimal
scale up approach for hydrogen supply and refueling infrastructure for light-duty vehicles
(LDVs), buses, and different types of trucks? How will demand from these different categories of
vehicles vary around the state and how might these two supply systems overlap both temporally
and spatially?
5. Structural changes in supply chains over time. What forms may a large-scale hydrogen system
in CA take in the 2030-, 2040- and 2050-time frames? How does it change from one type of
hydrogen supply to another, and how much will it cost to build and operate at different stages
of development? How should the system evolve to both meet the needs of vehicles and provide
solvency for those building and operating the stations (including via policy support)? What
about energy carriers like biomethane, and even more exotic ones like NH3 (ammonia), and
technologies like CCS (carbon capture and storage), what role they might play in a transition?
6. Sector coupling. How does transportation hydrogen demand, in a high FCEV scenario, relate to
current and potential hydrogen production for all sectors and uses, and potential future
increased demand in other sectors? How would the requirement of near-zero net CO2 hydrogen
change this picture and the dynamic between sectors?
7. Integration of intermittent renewables into hydrogen supply. Given a certain level of hydrogen
demand from vehicles, how could this be supplied using grid electrolysis (“power to gas”) and
other near-zero carbon pathways? Under what scenarios with intermittent renewable power
could very low-cost hydrogen be provided at a scale commensurate with this demand? How
would such storage opportunities compare to using EV batteries to store electricity directly?
8. Role of hydrogen storage in the electric sector. Where does large-scale seasonal hydrogen
storage fit into this transition plan? What values does seasonal storage provide to the electricity
grid in the Western U.S. under a high-renewables future? What is the potential for storage in
salt caverns in the West? If the value of seasonal storage is significant, how might seasonal
storage influence other cost-optimal outcomes across the hydrogen supply chain?
9. Hydrogen system spatial considerations. Where will hydrogen likely be produced at a large
scale, from different feedstocks? How and where will it be stored and distributed to end uses?
Do long-distance pipeline systems or liquefaction truck delivery networks become more
economically viable delivery options if large-scale hydrogen storage systems such as salt caverns
are justified to support renewable energy generation? To what degree does hydrogen use in
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other sectors and other parts of the country need to also scale up to justify investments in
seasonal storage systems? What does the addition of pipeline supply mean for existing in-place
and legacy hydrogen production and supply systems?
10. System costs from a societal and stakeholder point of view. What are the costs and benefits of
a smaller and larger hydrogen system? The overall costs (and benefits) of a large-scale hydrogen
system to society are an important analysis to undertake and to compare this to a world without
such a system. This cost/benefit analysis will be central to the project. But costs from various
stakeholder points of view are also critical and will determine if the system is economically
sustainable.
11. Policy analysis. Which policies already exist to help bring about a high FCEV/hydrogen scenario,
what impacts can these be expected to have, and what other policies may be needed? What
may be the impacts of fleet rules and an updated light-duty vehicle zero emission vehicle (ZEV)
mandate? What might be the most effective, cost effective (and politically acceptable) new
policies to support fuel cell vehicle adoption, and support hydrogen innovations and
investments—and accomplish reductions in carbon (and other pollutant) emissions? To what
extent do these need to be focused on hydrogen and fuel cell vehicles specifically, rather than
being technology/fuel neutral?
We will not likely answer all of these questions in the study, but the goal is to answer as many as
possible. Many are addressed in this report.

Completed Research to Date… and Ongoing
As mentioned, this ITS-Davis research team is addressing these research questions by undertaking a
detailed modeling study over the 2 years of the project that started in late 2020. This includes an already
completed initial 6 month effort to develop white papers on key technical components of a hydrogen
system, along with development of a low and high fuel cell vehicle/hydrogen transportation scenario.
We simultaneously developed three major models for use in analyzing an entire hydrogen system on a
spatial basis for California (with hydrogen supplied from within the state and around the western half of
the US). This report presents our initial findings of that effort. Over the following 6-9 months, we will
fully complete this phase of the modeling effort and produce a final modeling and analysis report that
will feature more details, scenarios, and sensitivity analysis. The project will continue to explore the
multi-sectoral demand potential, supply chain development, electric power sector and other hydrogen
production approaches, and overall hydrogen pathway/infrastructure issues using our detailed modeling
approach. It will explore costs and benefits. It will describe opportunities for synergies across sectors
and energy systems, and provide a rollout plan for a large-scale system in California over the next 25
years.
This study starts, conceptually, with the hydrogen demand sectors and builds a hydrogen supply and
distribution system to serve this demand. Thus we attempt to provide a clear characterization of the
role of FCEVs and hydrogen use in the decarbonization of transportation in the state, both in the long
run (e.g. 2050) and as a growth pathway to that long run. This includes detailed consideration of both
light-duty and medium/heavy duty vehicles, and hydrogen use beyond vehicles to include buildings and
various industries, and within this context the broader energy system that supplies them. The study
provides a conceptual hydrogen infrastructure rollout plan that spatially accounts for hydrogen supply
to end uses (e.g. refueling stations, stationary demand points) and the interactions of both seasonal
storage and distributed and mobile vehicle storage with the power system.
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On the hydrogen production side, significant focus is being placed on using our GOOD Model to assess
the potential to vastly increase renewable H2 production using electrolysis, with associated
infrastructure expansion and the benefits of achieving strong economies of scale. The role of SMR
(steam methane reforming) with CCS, and biomass gasification, to produce hydrogen will also be
explored. SMR includes reformation of fossil natural gas or bio-methane (renewable natural gas, RNG),
with or without carbon capture. The costs of these production systems and how these costs may
change over time, and the policy implications of a renewable-focused strategy, will be explored in a
range of scenarios.
On the hydrogen distribution side, a detailed geographic, spatial supply chain analysis is being
undertaken with NREL’s SERA model to link production locations to demand locations. H2
transportation via tube trailer (as gaseous H2), tanker truck (as liquefied cryogenic H2) and pipeline will
be investigated and the transition scenarios will include explicit representation of the evolution of this
system. Representing the natural gas pipeline system, and the potential to introduce H2 into this system
as a blend, to reach end use locations and then be separate, will be investigated. The potential as well,
and the value, of converting some of this pipeline system to H2 as the system grows will also be
considered, along with the construction of dedicated H2 pipelines.
Overall, a set of scenarios is being developed that characterizes the build out of the hydrogen system
under different assumptions and circumstances, linked to demand scenarios. These include a detailed
representation of hydrogen production, storage and distribution. In this report we present a limited
number of these scenarios, sufficient to support our findings so far.
We are continuing to undertake policy analysis to identify mechanisms to achieve the scenario
milestones we create. The ramp up of hydrogen demand and supply, and sales of the vehicles running
on hydrogen are very rapid in our high demand scenario and will not occur without strong policy
support. This support may involve an expansion/strengthening of some existing policies (low carbon fuel
standard [LCFS], cap-and-trade, ZEV mandates) and/or may require entirely new approaches (more
direct investments in infrastructure, vehicle purchase fees and incentives “feebates” for fleets, or other
approaches. We will undertake a quantitative analysis of the potential impacts of different policy
strategies and propose at least one combination, going out to at least 2035, that we believe will be
capable of achieving the high hydrogen scenario we layout. We will also consider uncertainty via
sensitivity and contingency analysis.

Report Structure (evolving)
The basic structure of this report is intended to convey the overview aspects of the research, along with
key findings. These are evolving and this working paper will likely change in the coming months, toward
a final report. There will also be various other products besides this paper, including some that will be
published along with this paper, like our “quickscan” report on various specific topics, containing various
details and assumptions that went into the modeling. The basic structure across this report and other
outputs is as follows:
This report:
1. Executive Summary
2. Introduction, project overview, modeling overview, and scenarios
3. Literature review (possibly a short one with a bigger one as a separate document)
4. Transportation/stationery demand modeling and spatial results
5. GOOD/electricity modeling
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6. SERA/supply chain modeling
7. Next steps, additional planned and needed research
Appendices and separate reports:
A. Quickscan report with tech briefs (v1 completed in 2021, but to be updated by May 2022)
B. Journal articles and Other “deep dive” papers
C. Data files
D. Documentation reports on each model
E. Policy briefs
F. Slide decks
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Part I: Analysis and Modeling Approach
As indicated, UC Davis has several analytical tools and models in development that can support a very
detailed study of these dynamics, and for the rollout of a hydrogen system over the next 30 years, to
2050. Other tasks have included a literature review and background analysis of technologies and fuels.
Many specific analytical activities are underway, with progress reported in previous internal reports
(such as our “quick scan” report) that will eventually be released along with this report. This work has
included:
1. Review of reports and other sources describing H2-related policies and activities occurring
around the world (trends, investments, feedstock development, H2 integration into
electricity/gas sectors, investments in distribution/storage/retail and end use, demand growth).
2. Development of databases of cost estimates for key components based on the existing literature
and raw data available within and outside California that can be used in our study.
3. Technology characterizations of existing and future fuel cell cars and trucks, including updated
cost analysis and projections. In a later phase, a vehicle choice modeling exercise (for LDV, MDV
and HDV) may be used to create more endogenous scenarios and narrow the scope of potential
FCEV sales trajectories, but for now the projections have been created in a simplified fashion.
4. Use of Argonne National Laboratory’s hydrogen refueling station simulation tools (HRSAM,
HDSAM, and HDRSM) to model refueling station configurations and costs.
5. Use of NREL’s H2A and “FastSIM” hydrogen production models to estimate the cost of hydrogen
production with different technologies and in different situations
6. Use of our Energy Futures’ Transportation Transition Model (TTM) to establish state-level
transition scenarios to very low well-to-wheel CO2 transportation scenarios that our more
detailed analysis is calibrated to. An overarching cost/benefit analysis of each scenario, and
comparison across scenarios, have been undertaken with this model.
7. Use of our spatial model (STIEVE) of car and truck travel in California to evaluate commercial
station siting, sizing, and provision with hydrogen supplies. This model can also be used to
analyze H2 infrastructure, such as the various ways to provide H2 from production facilities to
refueling stations, depending on where these are located, and how this system may evolve with
system growth.
8. Use of our GOOD model of the Western US Interconnect (WECC) electricity grid, an economic
dispatch model with storage and capacity expansion capabilities. The model allows for a spatial
representation of future expanded use of variable renewable generation, electricity storage
options, and how this system would integrate with a hydrogen economy.
9. Development of a bridging supply chain model analyzing all hydrogen refueling, production,
distribution and storage systems over time. The Davis team has chosen to work with NREL on
this effort and in cooperation with them, use NREL’s SERA model for this purpose. SERA is a
spatially articulated model capable of optimizing the construction size, time and location of
hydrogen production relative to resource location and demands that must be served. It also
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represents the hydrogen transmission and distribution system needed to connect supplies with
demands, also integrated into the optimization function. It will be used to help lay out how
hydrogen systems must evolve to match a particular growth pattern of stationary H2 demand
growth and growth in use of H2/FCEVs around the state. Estimating costs and identifying
policies that help achieve the scale-up of all system components will represent a major effort in
this analysis.
These models and their use in the project are further described in detail in several annexes to this
report.
This modeling system is being used to create scenarios covering a transition from 2020 to 2050 for
California road transportation and energy (especially electricity) systems, and how these can be
developed and interact, using our existing detailed models modified for this purpose. We will do this in
several major steps.
Initial scenario development and analysis (“Quick Scan”)
●

Quick Scan analysis: The initial phase of the project (January - August 2021) involved
undertaking a “quick scan” analysis, including a technical analysis of many aspects of a future
hydrogen system (production, storage, distribution, stations, etc.) and analysis of simplified
state-level transition scenarios using our Transportation Transition Model. A “low” and “high”
case for fuel cell vehicle market adoption has been developed and is used to motivate an initial
analysis of hydrogen demand and supply/infrastructure requirements. These may also be
compared to side cases and various deep dives, or such may occur in the subsequent phase of
the study.

●

FCEV projections: We used this initial set of demand scenarios to explore a rapid rate of
increase in the numbers of FCEVs and associated levels of hydrogen demand through 2050, but
with a particular focus on the next 10-15 years. The scenario will be underpinned by a
hypothesized growth rate in FCEV sales, with stocks reaching five-hundred thousand to 1 million
by 2030. We link this growth to needed station infrastructure growth for cars and trucks, and
hydrogen supply chain evolution in a relatively simplistic manner (to be fully modeled in the full
study phase). We are estimating the vehicle total cost of ownership (TCO) for FCEVs of different
types and comparing these to gasoline, diesel and electric vehicles. We will begin to explore a
range of non-cost attributes important to consumers, such as range, refueling time, and
fuel/charging availability.

●

Initial vehicle/fuel cost analysis: We also made estimates of total vehicle and fuel costs within
the scenarios, annual investments needed, and the implications for achieving market
sustainability in refueling station operation, vehicle manufacturing, and fleet operation of
FCEVs. Comparing the two scenarios, and to a range of other possible demand scenarios varying
transportation and stationary hydrogen demand by type and location, can help to generate
estimates of impacts, costs and benefits for alternative system structures and demand-related
growth patterns.
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Study Phase 2: Multisector, spatial modeling analysis
●

Further scenario development: In the following, modeling-intensive phase of this study (begun
in August 2021 but reflecting considerable model development work in the first half of the year
and in earlier projects), we have developed supply and infrastructure scenarios to align with the
demand scenarios mentioned above. These scenarios reflect different possibilities in terms of
how and where hydrogen is produced, how it is stored, moved, and ultimately the full system
configuration based on assumptions for the particular scenario and the modeling results based
on the scenario inputs.

●

Spatial Transportation Modeling: Based on the trajectory of FCEV sales and use we developed
in Phase I, we have used the STIEVE model to create scenarios of hydrogen fueling station
deployment, based on the estimated demand for hydrogen from existing vehicles at each point
in time (5 year intervals to 2050), that produces a map of stations by location, size, and annual
hydrogen dispensing. This optimization effort has included an analysis of land requirements and
availability for stations depending on, for example, if hydrogen were made on site or delivered
by tube trailer, liquid truck, or pipeline. It also considers available current refueling stations, in
terms of if they could be expanded or converted to include storing and dispensing hydrogen,
and how this relates to the number and location of stations needed out to 2050. The study will
eventually include a large buildout of electric vehicles in order to investigate how the two
vehicle types, refueling/recharging infrastructure and required energy systems may coexist and
be co-optimized.

●

Hydrogen supply scaleup and supply chain analysis: We are working with NREL to incorporate
their SERA modeling into our hydrogen supply chain analysis. This detailed, spatial hydrogen
supply-chain model provides our “backbone” supply chain analysis, and is linked to our electric
sector (GOOD) modeling. It also produces its own set of projections of hydrogen production by
feedstock (electricity, gas) and location that is calibrated to the electric model. Using this we
model the scale-up and evolution of hydrogen supply chains beginning with exogenous
demands from transportation and other sectors, and optimized development of the
supply/distribution system to meet these demands. At low volumes of demand, small
production facilities will be needed and hydrogen will be moved mainly by gaseous hydrogen
(GH2) and liquid hydrogen (LH2) trucks, with the possibility of some onsite production. As the
system grows, it will need to adopt much larger scale production and distribution systems.
Production will be located in optimal locations (such as low cost wind farms on plains states),
and the hydrogen stored and moved to end use markets (mostly focused on California). This
ultimately leads to a large-scale system with pipeline transportation and delivery introduced
along with least-cost supply options. Scenario variations on demand potentials will provide
insights into hydrogen supply chain dynamics and economies of scale and scope. We expect the
analysis to lead to 5-year snapshots and commensurate policy implications and action plans for
each scenario.

Additional plans and steps
●

Ongoing model development: Beyond what is presented in this working paper, the work
continues on a number of fronts. There will be iterations between analysis steps as we enhance
the models over time and as various optimizations are established within and across the various
components of the system. As additional components are added, a balance between sufficient
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technical realism and model complexity must be maintained. This will be done through
comparisons and verification of individual components as they are developed. The net costbenefit of future hydrogen market success scenarios will be compared to the reference case.
New insights will be sought into supply chain structure, policy influences, investment decision
risks and potential market barriers.
●

Supply chain analysis: Refinements to supply chain components will include updated technical
and cost assumptions for specific hydrogen delivery modes, including underground storage
caverns, hydrogen blending limits for natural gas pipelines, advanced liquefaction systems and a
select number of feedstock applications (fertilizer, biofuels, etc.). As has been the case in recent
model improvements of grid storage systems (Hass et al. 2017) special attention must be given
to ramp-rates, conversion efficiencies, ancillary services, and competition with other methods to
accommodate increased share of variable generation from renewables.

●

More hydrogen supply sources: Characterization of hydrogen derived from natural gas and/or
with or without carbon capture, utilization and storage (CCUS) (i.e. blue or gray hydrogen) is a
potentially important component of the hydrogen future in California, and the extent to which
this needs to be modeled in detail (e.g. spatially, in terms of the gas grid, source locations, SMR
locations, etc.) is not clear at this time. In a scenario where most hydrogen is produced from
renewables after 2030, it may not be necessary to go beyond an aggregate accounting of the
role of hydrogen from methane, but the dynamics of this system and interactions with hydrogen
from the electric system may prove very important, and complex. How to address this will be
determined in an early phase of the study and will depend on resources available to devote to
gaseous sources of hydrogen.

●

Imported Hydrogen: Another technical component to add is the potential for international
imports of low-cost LH2 from production centers such as Alaska, Australia, China or Chile.4 This
may be either gray, blue or green H2 in the near term, but over time, imported green (very lowcarbon) LH2 would likely dominate since other forms will have to compete with California’s own
green hydrogen. In any case, imported H2 could serve as a reference or backstop option with a
primary role for domestic H2 supply.

●

Investment analysis: In response to these scenario results, an overlay of potential policy
refinements or revisions will be assessed to reduce investment risks and improve infrastructure
planning decisions. These will be developed in consultation with key stakeholders and
policymakers and applied to the development and analysis of scenarios and strategies. The
policies to be addressed include vehicle mandates and performance-based regulations, vehicle
and fuel incentives, pipeline modification and construction, and hydrogen storage incentives
and regulations.

Additional details regarding technology and other assumptions used in the study, and the various tools
employed will be provided in annexes to this document.

4

Hydrogen Council, 2020. Path to hydrogen competitiveness: A cost perspective. Prepared for the Hydrogen
Council by McKinsey. Available online: https://hydrogencouncil.com/en/path-to-hydrogen-competitiveness-a-costperspective.
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Modeling system employed in the analysis
There are four major modeling components to this analysis:
1. The Transportation Transitions Model, a California state-level transportation transitions model,
capable of providing aggregate projections and comparisons of scenarios for light-duty and heavyduty vehicle sales, stocks, energy use and CO2 emissions.
2. The Spatial Transportation Infrastructure, Energy, Vehicle and Emissions model (STIEVE), which can
be used to characterize and project light duty and heavy duty vehicle travel, fuel demand, refueling
station requirement, and emissions spatially around California, and can be linked to spatial supply
models
3. NREL’s SERA model, a supply-chain model that can be used to characterize hydrogen production
facilities by type, size and location, and link these to demand locations for hydrogen, such as
refueling stations. It is capable of optimizing the entire supply chain system to meet a spatially
articulated set of demands. By running demand and supply models for multiple years, the evolution
of hydrogen supply can be investigated. Whether the “natural” evolution is indeed on an optimal
long term path is one question that will be investigated.
4. The GOOD model is used to link hydrogen demand and supply to the need for electricity to produce
the hydrogen, and also the potential for hydrogen to be used within the electric sector to help
balance the system, provide seasonal storage, etc. GOOD is a national model that has recently been
calibrated to western interconnect (WECC) system and the potential to go to very high levels of
renewable generation throughout this system, out to 2050. The model now has more regional
detail and particularly has connections to electricity demand in California broken into 5 main
regions.
The nature and logic of the full modeling system is provided in the flow charts below, that show
connections between travel/industrial hydrogen demand, hydrogen supply and distribution, and electric
sector connections to this hydrogen system. In the first chart, the circles give a sense of the different
models involved. The air-quality simulation model is in development and will be included in a later
report, within the current project time frame if resources permit. The second chart presents the logic of
demand side modeling leading and driving supply side modeling, which ensures sufficient hydrogen is
provided to meet supply.
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Figure 1: Hydrogen modeling system flow chart

Figure 2. Another way to view the modeling system

The three major spatial models being used in this study are connected as shown in the figure below.
STIEVE produces hydrogen demand for transportation and feeds these on a spatial and temporal basis
to both GOOD and SERA. GOOD provides the main electricity response to these demands (along with
providing electricity for all other purposes within WECC); SERA also uses demand from STIEVE and
electrolysis projections provided by GOOD and sites this electrolysis more specifically, and also considers
other potential sources of hydrogen (such as steam methane reforming of natural gas or renewable
natural gas), and then routes all hydrogen from production locations to demand locations.
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Figure 3. Relationship of three spatial models in the analysis

Some details for these individual models are provided below. Separate documentation of the models is
in development and as the next phase of the project begins, more details on each model and how they
interact will be provided.

TTM: Transportation Transitions Model for developing aggregate scenarios of FCEVs and
hydrogen demand in California
Our Transportation Transitions Model (TTM) is a California-wide stock turnover model that allows us to
investigate various scenarios of market penetration of new technologies through 2050. The scenarios
include projections of sales shares for three LDV vehicle types and 8 truck and bus types (e.g. long-haul,
medium-duty delivery, transit bus, heavy-duty pickups, etc.). The model includes projections of vehicle
capital cost, vehicle fuel economy, and stock for each vehicle type through 2050. In addition, an
associated fuel module projects the cost and carbon intensity for a range of present and advanced fuels.
For any scenario, the model outputs stock by vehicle type, capital and fuel costs, fuel consumption by
fuel, and greenhouse gas emissions.
In a multi-UC campus study for the State of California (Driving California’s Transportation Emissions to
Zero, CalEPA, 2021) the TTM was used to investigate scenarios to reduce California’s on-road
transportation carbon emissions by nearly 100% by 2045, this included identifying the potential ramp up
of ZEVs overall and the relative role of battery electric vs fuel cell vehicles. This includes scenarios where
fuel cells play a modest role and others where they play a bigger role, especially for trucks. In one
scenario (“High FCEV”), hydrogen accounts for the most fuel used compared to any other energy type in
California's transportation system in 2045. The model has been used to model various parameters such
as fuel cell cost, battery cost, fuel costs, and other factors on market penetration rates and overall
scenario costs.
For this project, the TTM has been used to create the basic projections of LDV and HDV sales, stocks and
hydrogen use for the two main transportation scenarios in this study. This in turn has been used to
calibrate our spatial analysis in this project, notably the numbers and types of fuel cell vehicles assumed
to be sold and used in our STIEVE spatial transportation and hydrogen station modeling of California. An
outline of the components and linkages within TTM is shown below.
California Hydrogen Analysis Project Draft Working Paper
ITS-Davis Research Study

22

May 18, 2022

Figure 4. TTM Model structure and linkages

Some key results from the California transportation carbon neutrality study are shown in the figures
below, including the increase in ZEV market shares overall, the share of FCEVs in different vehicle type
sales and stocks in 2030 and 2050, and the role of hydrogen in fuel shares out to 2050. These are taken
from the central, or “LC1” scenario. There is also a “High ZEV” scenario with faster penetrations. These
have since been adjusted somewhat for this project, particularly FCEV sales shares in our new high case.
But these provide the foundational scenarios that we have built from.
Figure 5a to 5f. Results from California Transition Study using TTM
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STIEVE Model for spatial transportation analysis in California
UC Davis has developed the Spatial Transportation Infrastructure, Energy, Vehicle and Emissions Model
(STIEVE) for California. The model was developed in 2019/2020 and is now fully operational, capable of
producing highly detailed transportation scenarios for cars and trucks across several thousand
geographic districts within the state, and solve for the optimal configuration of refueling stations to
meet the energy demand of these vehicles. STIEVE produces projections of hydrogen refueling demand
and station development for California on a spatial basis, using Transportation Analysis Zones (TAZ) level
of detail. This is a very detailed representation, with a total of 5454 TAZs within inland California utilized
in this study.
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The model as shown in Figure 6 works in three steps: estimating the demand for hydrogen fuel based on
the shortest distance travel pattern of current vehicle stock, finding the optimal number and size of
stations within the driving range covering the maximum demand, and performing suitability analysis
using various geospatial data for the station deployment on the ground. The work is done at the Traffic
Analysis Zone (TAZ) level that is identified by traffic modelers as areas having roughly homogenous
travel characteristics.
Figure 6. STIEVE Model Logical Flow

Detailed documentation of STIEVE is available separately, but as shown in the flow chart, the model
starts from an independent projection of vehicle stocks and travel from the California State-wide Travel
Demand Model (CSTDM). This includes origins and destinations. A sampling of this data is used to
generate routes that are then expanded over the full population of vehicles in the state, as projected in
five year increments to 2050. The route choices are based on an optimization algorithm within STIEVE.
Meanwhile stations are developed based on rules about station size and characteristics, including cost
of building and operating stations, and constraints on where stations can be located using a land-cover
and distance-from-routes algorithm. The resulting suitability analysis is combined with the vehicle
routing and hydrogen demand module results to generate a projection of where and of what size
stations should be built in each 5 year period. The model simultaneously solves for the number, size and
location of these stations in a given time period and builds future stations based on the situation at the
start of each 5 year period.
An example of how the model translates inputs to outputs is shown in Figures 7 and 8 below, with 7
showing density of trips by TAZ, which is a major determinant of where vehicles are likely to choose to
refuel; the siting of stations that results is shown in Figure 8. In this figure, the locations and number of
stations in 2030 are shown for a particular projection of FCEV car and truck travel, and resulting
hydrogen refueling demand from those vehicles. As the number of vehicles increases over time, so too
will the number (and sizes) of stations. This is estimated by the model in 5 year increments. One
particular point is that large stations near the California border are truck stops, suggesting that trucks
coming into the state refuel at that point on a regular basis. This also means that these trucks would
have to be able to refuel with hydrogen in neighboring states, which has not been considered (yet) in
this study.
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Figure 7: Trip density by TAZ within California, 2030
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Figure 8. Station density and fuel demand, 2030
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GOOD Model for electricity and electrolytic hydrogen generation in WECC and supply to
California
The UC Davis Grid Optimized Operation and Dispatch (GOOD) Model is an economic dispatch model that
simulates the operation of the electricity grid. While previous versions of the model simulate the entire
US, for this project we focus on the Western Interconnect. Additionally, the balancing areas are multistate regions with the exception of California, which is divided into three primary regions. The regional
simplifications and smaller overall area allow the model to integrate several additional features that
would be too complex to run at the national level–these features include hourly storage operation
across a full year as well as capacity expansion capabilities for renewable power across all of WECC.
Detailed documentation of this model is available separately upon request. For this project, the model
simulates the operation of each specific generator in the region from 2020 to 2050 in 5-year increments.
It includes potential future directives to increase renewable (such as wind and solar) generation
dramatically as part of a decarbonization strategy that may occur at the national level or individual state
levels based on current existing Renewable Portfolio Standards (RPS). The model solves in hourly
intervals across all 8760 hours of each year.
Currently installed electricity generators as of 2020 within WECC are shown in Figure 9. These
generators together comprehensively represent all power generation available to produce electricity for
all the balancing regions within WECC. Power generation assets are not uniformly located throughout
the balancing areas: the Pacific Northwest has substantially more hydropower resources, there are no
operating coal plants within California (though some coal plants exist to the east), but there is a
substantial presence of natural gas and solar resources in California. In addition to the power
generators, we include existing transmission constraints to limit power flow based on the true capacity
of transmission lines connecting each of the regions within our model.
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Figure 9: Regional breakdown of GOOD balancing areas and corresponding generators

Characterization of Renewable Power
One of the notable improvements of the modeling efforts for this instantiation of the GOOD model is
the use of higher resolution and locationally sensitive profiles for renewable resources. We employed
both solar and wind data from the National Renewable Energy Laboratory (NREL) that improved our
resource profiles and introduced substantial seasonal variability into our resource availability profiles–
something that was missing in previous versions of the model. As shown in Figure 10, data for includes
both hourly variability as well as seasonal variability for both types of renewable generation.
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Figure 10: Average and 95th distribution of capacity factors in a 24 hour time period over one-year for
all WECC balancing areas for solar (top) and wind (bottom) resources.
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Electricity Transmission
The GOOD model includes a characterization of the transmission system at the wholesale generation
level, with constraints between the balancing areas represented in the model. This aggregated
characterization allows for bottlenecks in electricity transmission between the largest balancing areas,
though it does assume that within the balancing regions defined by the model, electricity flow is
relatively unconstrained. In Figure 11 below, we show an example of electricity flows and the average
saturation of transmission capacity (defined as the total electricity flowing through the lines over a
period of time divided by the maximum amount of allowed electricity that could flow through the lines
in the same time period). Note that transmission lines between NWPE and KMPA as well as AZNM and
NWPE exist, but have negligible transmission of electricity in the scenario being shown and therefore do
not appear in the figure.
Figure 11: Example connections and average saturation of transmission capacity between regions in
2025
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Energy Storage in GOOD
Energy storage can assist in integration of variable renewables (decrease curtailment, decreasing overall
capacity needed to meet RPS). GOOD estimates energy storage requirements to help balance grid
demand in the context of a wide range of generating options. In scenarios with increasing shares of
variable renewable power capacity, energy storage becomes increasingly important, to the extent that it
is less expensive or of better reliability than adding further generators. For this project, energy storage
is characterized on an hourly, daily and out to seasonal storage basis. Hydrogen storage is specifically
considered for longer than daily storage. GOOD generates hydrogen using electrolysis, and stores it in
un-specified ways and locations but with assumed storage costs. Thus the model generates hydrogen
both to meet transportation demand (coming from the STIEVE model) and also to store for reconversion back to electricity as needed. This treatment of hydrogen is shown in Figure 12.
Figure 12. GOOD model algorithm for producing and using hydrogen
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SERA Model for supply chain analysis of hydrogen produced and delivered to California end
users
The SERA model is operated by NREL, with UC Davis using it under a license agreement. Recently SERA
2.0 became operational, adding various capabilities over the previous version. SERA has a wide range of
capabilities but its use in the current study is focused on its “supply chain” capabilities - routing
hydrogen from generating locations to end uses. Its siting capabilities for this hydrogen generation are
also used. It also contains an electricity grid module and a transportation module that are not used in
this study, since we have our own models to cover these aspects of the system.
The role of SERA in the context of the modeling system used in this study is shown in the figure below. It
serves as a central supply-chain optimizing model, connecting to STIEVE (demand model) and the
GOOD/CALZEEV electricity models. SERA itself is not shown in any detail here, except for the basic
needed inputs and supplied outputs. There is considerable complexity in the manner in which SERA will
“talk” to these other models, and the details of this interaction are still being developed. A more
detailed framework will be provided when these details are fully developed.
Figure 13. SERA Model position in broader modeling environment for this project

The basic flow of inputs and outs using SERA are shown in the figure below. Based on a locationally
explicit set of hydrogen demands within California, SERA optimizes the placement of hydrogen
production facilities and the infrastructure to move this hydrogen to end uses, using a spatially
structured optimization algorithm, with 5 year intervals and a user-adjustable level of planning horizon
in optimizing future buildout strategies. Hydrogen infrastructure includes truck and pipeline delivery
options, deep hydrogen storage and pipeline “packing” as a form of storage. SERA optimizes to minimize
costs, with a wide range of constraints that can be placed on the system. By changing assumptions a
number of scenarios can be considered with the model, as described in the scenarios and results section
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of the report. For example, as will be shown, foresight is an important aspect of estimating optimal
system buildout, with, for example, pipelines playing a larger role when the planning horizon is longer.
Figure 14. SERA Model Structure with Inputs and Outputs

A particular view on how SERA manages hydrogen from electrolysis is shown in Figure 15. Using certain
grid-related outputs from GOOD model runs, SERA then estimates spatial locations and types of
hydrogen production (such as wind or solar) using electrolysis, and the transports needed hydrogen to
end-use markets, while storing other hydrogen for use in regeneration of electricity. Since SERA solves
annually, it relies on GOOD for detailed (daily, averaged across the year) allocation of capacity. Storage
uses deep salt caverns where possible, as well as some storage toward end uses in the form of “packing”
of pipelines at higher pressures than usual, that can provide on the order of one or several days system
supply to ensure smooth operations delivering hydrogen to end uses.

California Hydrogen Analysis Project Draft Working Paper
ITS-Davis Research Study

34

May 18, 2022

Figure 15. Representation of the GOOD model with linkages to the SERA model

Recent hydrogen studies that this project builds from
This project covers so many aspects of hydrogen system development that there are a number of areas
of literature relevant to different aspects (such as electricity sector modeling, supply chain analysis,
component cost studies, transportation and fuel cell vehicle research, etc.). We have covered much of
these different types of literature in our series of “tech briefs” that we will make available with this
bigger report. Here we highlight a few major reports that have been published in the past 2-3 years that
this project considers foundational and we compare our findings to. We discuss these in further detail
in a separate document but provide brief summaries here.

California-focused hydrogen modeling studies
Many important studies for California were published in the past two years that have important
hydrogen-related analysis and modeling that were released during 2020. We highlight five that we used
extensively in developing our models and scenarios:
● Reed et al, UC Irvine, Roadmap for the Deployment and Buildout of Renewable Hydrogen
Production Plants in California released in June 2020, focuses on transitioning to a hydrogen energy
system in California across all end-use sectors, and presents a roadmap for the buildout and
deployment of renewable hydrogen production plants in the state.
● LLNL, 2020, Getting to Neutral: Options for Negative Carbon Emissions in California, Lawrence
Livermore National Lab, (July 2020), provides a comprehensive analysis of technologies that can
enable a carbon-neutral economy, and pathways to get there. It features carbon capture and
sequestration in plants and natural lands as well as underground storage. It also covers reduced
carbon-intensity energy systems and puts considerable focus on hydrogen.
● E3, 2020, Achieving Carbon Neutrality in California, produced this report for ARB, published in
October 2020 provides a set of scenarios for achieving carbon neutrality across sectors within the
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state. They used their E3 PATHWAYS model and focused on scenarios achieving at least an 80%
reduction in CO2 emissions, balancing this with measures such as land management to remove CO2
from the atmosphere. They produced 3 scenarios, ranging from 80% to 100% outright CO2
reductions in emissions, with carbon neutrality achieved through carbon-removal measures.
Transportation emissions are reduced by anywhere from 85% to 100%.
The LA 100 Study (2021) of renewable energy futures in the city of Los Angeles, reaching 100%
renewables in some scenarios. The role of hydrogen as a storage and electricity generation
component is considered and found important, though more expensive than using biofuels in this
role.
ARB produced the final version of its Hydrogen Station Self-Sufficiency Report, (2021), showing that
H2 stations in California could reach full economic self-sufficiency by 2030 if around $300 million is
spent to help get to 200 or more stations, with sufficient levels of fuel cell vehicles in service to
provide enough customers for these stations.

US-focused hydrogen modeling studies
Out of many studies, we particularly relied on two major US-level hydrogen studies published during
2020:
● The national industry association FCHEA (Hydrogen Council) released the Road Map to a US
Hydrogen Economy report in January 2020. The report was produced with analytic support from
McKinsey and outlines market opportunities and policy requirements to achieve aggressive
hydrogen market growth by 2030. It provides a fairly detailed roadmap at a national level for
achieving a large-scale national hydrogen system, though it presents only a limited systems-level
analysis of what this system will look like, how it would grow, and what would be its costs and
benefits compared to a world without it.
● DOE/NREL/Labs released The Technical and Economic Potential of the H2@Scale Concept within the
United States (Ruth et al, 2020), that provides a deep economic analysis of a large scale hydrogen
system at the US level, featuring demand and supply curves and other microeconomic
fundamentals, with results including hydrogen potential demand and supply levels, feedstock mixes
and market clearing hydrogen prices under different scenarios.

International hydrogen modeling studies
Internationally there has been a burst of research and planning related to hydrogen systems. A number
of major national roadmaps, initiatives and action plans have been released within the last few years,
including those by Australia, Japan, and South Korea, as well as the Hydrogen Roadmap Europe report
and a North Africa – Europe Hydrogen Manifesto. Other major international hydrogen reports were
released in 2019 and early 2020 include The Future of Hydrogen from IEA, Hydrogen: A Renewable
Energy Perspective from IRENA, and the Hydrogen Council’s Path to Hydrogen Competitiveness: A Cost
Perspective.
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Part II: Analysis and Scenarios: Results so Far
General outline of scenarios
The three models that are run for this research are used in tandem but do not all consider identical sets
of scenarios. There are some aspects that are included in all three, some in two and a few in only one
model. The basic approach is as follows.
Scenarios across all models:
● Low vs high H2 demand from transportation (and industry, with transportation and industry
demand run in various combinations)
● A range of sensitivity cases that vary somewhat across specific models
Scenarios across supply models (GOOD and SERA)
● Limits to non-renewable H2 (from within/outside the state, even if CCS) in SERA, and all H2 from
electricity in GOOD (and thus renewable to extent that electricity is renewable)
● Availability of large-scale hydrogen storage (coupled with cost of pipelines, vs electricity
transmission into CA and H2 production much closer to end-use); varying storage cost
assumptions
SERA only:
● Heavy early build out of key H2 supply/transmission/storage infrastructure with supported
investments vs more market oriented approach (i.e., long run optimization vs shorter run
decision making)
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Hydrogen Demand Scenarios
Underlying transportation and fuel cell vehicle sales/stock scenarios
The transportation hydrogen demand levels and FCEV projections were agreed upon with the project
advisory board early on, as a foundational exogenous driver to create a state-wide hydrogen system.
The UC Davis Transportation Transitions Model (TTM) was used to develop these scenarios and carry
through a stock turnover analysis to estimate future hydrogen demand on an aggregate basis. Our
spatial modeling was then calibrated to this base projection for a low and a high hydrogen case.
The low and high projections were created based on assumed sales and market shares of light-duty and
medium/heavy duty fuel cell vehicles. The growth in ZEV sales overall is based on expected targets and
rules in California that may require 100% ZEV sales by 2035 or 2040, depending on vehicle type and
stringency of the rules eventually adopted. The share of ZEVs that are fuel cell is based on previous UC
Davis studies and general approximations of plausible market shares for a low and high case. This also
reflects the agreements reached with the advisory committee.
The demand scenarios are shown in some detail in our Quickscan report (previously circulated and to be
updated for publication with this report), and are summarized here. As shown in tables 1-3, In the low
scenario, ZEVs overall reach 100% market share somewhat more slowly than in the faster scenario,
while fuel cell vehicles penetrate the market much more slowly in the lower case, and remain a
relatively small part of the ZEV market through 2050 (10% of sales in 2040 vs 50% in 2040 in the high
case). The resulting sales and stock are shown in Figure 16: LDV FCEVs reach about 250 thousand by
2030 in the low case and 750k in the high case; and reach about 3 million in 2050 in the low case and 12
million in the high case.
Adding trucks into the picture, their ZEV sales shares also reach 100% by 2040 for most types (2030 for
buses), with a somewhat higher share of FCEVs vs BEVs. Overall the stocks of FCEV trucks are on the
order of 10’s of thousands to low 100’s of thousands by 2050, but they use a lot of fuel given their
efficiencies and long daily driving distances (especially long-haul trucks). The overall hydrogen use
growth path is shown in Figure 16.
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Table 1. 100% ZEV market share target years set for this study
Year in which ZEVs reach 100% of total vehicle
sales
Slower case

Faster case

Transit buses

2030

2030

LDVs

2040

2035

Class 2b/3 heavy duty pickup trucks

2040

2035

Class 4-7 Delivery trucks

2040

2035

Class 7-8 day trucks (including drayage)

2040

2035

Class 8 tractor (long haul) trucks

2045

2040

Table 2. FCEV share of ZEV sales in 2030 and 2040+ set for this study
FCEV share of ZEV sales, Low
case

FCEV share of ZEV sales, high
case

2030

2040

2030

2040

LDVs

5%

10%

18%

50%

Transit buses

20%

20%

25%

50%

Class 2b/3 heavy duty pickup trucks

15%

25%

20%

50%

Class 4-7 Delivery trucks

15%

20%

20%

50%

Class 7-8 day trucks (including
drayage)

33%

33%

40%

66%

Class 8 tractor (long haul) trucks

60%

60%

66%

97%
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Figure 16. Sales and stocks of FCEVs, BEVs/PHEVs, and ICE LDVs in low and high case

Figures 17: Total FCEV sales by vehicle type, low and high case
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Given the growth in fuel cell vehicle sales and stocks in the low and high growth cases, the demand for
hydrogen rises rapidly, especially after 2030. It reaches about 1.5 million tonnes per year (4 million
kg/day) by 2050 in the low case and double this level in the high case.
Figure 18. Hydrogen fuel demand for all transportation purposes, low and high case

Spatial Hydrogen Demand and Refueling Station Analysis with STIEVE Model
The vehicle sales and stock projections are used to calibrate the STIEVE spatial transportation model.
The total stock of light duty vehicles, trucks and buses is projected based on the CSTDM model and its
projections, along with that model’s sets of origins and destinations for various types of vehicle trips.
STIEVE is used to create full trip routes across a sample of vehicles and scaled up to estimate total travel
of different types of vehicles along different routes within California (described here). Using a system of
constraints about where vehicles are willing to refuel (how far from the main road and their primary
route), along with constraints on where hydrogen stations may be built, stations are placed in different
zones to fulfill demand, tracking the increase in demand as more FCEVs enter service. A view of the
state map using transportation analysis zones and the numbers and sizes of stations in each one is
shown in Figure 19.
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Figure 19. Scenario demand for hydrogen and station sizing by TAZ in California

The count of stations by size is shown for 2030 and 2050, high demand case, in Figure 20 below. Smaller
stations (0.5 tonnes per day, which are currently among the largest size stations that have been built)
dominate the overall station population by 2050, though there are a fair number of large stations (5
tonnes per day) and some in between. We did not include stations larger than 5 tonnes/day capacity,
though these may be built, especially at large highway truck stops. We intend to look at these types of
stations and their role in more detail in a later phase of the project.
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Figure 20. Station counts by station size in high scenario, 2030, 2050

Figure 21 shows the hydrogen station growth by station size as the demand for hydrogen increases. This
figure is “time-neutral” and the specific growth path of stations in one year could affect the station
build-out choices in future years, not reflected here. What is generally true however is, as shown here,
in early years, at low demand, a range of station sizes makes sense, with an emphasis on smaller sizes in
order to maximize the number of stations and provide good spatial coverage for vehicles to minimize
search times. As the number of vehicles grows beyond the initial phase, it mainly makes sense to build
large stations (5 tonnes/day) if that is possible. Finally, as the system is mostly built out, it starts to
make sense to build smaller stations again to serve a few areas that need access, but without much
volumetric demand.
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Figure 21. Growth in station numbers by capacity as hydrogen demand rises
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Station siting and land suitability analysis
The siting of stations in STIEVE is based on hydrogen demand by geographic location, which in turn is
based on the number of fuel cell vehicles and where they travel. However, the suitability of land for
locating hydrogen stations is a potentially important constraint on this selection process. The project
has spent considerable attention to this question and has undertaken a detailed suitability analysis that
is separate from the STIEVE model runs, but feeds into them.
The basic picture of station location and number, along with the hydrogen that can be provided by these
stations on a TAZ level of detail, is shown for 2030 and 2050 in Figure 22, for the high demand case.
There are clearly stations throughout the state, but in some areas for more stations and capacity than in
others.
Figure 22. Location and number of stations, and refueling demand, by TAZ in 2030 and 2050, high case

Station Suitability Analysis
In order to test the viability of existing gasoline stations and other land parcels for possible development
of hydrogen stations, the numbers and sizes of parcels were investigated. In the ArcGIS environment,
random samples of 15000 non-gas station points were generated and merged with the existing gas
station points. For these data, land cover, land use, slope, distance from all roads, and distance from
primary and secondary roads were extracted. Using the extracted full dataset, a decision tree as shown
in Figure 23 was established. The decision tree shows the major criteria for the new parcel selection for
the HRS. Parcels that have either a building footprint, or centroid within residential, water, and primary
and secondary roads, or lie on public space in residential and urban land use were all removed. In
addition, further filtering was done based on shape and size such as area greater than 500 sq. m.;
perimeter greater than 120 m and an area greater than 1000 sq.m.; circularity greater than 0.30 and P
less than 150, and area > 1500 to identify suitable new parcels for the HRS.
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Figure 23. Logic used to determine whether land parcels can accommodate stations

Once the parcels of existing and new possible sites were selected, the final selection can be made based
on the minimum area requirement for various types of HRS. Based on H2FIRST specification and on-site
PEMs, we derived the minimum area requirement for the HRS as shown in Table 3. As refueling capacity
and number of refueling dispensers increases, so does land required for the station. The smallest
stations refueling only LDV with one-line dispenser island can be placed on parcels of about 1609 m2.
For larger stations (6000-8000 kg/day capacity), parcels need to be at least 2700 and as high as 4200
depending on the number of dispensers and if they are intended to serve trucks as well as (or instead of)
LDVs.
Table 3. Minimum area in square meters required for different capacities of on-site hydrogen
production
Station designed
for

H2 production onsite via PEM
(kg/day)

One-line dispenser (4
to 8)

Two-line dispenser (8 to
16)

Light-duty
vehicles

500-2000

1609

2037

2000-4000

1976

2501

4000-6000

2343

2996

6000-8000

2710

3430

500-2000

2186

2731

2000-4000

2577

3220

4000-6000

2969

3709

6000-8000

3360

4197

Heavy-duty
vehicles
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The distribution of the land parcel area of the existing refueling station can be seen in Figure 24. Very
few stations have parcel areas less than 1000 square meters (m2) whereas the median area is around
2100 m2. It is also observed that industrial and open/public land use have larger median land parcel
areas of 2900 and 2600 m2respectively whereas urban re-serves and medium and high-density
commercial areas have a median area below 2000 m2
Figure 24. Distribution of area of refueling stations in California with an area less than 10,000 sq. m.

The resulting number of parcels that can accommodate stations of a given size is shown in Table 4
below.
Based on the minimum area requirement, existing gas station parcels were evaluated to see if they can
be completely removed and accommodated for HRS or not. Table 4 shows the number of existing gas
stations (out of 9061) that can accommodate different types of HRS. As the size of HRS increases, fewer
existing stations can accommodate them. Given the minimum area requirement for a single island
dispenser (Table 4), around 75% of existing station parcels can accommodate LDV and around 50% can
accommodate HDV refueling (Table 4). Similarly, for large stations of double dispenser island and
capacity above 6000 Gpd, around 30% and 23% of the existing station parcels can accommodate LDV
and HDV refueling.

California Hydrogen Analysis Project Draft Working Paper
ITS-Davis Research Study

47

May 18, 2022

Table 4. The number of existing refueling stations that can accommodate different capacities of on-site
hydrogen production
Station designed
for

H2 production onsite via PEM
(kg/day)

One-line dispenser (4
to 8)

Two-line dispenser (8 to
16)

Light-duty
vehicles

500-2000

6848 (76%)

5169 (57%)

2000-4000

5378 (59%)

3896 (43%)

4000-6000

4194 (46%)

3207 (35%)

6000-8000

3583 (40%)

2726 (30%)

500-2000

4578 (51%)

3539 (39%)

2000-4000

3775 (42%)

2942 (32%)

4000-6000

3204 (35%)

2476 (27%)

6000-8000

2796 (31%)

2051 (23%)

Heavy-duty
vehicles

Implications of Transportation Spatial Analysis So Far
●

●

●

●

With strong growth in fuel cell vehicle sales (either car or truck, but especially with both),
hydrogen demand could reach several hundred thousand tonnes per year, and the numbers of
refueling stations needed to serve this hydrogen could reach many thousands by 2040 or 2050.
With more and more stations, the sizing and siting of these stations is likely to become more
complex, with possible land constraints preventing sizing from what would otherwise be
optimal. More research is needed in this area.
A long term perspective is important even for near term planning; determining optimal station
sizing for serving demand over the next 5-10 years, vs considering possible demands for a much
larger system in the longer run, appears important.
Building dedicated hydrogen refueling stations will require parcels of land with a number of
characteristics, and such parcels appear limited within California. Our initial screening effort
suggests that once large numbers of stations are required (e.g. toward 1000), locating suitable
parcels that align with where demand is, may become challenging and is worthy of further
investigation now, before such a point is reached.
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●

Liquid-hydrogen vehicle and station systems have some advantages over gaseous systems,
especially with vehicles that also store liquids, but may be more expensive in some cases and it
is not clear how many vehicles will be equipped to store liquid H2, with light-duty vehicles very
unlikely to store liquids and trucks may vary with application.

Industrial and other Stationary Demand Analysis
In addition to potential transportation demand for hydrogen, the project considers other possible types
of demand, that we collectively term “stationary demand”. This may include various industrial types of
demand (refining, chemicals, manufacturing, etc.), transportation-oriented facilities (airports, ports),
large buildings (institutions such as hospitals, schools) and other possibly dense areas of demand.
While a detailed analysis of potential hydrogen demand from different stationary sectors is on-going, for
this phase of the study we created some rough estimates of what could be a low and high demand level
for sectors, based on sector size and potential for adoption of hydrogen. This follows work such as
undertaken by UC Irvine and in many cases aligns with their estimates. No attempt is made here to
explain these estimates, but simply share them and show the assumptions that are then used in some
scenarios including both transportation and stationary hydrogen demands.
As shown in Figure 25, we considered 9 sectors apart from light-duty vehicles and trucks (shown in the
figure for comparison purposes. Sectors include aviation, “other transport” (most importantly, ports),
production of biofuels and synthetic fuels, refineries, bio and synthetic natural gas, cement, ammonia,
other industrial, and residential/commercial. The figure shows the estimated hydrogen demand by
sector in 2045 for the low and high cases.
As can be seen, in the high hydrogen case, some of these sectors have a projected demand that is
similar to the low demand case for transport, while none is anywhere near the level for the high
transportation demand case. Though taken together, they do achieve such levels.
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Figure 25. hydrogen demand in 2045 by end-use sector in low and high demand case

Figure 26 shows these scenarios from 2025 to 2050 for the high and low scenario. It shows very rapid
growth in the high case, but still within a range based on the potential demand for hydrogen from
different sectors. Hydrogen demand reaches 2000 million kilograms (or two million tonnes) per year,
with the “other industrial” and residential/commercial sectors having the greatest demand at that point.
In the low scenario, overall demand in 2050 is half that in the high scenario, and biofuels and refining
are the most important sectors out to 2050. It should be noted that the demands from these two
sectors are higher in the low scenario than the high scenario, since the high scenario is associated with
rapid decarbonization and movement away from oil use in the state, as well as more hydrogen and
electricity use for vehicles, which leads to lower oil use and lower biofuels production than in the low
case.
Figure 26. Growth in stationary hydrogen demand by end-use sector, high and low scenario (thousand
tonnes/year)
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When combining the high stationary demand with high transportation demand, and low with low, the
results are as shown in Figure 27 for 2030 and 2050. Remembering that at this point in the research,
only about half of the potential stationary demand sectors have been mapped onto a spatial basis and
included in the analysis, stationary demand represents about as much as transportation demand in the
low case, and about half as much in the high case though with a rising share over time. Overall demand
in 2050 reaches two million tonnes in the low case and 5 million in the high case; this compares to about
one million tonnes used in refining today and perhaps only a few thousand tonnes across all other
commercial end uses.
Figure 27: transportation and stationary hydrogen demand in the high and low scenarios, 2030 and 2050
(thousand tonnes/yr)

Spatializing the stationary demand (orange wedge in the above figures) produces the demand maps
shown in Figure 28. These show 2030 and 2050 for the high case, and indicate the vast majority of
stationary demand is concentrated in the LA and San Francisco regions. From this, the analysis grouped
these into hubs that could receive large quantities of hydrogen for final distribution to each facility. This
is discussed in the section on supply chain (SERA) modeling.
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Figure 28. California Stationary hydrogen demand locations in 2030, 2050

Electric Sector Modeling with GOOD Model
As described in the model overview section above, the GOOD model is used as a stand-alone model of
the electric sector in this analysis, though “soft linked” to both the STIEVE model and SERA model. It
received transportation hydrogen demands from STIEVE, on a spatial basis (though somewhat
aggregated from STIEVE’s highly disaggregated structure), and stationary hydrogen demands from our
separate analysis described in the previous section.
GOOD produces a full projection of the entire electricity demand from all sources in California in 5 year
intervals to 2050, and we have run this model for a range of scenarios to investigate how hydrogen
demand would be met by the electric sector (if all hydrogen demand were met this way, via
electrolysis), and what impacts this might have on power capacity expansion, generation, and
generating cost (and thus electricity prices used in SERA for the price of hydrogen passed on to
consumers).
We start by presenting key inputs to GOOD that vary by scenario, and then present various outputs.
There is far more detail available on these aspects than can be included here; separate reports are in
preparation to explore the analysis in more detail.

GOOD Model inputs
The model uses a wide range of inputs and these are being documented separately (and have to some
degree been documented in previous reports):
Financing: discount rate: 10%
Capacity costs:
● Solar (30-year lifetime): $800/kW, not including transmission
● Wind (30-year lifetime): $1300/kW, not including transmission
● H2 Storage: $2/kg
● PEM Electrolyzer: $300/kW
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The targeted level of renewables by state and year is shown in Table 5, based on announced state plans.
It is also possible that the US will create a national level renewable portfolio standard (RPS) or clean
energy standard (CES) for a year like 2050 but at this time no such standard is in development, and is not
modeled (so far) in this study.
Table 5. State targets for renewables as a percentage of generation and target year
State

RPS/CES Target

Target Year

California

100%

2045

Colorado

100%

2050

Nevada

100%

2050

New Mexico

100%

2045

Oregon

100%

2040

Washington

100%

2045

There are many more inputs to the GOOD model that are being compiled and will be added to this
document and a more detailed report soon.

GOOD Electricity Model Scenarios
Currently, we have developed 12 different scenarios as separate runs of the GOOD model. These
scenarios are based around several combinations of parameters of interest including:
● Hydrogen demand in the transportation sector [Low, high; 2 options]
● Cost of hydrogen infrastructure (storage and PEM electrolyzers) [Low, medium high; 3 options]
● Cost of renewable generation capacity (solar and wind) [Baseline, high; 2 options]
● Renewable Portfolio Standards [Baseline, Aggressive, All 100%; 3 options]
● Renewable curtailment options [Baseline, No curtailment allowed; 2 options]
The combination across all possible parameters leads to a total of 72 possible scenarios, though we are
not currently running all the combinations of parameter inputs. A curated selection of scenarios allows
our model to investigate a set of representative future scenarios of the H2 system and provide insight
into nuances of the electricity grid in integrating with these possible futures. In the following section,
we provide an overview of some of the primary findings from the model runs.
The baseline scenario is currently specified using our high hydrogen demand growth in the
transportation and industrial sectors along with medium costs for developing hydrogen infrastructure,
baseline options for RPS in different states (and thus high in California and the Northwest, modest
elsewhere), renewable generation capacity costs, and base curtailment options.
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GOOD Modeling Results - Baseline Scenario
Figure 29 shows a range of key outputs from our base case modeling. The co-evolution of the electricity
grid toward much greater use of renewable power and hydrogen production and storage capacities are
shown across the 4 figures. We observe steady growth of renewable generation resources in all regions
with existing RPS targets. In California, by 2050 the total capacity of renewable energy is around 210
GW–nearly a tripling of existing generation capacity compared to current day totals. It should be noted
that this capacity of renewables is mainly used to meet RPS requirements and are only mildly influenced
by hydrogen system demand.
Regarding hydrogen infrastructure, we observe in the baseline scenario that electrolyzers (which are the
sole method considered for meeting end-use demand and providing medium-long-term storage within
the electricity system) increase fairly steadily in capacity, to meet the end-use demands of the industrial
and transportation sectors. However, this pattern is very different for hydrogen storage, which sees a
sudden and fairly massive increase in installed capacity after 2040. This is not an entirely unexpected
result as the near 100% renewable generation requirement from RPS in California and some other
regions requires substantial storage to maintain feasibility of operation within the electricity grid.

Figure 29: Cumulative capacity growth of hydrogen infrastructure and renewable generation through
2050 (Baseline scenario)
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The generation mix by fuel type and region for the baseline scenario is shown in Figure 30. This varies
considerably by region and reflects different expected policies regionally, with only California requiring a
high share of renewable generation by 2050. California regions are dominated by wind and solar power
after about 2030, while some other regions still operate coal plants in 2050. The Pacific Northwest, like
California also transitions to nearly 100% renewables over the projection period.
Figure 30: Generation mix by fuel type (baseline scenario)

Figures 31 and 32 below showcase the high fidelity of the GOOD simulation model. In the first figure,
we observe the response of aggregated generators by fuel type to shifting demand patterns over the
course of 11 days. In California regions, rich with solar resources, there is a substantial ramp down of
natural gas resources during the day, though some imports are necessary to fill in troughs of renewable
generation and ramping events corresponding to the “duck” curve. Most of the transmission into
California can be seen coming from excess wind generation from the Pacific Northwest during this time
period. Lastly, there is very little hydrogen production in 2025, barely observable in any of the dispatch
curves within California.
However, these results stand in stark contrast to Figure 32 below which shows dispatch results
corresponding to an aggressive RPS requirement for all states in 2050. Over identical summer months,
we observe a very different mix of generators providing the totality of electricity to each of the regions
in our analysis. Notably the stringent requirements of the Renewable Portfolio Standards are leading to
electricity generation predominantly consisting of solar and wind resources. There is substantial import
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of wind resources to help balance load in the San Diego region of California, though in the remaining
regions, supply of electricity is fairly well balanced with the demand over this time period. With regards
to hydrogen production, there is a notable feature of these dispatch curves: the vast majority of the fuel
is being produced by large amounts of “excess” solar (excess with regards to electricity demand) that
would otherwise be curtailed. While some curtailment still occurs (see peak corresponding to the third
day within the CA_N region), it is clear that the system is doing a good job in taking advantage of the
installed capacity to fulfill both the immediate electricity demands and the hydrogen production
necessary for end-use and/or electricity generation.
Figure 31: Example of 11 days of dispatch during the summer of 2025 (baseline scenario)
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Figure 32: Example of 11 days of dispatch during the summer of 2050 (aggressive RPS scenario)

Although hydrogen can be used for a variety of services, we observe in the baseline scenario that the
majority of hydrogen ends up being used for the transportation sector (Figure 33). As the figures show,
while hydrogen storage and re-generation of electricity is projected for all regions, we only consider
end-use hydrogen demand in California. Other regional demands may be added at a later date, but
would likely be much smaller than for California, at least across the Western WECC states. Even for
California, our projected demands for some sectors, notably buildings and industry, are still evolving as
we do more analysis of those end uses.
Our results to date show that Industrial (and some other stationary) demands are a relatively small
proportion of the end-use in our Baseline scenario, though there is substantial growth of hydrogen fuel
combusted to produce electricity in later years. This generation could evolve to use fuel cells over time,
though for this round of analysis we assumed it is all combustion with some blending and eventually
dedicated hydrogen turbines. In the most aggressive RPS scenarios across all states, hydrogen
combustion begins to rival the demand of the fuel in the transportation sector–though most of the
scenarios we investigated did not lead to this outcome.
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Figure 33: End-use volumes of hydrogen for industrial and other stationary uses, the transportation
sector, and for electricity generation through combustion (baseline scenario)

One interesting aspect of the modeling is the ability to observe the transition of combustion turbine
resources away from natural gas towards hydrogen combustion. The combination of RPS requirements
and hydrogen demands increasing over time allows for the system to begin taking advantage of these
synergies. As shown in Figure 34 below, we observe that in 2035, before RPS and hydrogen
infrastructure fully “take over” the combustion turbine resources, there is still abundant use of gas
turbines with both fuels. It should be noted that there is an effective difference in natural gas and
hydrogen: the natural gas is a purely new dispatchable capacity of electricity while hydrogen is
effectively acting as the output of storage and hence the net electricity generation is actually negative
(but fairly close to zero).
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Figure 34: Mix of natural gas versus hydrogen fuel for electricity generation out of gas turbines
throughout WECC in 2035 for an aggressive RPS scenario for all states.

The seasonal variation in resource availability of renewable solar and wind consistently lead to higher
utilization of storage in later years of our analysis. As seen in Figure 35, the storage is fairly seasonal to
deal with the seasonal variation, with stored capacity reaching as high as 125 million kilograms of
hydrogen. Our results reveal the importance of this resource in helping to balance the grid and
importantly allowing for an economically efficient outcome to meet RPS requirements besides a much
more extreme expansion of renewable energy capacity. Other scenarios reveal that this importance
could be even higher than in our Baseline scenario.
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Figure 35: Hydrogen storage use over a period of a year (8760 hours) in 2050 (baseline scenario) by
region
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Other GOOD Model Scenarios and Sensitivity Cases
As described above, we ran a wide range of sensitivity cases relative to the Baseline Scenario. Here we
focus on two: the High Renewables Cost/Low Hydrogen Cost case, and the High RPS Across all Regions
Case. These are shown in Figure 36 and 37. There are many things that can be compared (and above to
the Baseline Scenario, but visually this can be tricky so a few numbers and points are pulled out for
discussion.
Many results are intuitive: in the scenarios where we investigated relatively lower and higher costs of
renewable capacity, we find there is a corresponding expected decrease/increase in installed capacity of
renewable resources. At 50% higher renewable costs (Figure 36), the total capacity of newly installed
renewables (wind and solar) in California in 2050 decreases from about 230 GW in the Baseline to about
180 GW (and compared to about 50 GW in 2025). Clearly the RPS requirements are still leading to
relatively large amounts of renewables even with higher costs. Interestingly, we observe that the
installation of renewables tends to trend towards wind generation at higher costs.
Across scenarios of low to high hydrogen infrastructure costs, we find that the capacity of hydrogen
storage and PEM electrolyzers sensibly scale to these changing costs. At 50% hydrogen infrastructure
costs, the installed capacity of electrolyzers increases from about 95 GW up to 120 GW. In this scenario,
the end-use demand does not increase and therefore the increased electrolyzer capacity is being used
to serve electricity demand through generation with hydrogen combustion turbines. Storage capacity
increases by over 50% in this scenario as well. At 50% higher hydrogen infrastructure costs, we observe
decreases in both electrolyzer and storage capacity in the opposite direction.
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Figure 36. Model outputs for High renewable/low H2 production cost case

Figure 37 shows the results of assuming all WECC regions reach a high share of renewable generation by
2050, basically an RPS in all regions (not currently legislated but possible, or reflective of a national RPS
policy). The results of this assumption are fairly dramatic on the total amount of renewables in non-CA
regions, the capacity of PEM in these regions, and the total amount of stored hydrogen. PEM in non CA
regions rises to 70 GW by 2050 compared to 15 in the Baseline Scenario. The effect on non-CA storage
is to increase it to 700 thousand tonnes of capacity in 2050, compared to 150 thousand in the Baseline
Scenario.
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Figure 37. Model Outputs for High RPS in All Regions case

Hydrogen storage is explored across more scenarios in Figure 38. Storage in 2050 in the Baseline mainly
occurs outside California, and reaches a modest level of near 200,000 tonnes per year capacity overall.
In scenarios with either higher renewable cost (reducing the tendency to overbuild and accept
curtailment) or lower hydrogen costs (including production and other infrastructure), storage rises,
particularly in California. But the High RPS in All Regions case stands out for needing a far higher level of
storage. This reflects very high renewables use around the WECC, and an accompanying need for high
levels of hydrogen storage to manage variability and minimize curtailment.

California Hydrogen Analysis Project Draft Working Paper
ITS-Davis Research Study

63

May 18, 2022

Figure 38. Hydrogen storage requirements in 2050 by scenario

Figure 39 shows the use of the hydrogen storage capacity in each of the 7 WECC regions in 2050, in the
High RPS All Regions case (the one with by far the highest storage requirements). Some regions clearly
provide seasonal storage: storing hydrogen in a steadily increasing fashion through part of the year,
then decrease back to zero. Others use it either on a more weekly or even daily basis (reflected by the
frequency of spikes and drops). It is those regions tending to store hydrogen seasonally that need the
largest capacity, since they are continually adding to storage rather than having many up-down cycles.
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Figure 39. Hydrogen storage use over a year (8760 hours) in 2050, High RPS All Regions Case, by region

Additional sensitivity cases will be provided in a forthcoming appendix to this report. Additional
comparisons will also be prepared as the report evolves. Particular comparisons can be prepared upon
request.
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Supply Chain analysis with SERA Model
The supply chain analysis with SERA covers a range of scenarios and sensitivity cases, some of which are
still in development and all subject to review and revision. Here we focus on main findings to date. We
present main inputs and assumptions, then a series of outputs and interpretations. The scenarios and
sensitivity cases overall are shown below:
Main Scenarios
● Hydrogen supply chain buildout to meet on road transportation demand in California
● Understand the impacts of sector coupling the HSC with the electricity grid
● Explore the impacts of a renewable hydrogen mandates for HSC buildout
Sensitivity cases
● Impact of foresighted planning : 5 vs 10 vs 25 years
● Demand uncertainty cases: low vs high
● Forecourt production versus central production
● Central PEM only versus all types of production

Key inputs to SERA modeling in these scenarios
Among a wide range of inputs that we report in various related documents such as our “quickscan”
report and various tech briefs, here we show among the most important: cost assumptions for hydrogen
production, transportation and refueling. These are the components of the supply chain that have the
biggest impact on what types of systems make sense under different circumstances.

Hydrogen production costs
Figure 36 shows the estimated cost of producing hydrogen in the near term (e.g. 2025, with reasonable
scale) and longer term (e.g. 2035), after considerable buildout of the system and most potential cost
reductions are achieved via scale and learning. These costs are based on runs of various cost models and
are described in our quickscan report and various tech briefs, available separately. Some key
assumptions are shown in Table 6.
As can be seen, costs of hydrogen production are especially a function of operating costs, including
energy costs. The cost of electricity or natural gas are important components in the overall cost of
hydrogen production. New SMR plants using natural gas (or renewable natural gas) after 2025 are
assumed to be large scale and sited so as to enable CCS. This is still the cheapest option through 2030,
but by the mid 2030’s electrolysis becomes less expensive, achieving production costs of about
$2.50/kg, far below today’s costs. “Forecourt” electrolysis (produced at refueling stations) remains more
expensive given factors like retail electricity prices (higher than for large scale, remote production) and
the small scale of the electrolytic production system. But in any case all hydrogen produced after
perhaps 2035 is below $4/kg. Uncertainties in the levelised costs are primarily driven by feedstock
prices, plant sizes and capacity factors.
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Figure 36. Levelized costs for hydrogen production by technology, near and longer term

Table 6. Assumptions used in hydrogen production cost analysis

Cost of transporting and delivering hydrogen
Three methods of transporting and delivering hydrogen to stations are considered: gas “tube-trailer”
trucks, cryogenic liquid carrying trucks, and pipelines. There are many details about how stations must
be configured if receiving hydrogen from these three approaches, and the differences in station costs
are considered below. Many new technologies, particularly for liquids, are reducing the costs of liquidbased hydrogen systems. Costs also depend on volumes and distance moved. Table 7 shows the
cheapest options for a wide range of sizes and distances of movement. The table assumes relatively
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high capacity factors, such as well utilized truck and pipeline systems, rather than the possibly higher
costs associated with early start-up periods when capacity factors may be low (especially for pipelines,
which are less scalable than truck delivery systems).
As can be seen, tube trailers moving gaseous H2 are the cheapest option almost regardless of the
distance, when volumes and needed capacities are low. Even for well-utilized pipelines, narrow
diameter pipeline systems moving small amounts of hydrogen are typically not cost-effective. Though
due to non-linearities in costs, there are some situations where pipelines are the cheapest even for
smaller capacities, such as 30-50kms. Pipelines dominate the lowest cost of delivery for all systems
above about 20 tonnes/day and moving hydrogen more than 30 kms. Though they still must overcome
high capital costs and possibly early stage low utilization to reach these low “equilibrium” cost numbers.
Again, due to certain non-linearities, LH2 trucks become slightly less expensive than pipelines for certain
capacities for very long distance travel, though may be impractical at such distances.
Table 7. Levelized cost of hydrogen transportation by mode (showing lowest cost mode by color), by
capacity and distance

Station costs
Costs for constructing and operating hydrogen refueling stations are based on operating station models
for light-duty (smaller capacity) and truck-oriented (larger capacity) stations. These models and the
range of assumptions used in running them are described in various tech briefs and related reports
associated with this project. Here we show costs for different station types, related to the form of
hydrogen being delivered for the near term and longer term. The lowest cost station type is typically a
liquid-storing type, particularly for larger size stations. In the long run, we estimate this station could
reach levelized costs on the order of $1 per kg of H2 dispensed. Coupling these with hydrogen
transportation costs (and relatively low costs of cryogenic liquid trucks), suggests that LH2 can be a cost
effective supply chain in many circumstances. Refueling station costs are primarily driven by size,
station utilization and capital costs - and reductions in capital costs over time due to both scale and
technology learning. Here scale includes the production volume of station components.
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Figure 37. Hydrogen refueling station costs by technology, near and long term

Bulk Hydrogen Storage Assumptions
As mentioned, bulk hydrogen storage is included in the model both as deep salt cavern storage and as
line packing within hydrogen pipelines.
Figure 38 shows the locations for possible development of salt caverns. We use this information to
locationally constrain SERA to build salt caverns. For line packing we set a constraint that limits the
maximum amount of hydrogen that can be stored for a particular pipeline length.
Figure 38. Location of salt caverns around Western United States
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Feedstock prices
The underlying price of electricity and other feedstocks (notably natural gas) are important parameters
and drivers of overall system costs. We rely on EIA projections of natural gas prices but generate
industrial electricity prices using our GOOD model. The basic story is as follows:
●
●

●

Industrial gas price is expected to increase over time
Electricity prices are expected to drop with cheaper renewables around WECC, as a result of
declining costs of renewables, though these are offset by other factors affecting costs, such as
transmission. The overall effect is a decline, though not by not very much.
California sees much higher electricity prices than neighboring regions (more than 2x in some
instances), in part due to high T&D costs that we try to reflect in our cost/price estimates.

The electricity and gas prices by state, in 2025 and 2050, are shown in Figure 39. As shown, electricity
prices generally decline over time while gas prices rise.
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Figure 39. Industrial natural gas and electricity rates by state
Natural gas rates ($/mmBtu)

Electricity rates ($/kWh)

SERA Modeling Scenarios and Findings
Here we present a range of results, starting with a base case then comparing to several other scenarios
where certain assumptions are changed. Comparisons to the base case then reveal certain findings.

Base Case (On road transport demand only)
The base case considered here includes a number of assumptions beyond the inputs described above.
Additional or different assumptions are presented in scenario analysis that follows presentation of this
base case. It includes:
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●
●

●

●
●

High demand scenario for hydrogen from transportation and stationary sectors
Two potential methods to produce hydrogen:
○ Central plant SMR with CCS
○ Central plant PEM Electrolysis( grid connected)
Three methods to transport and distribute hydrogen
○ Pipelines, Gas tube trailer and Liquid tanker
○ Salt caverns and line packed storage available
5-year planning horizon, starting in 2025 and extending to 2050; cost optimal choices are based
on a 5 year return consideration.
Constraints:
○ Policy levers like SB 1505 (33% renewable hydrogen requirement)
○ Locational and production/transmission capacity constraints

SERA base case results
Given the rapid demand growth for hydrogen in California in the high demand case (assumed in this
base case), SERA meets this rising demand almost exclusively via growth in electrolysis. As shown in
Figure 40, the annual production of hydrogen rises from about 100 million kg in 2025 to 10 times more
by 2035 (1 billion kg) and finally to 3.5 billion kg by 2050. SMR grows as well for the first 5 years (and
maintains about a 40% market share of production to 2030), but then stops growing and never exceeds
about 100 million kgs. By 2050 it accounts for only about 3% of total production. This relates to two
main factors: a) SMR is relatively expensive in small sizes but large sizes require a longer planning
horizon than 5 years so are not built in this scenario, and b) the cost of natural gas rises over time while
the cost of electricity and electrolyzers drop, so they have an increasing advantage over time. This tends
to suggest that a 33% requirement for renewable hydrogen is not binding, though not all electrolytic
hydrogen is renewable in 2025 or even 2030, and this is just one scenario; others can have much higher
SMR production growth.
Figure 40. Hydrogen production from SMR with CCS and from PEM electrolysis over time.
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Figure 41 shows where this hydrogen is produced, in terms of capacity ((in 2050, left figure) and
production growth to 2050 inside and outside California (right figure). Growth occurs both within and
outside CA, but after 2035 it is much faster in-state than out-of-state.
Figure 41. Production capacity in 2050 and annual production to 2050, by location

Figure 42 shows the share of total hydrogen flow from production to consumption sites, and indicates
that while early on trucks dominate distribution, over time pipelines are developed and eventually carry
about 40% of hydrogen. Gaseous fuel trucks decline in particular from about 35% of distribution in 2025
to 20% by 2050.
Figure 42. Hydrogen Distribution by technology and over time

The distribution systems for each of the three types of distribution are shown in Figures 41-43, as the
cumulative use of these approaches over the time frame 2025 to 2050. Both pipelines and LH2 trucks
are used in some cases to carry hydrogen long distances, while CH2 trucks are typically used for shorter
distances. The relative choices between when and where to use LH2 trucks vs pipelines are based on
the time frame and rate of growth of production, and expected future growth, where a fairly large
system must be anticipated relatively soon to justify building a pipeline.
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Figure 43. “footprint’ of different types of hydrogen transportation across 25 years from 2025 to 2050

The average cost of hydrogen ($/kg) at the point of use, including all production, distribution, storage,
and final fueling costs, are shown in Figure 44 below for 2025 and 2050. These costs vary by county but
are generally on the order of $5-10/kg in 2025, while they are typically $4-6/kg by 2050. In the early
years while the system is still building out, there is more capex expenditure which is substantial and
adds on the cost for every additional kilogram of hydrogen consumed. But as the system buildout
progresses, the marginal costs drop as there is lesser and lesser new capacity addition happening. Most
of the expenses in a fully built out system are operational costs and hence we see lower marginal costs
in most countries by 2050. In the real world this could translate to lower retail prices for hydrogen by
2050, as the system matures and when there is high demand.
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Figure 44. California delivered hydrogen prices by county, 2025 and 2050
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Scenario: 20 year foresight of hydrogen demand
One scenario was run with all assumptions similar to the base case except using a 20 year foresight
horizon for planning investments within SERA rather than the 5 year horizon used in the base case. The
longer time frame tends to make investments that don’t pay off in 5 or 10 years, but that are low cost
over a longer horizon such as 20 years, more competitive. This is more aligned with a societal approach
to making investments, but may also require societal support to pay for investments that do not provide
a strong near term return.
A principal effect of this change in assumption is shown in Figure 45. Longer foresight actually leads to
more investment in natural gas SMR production of hydrogen. This is because these plants have better
economies of scale than PEM electrolyzers and are more competitive, especially within California.
Figure 45: Hydrogen production by technology and year in the Base Case (left) and 20-year foresight
case (right).

The breakout of production by technology and location (Figure 46) shows that within California, a far
higher share of hydrogen production is by natural gas reforming with CCS than with PEM electrolysis,
while nearly all production of hydrogen outside California is with PEM. The share of total hydrogen from
out-of-state also rises after 2025, matching or exceeding growth in-state throughout the projection
period. This relates to out-of-state PEM rising in competitiveness even relative to in-state SMR rising in
competitiveness. In-state PEM is the technology that fares worst in a longer-term horizon scenario.
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Figure 46. Hydrogen production by technology and approximate location (Base case left, 20 year horizon
case right)

Figure 47. Hydrogen production in and out-of-state over time

Scenario: Industrial demand hubs only
Another scenario considers only “stationary” demand, based on a few selected industries and also a
general demand for buildings in medium and large cities in California. This scenario needs further
development in terms of which types of industries and buildings, in which locations, are likely to be early
or later adopters of hydrogen - and that work is ongoing. Here we simply show that demand could look
like if it grew rapidly, and were organized into hubs based on a clustering algorithm.
The analysis so far includes three types of industries and the potential demand for 190 cities:
● Aviation (13 airports)
● Marine (9 ports)
● Refineries (14)
● Res/Com (190 cities, population > 50k)
Development of demand estimates for other types of transport (rail, other off-road), possibly biofuels
and ammonia plants, and various chemical plants and other industries with combustion processes are
on-going. The hydrogen price at which different potential users are likely to make a move toward
hydrogen is an ongoing aspect of the analysis.
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The location of the various facilities and cities included in this round of analysis are shown in Figure 48
below; this is a more detailed representation of data presented above in Figure 28. These point-demand
“off-takers” are then aggregated into clusters using an algorithm to generate a certain size demand
within a certain distance (Figure 49), taking into account the presence of a port, airport, refineries, and
numbers of cities (Table 8). The hubs could represent a particular hydrogen storage facility where
hydrogen is shipped, e.g. by pipeline; then sent to final demand nodes by truck.
This clustering analysis is preliminary and meant to be indicative; work on better identifying suitable
locations for hubs based on potential demand is on-going.
Figure 48. California Stationary Demand locations by 2050, current scenario.
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Figure 49. Stationary hydrogen demand in each of 6 hubs, high case, 2050 (tonnes)
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Table 8. Locations and features of six hubs developed in analysis
TAZ #

Region

531 Sacramento

Types of demands
Airport

City

Others

Port

San Leandro
1408 (Alameda / Contra
Costa)

Airport

City

Others

Port

2312 Los Banos (Merced)

Airport

City

Others

2947 Bakersfield

Airport

City

Others

4619 Los Angeles

Airports

City

Others

Port

6424 San Diego

Airport

City

Others

Port

Refinery

Refinery
Refinery

Providing hydrogen to these 6 demand hubs (and to no other destinations), changes the pattern of
supply and distribution system compared to our other scenarios. The resulting SERA scenario projections
of production types and locations to serve these hubs is shown in Figure 50. Due to the large scale of
demand from a few locations, and the lack of a need to move hydrogen to many other smaller end uses,
the location of hydrogen production is best suited to be near these hubs, and dedicated to them. A
nearby scale is achieved that is more important than the cost savings of placing production farther away
and shipping longer distances. There are some production nodes outside California, but it is less than
10% of overall production by 2050.
Figure 50. Hydrogen production locations in hubs scenario, 2050
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There are some pipeline connections established by 2050 to connect the 5 major “production hubs”
with the 6 “demand hubs”, shown in Figure 51. The resilience and energy balancing provided by these
pipelines helps the system work with so few nodes. The few small production sites outside California
are connected to end uses by truck rather than pipeline, given their scale.
Figure 51. Pipelines developed to serve hubs by 2050

These results are indicative and could change with additional work on model specification and
underlying assumptions. Additional scenarios, sensitivity analysis and various comparisons will be added
in an on-going fashion as this report is further developed.
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Next Steps in Analysis
The most important next step is that this current working paper draft will be circulated for comment to
help identify areas where more work is needed and adjustments to assumptions and modeling
specifications may be warranted.
While this review occurs, the modeling team will focus on using unpublished sensitivity cases to help
improve modeling specifications, and addressing a few areas of known weakness. Some specific areas
include:
- Improving our characterization of hydrogen storage potential and cost (such as a proto-supply
curve suitable for our analysis).
- Improving our characterization of hydrogen transportation options, to take into account a range
of factors that may not be linear with scale or distance.
- Explore the potential of hydrogen blending in existing pipelines and the possibility of retrofitting
some existing pipelines to carry hydrogen.
- On-going work to refine our hydrogen demand scenarios, taking into account hydrogen market
prices and other factors that could affect the speed and ultimate level of demand from different
sectors.
- Better representation and inclusion of renewable natural gas and biomass gasification as a
complement to electrolysis.
A new version of this working paper is targeted for September 2022. Other papers (as outlined in the
introduction) will also be published during this period.
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Acronyms used in this report
BEV - battery electric vehicle
EV - electric vehicle
CARB - California Air Resources Board
CCS - carbon capture and storage
CCUS - carbon capture, utilization and storage
CO2 - carbon dioxide
CSTDM - California Statewide Travel Demand Model
CEC - California Energy Commission
EIA - U.S. Energy Information Administration
EV - electric vehicle
FCEV - fuel-cell electric vehicle
GH2 - gaseous hydrogen
GOOD - Grid Optimized Operation and Dispatch Model - UC Davis
GW - gigawatt
H2 - hydrogen
HDV - heavy-duty vehicle
LCFS - Low-carbon Fuel Standard
LDV - light-duty vehicle
LH2 - liquid hydrogen
MDV - medium-duty vehicle
PEM - proton exchange membrane (fuel cell)
PHEV - plug-in hybrid electric vehicle
RNG - renewable natural gas
RPS - Regional Portfolio Standards
SERA - Scenario Evaluation and Regionalization Analysis model - NREL,
https://www.nrel.gov/hydrogen/sera-model.html
SMR - steam methane reforming
STIEVE - Spatial Transportation Infrastructure, Energy, Vehicle and Emissions model - UC Davis
TAZ - transportation analysis zone - system of spatial disaggregation to transportation and land use type
areas
TCO - total cost of ownership
TTM - Transportation Transition Model - UC Davis Energy Futures
WECC - Western Electricity Coordinating Council
ZEV - zero emission vehicle
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Appendices
(to be added later, with decisions still pending about what to include in this document vs stand-alone
companion documents)
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