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PREFACE 

Assembly Bill 118 (Núñez, Chapter 750, Statutes of 2007) created the Clean Transportation 
Program, formerly known as the Alternative and Renewable Fuel and Vehicle Technology 
Program. The statute authorizes the CEC to develop and deploy alternative and renewable 
fuels and advanced transportation technologies to help attain the state’s climate change 
policies. Assembly Bill 8 (Perea, Chapter 401, Statutes of 2013) reauthorizes the Clean 
Transportation Program through January 1, 2024, and specifies that the CEC allocate up to 
$20 million per year (or up to 20 percent of each fiscal year’s funds) in funding for hydrogen 
station development until at least 100 stations are operational.  

The Clean Transportation Program has an annual budget of about $100 million and provides 
financial support for projects that:  

�x Reduce California’s use and dependence on petroleum transportation fuels and increase 
the use of alternative and renewable fuels and advanced vehicle technologies.  

�x Produce sustainable alternative and renewable low-carbon fuels in California. 

�x Expand alternative fueling infrastructure and fueling stations.  

�x Improve the efficiency, performance and market viability of alternative light -, medium-, 
and heavy-duty vehicle technologies. 

�x Retrofit medium- and heavy-duty on-road and nonroad vehicle fleets to alternative 
technologies or fuel use. 

�x Expand the alternative fueling infrastructure available to existing fleets, public transit, 
and transportation corridors. 

�x Establish workforce-training programs and conduct public outreach on the benefits of 
alternative transportation fuels and vehicle technologies. 

To be eligible for funding under the Clean Transportation Program, a project must be 
consistent with the CEC’s annual Clean Transportation Program Investment Plan Update. The 
CEC issued contract number 600-17-008, the Roadmap for the Deployment and Buildout of 
Renewable Hydrogen Generation Plants Project. Contract 600-17-008 was approved for 
funding at the CEC Business Meeting May 9, 2018, and finalized on June 29, 2019, by the 
Department of General Services.  
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ABSTRACT  

This report presents a roadmap for th e buildout and deployment of renewable hydrogen 
production plants in California. The report provides a fact base to support policy decisions and 
inform stakeholders. The supporting analysis assesses the demand, in the transportation and 
other sectors, for and cost of renewable hydrogen to serve California. The analysis includes 
demand projections, forecasts of technology progress, supply chain costs, and temporal and 
spatial plant siting scenarios. The work places specific focus on lessons from early project 
activity and projection through 2030 , with higher -level forecasts through 2050. The work 
concludes with research needs and policy recommendations to successfully launch and scale 
the California renewable hydrogen sector. The conclusion is that, with appropriate policy 
support, the renewable hydrogen sector can reach self-sustainability (price point at parity with 
conventional fuel on a fuel-economy adjusted basis) by the mid- to late 2020s.  

 

Keywords : Hydrogen, renewable hydrogen, hydrogen production, roadmap, deployment, 
buildout 
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EXECUTIVE SUMMARY  

Overview  
This report documents the analysis, methodology, and results of a one-year, CEC-sponsored 
study undertaken by the University of California, Irvine , Advanced Power and Energy Program 
(UCI APEP) to develop a roadmap for the evolution of the renewable hydrogen supply sector 
necessary to serve the growing demand for renewable hydrogen through 2050. The analysis 
focuses on 2020 through 2030 with a less detailed assessment of the time frame beyond 
2030. The roadmap defines actions needed to support an optimal deployment of renewable 
hydrogen production plants needed to meet the growing demand for renewable hydrogen . The 
analysis builds upon insights from early market development and a series of analyses 
developed for the roadmap on current and future technology costs, feedstock supply and cost, 
siting and factory buildout, and demand growth.  

This roadmap will help guide future state policy and funding decisions to support the 
successful buildout of a robust renewable hydrogen sector as a key part of California’s zero-
carbon economy. The roadmap is also a source of information for the public and interested 
stakeholders. An extended executive summary of the roadmap findings and recommendations 
can be found in Appendix C of this report.  

UCI APEP developed the roadmap through several discrete tasks, as illustrated in Figure 1.  

Figure 1 : Renewable Hydrogen  Roadmap Task Flow  

 
Source: UCI APEP 
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Stakeholder Input  

More than 40 interviews with industry stakeholders supported development of the  RH2 
Roadmap. In addition, two public webinars were conducted to provide interim results to 
stakeholders and provide opportunity for public comment. Appendix E summarizes key topics 
and themes.  

Renewable Hydrogen Demand Forecast (Chapter 2)  
The roadmap effort developed several scenarios for the growth in renewable hydrogen 
demand through 2050. Primary sources included hydrogen demand analysis (renewable 
and nonrenewable) developed for the U.S. Department of Energy (DOE) H2@Scale 
initiative and several state agency documents projecting decarbonization pathways. 
Although transportation, depicted in Figure 2, is expected to be the primary source of 
demand for renewable hydrogen, petroleum refining, power generation and storage, heat, 
industrial processes, and ammonia production are all additional sources of potential 
demand. This analysis projects a high-case demand for renewable hydrogen of more than 
400 million metric tons per year in 2030 and more than 10 times that amount in 2050. 
Additional scenarios are detailed in Chapter 2. 

Figure 2: Hydrogen in Transportation  

 

Source: UCI APEP, Hyundai, Toyota, Honda  
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Technology Characterization (Chapter 3)  
This task benchmarks the current cost and efficiency of the primary renewable hydrogen 
production pathways and forecasts the related evolution through 2050. Three classes of 
hydrogen production technology were assessed: electrolysis, anaerobic digestion, and 
thermochemical conversion. The analysis employed several methods, and the results are 
detailed in Chapter 3 and Appendix A. All the technology groups are projected to show 
significant improvement in cost and performance, with electrolysis showing the greatest 
reduction potential. The analysis results forecast that the U.S. Department of Energy 
(DOE) long-term cost target of $2 per kilogram at the plant gate is achievable by the 
2030s.  

Feedstock Supply and Cost  (Chapter 4)  
Feedstock supply and cost are important inputs to the delivered cost of hydrogen. The 
primary feedstocks are biomass for thermochemical conversion and anaerobic digestion 
and renewable electricity for electrolyzers. The primary source for the organic feedstock 
analysis was the DOE Billion Ton Report (BTR) and Lazard Levelized Cost of Renewable 
Electricity 12.0 was the primary source for wind and solar electricity. The analysis projects 
the potential supply of organic feedstock to be nearly 750 petajoules per year (1018 joules 
or the energy equivalent of 6 billion kilograms of hydrogen) at a cost threshold of $60 per 
dry ton. The resource potential for wind and solar is more than 70 times current 
consumption, and the cost of both wind and solar power production will be below 3 cents 
per kilowatt -hour by 2030. Details of the feedstock analysis can be found in Chapter 4.  

Plant -Gate -to -Dispenser Cost Evolution (Chapter 5)  
The costs incurred from the production plant through the hydrogen refueling station were 
analyzed using the HDSAM 3.1 tool developed by Argonne National Laboratory augmented 
with a learning-curve forecast of cost-reduction potential. The station size and utilization 
follow the forecast in the 2018 AB 8 report (the annual report to the legislature on 
progress on hydrogen station construction). The analysis projects plant gate-to-dispenser 
costs to decline from around $16 per kilogram (excluding subsidies and credits) at present 
to a midpoint estimate of $6 by 2025, declining to below $5 by 2050 with a low-end 
estimate of $4 per kilogram. The biggest factor in the cost decline is increased station 
utilization (fuel dispenses as a fraction of full capacity) with economies of scale and 
technology progress also contributing. Details can be found in Chapter 5.  

Dispensed Cost of Renewable Hydrogen Evolution (Chapter 6)  
This task integrates technology, feedstock, and supply chain costs to derive the full 
dispensed cost of renewable hydrogen forecast ranges. The analysis then adds revenue 
from environmental credit values and tipping fees for landfill- diverted material to derive a 
net cost for dispensed hydrogen as a proxy for future pump price.  The key findings are 
that the dispensed price of hydrogen is likely to meet an interim target based on fuel-
economy-adjusted price parity with gasoline  of $6 to $8.50 per kilogram  by 2025. 
Furthermore, reaching the long-term DOE target of $4 per kilogram is within the forecast 
band for 2050, but the base forecast is around $5 per kilogram. The cost evolution is 
shown in Figure 3. Additional detail can be found in Chapter 6.  
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Figure 3: Net  Cost of Dispensed Renewable Hydrogen   

 

  Source: UCI APEP 

Candidate Site Identification  
This analysis assessed locations across the state in a 4-km-by-4-km grid to determine 
suitability for siting renewable hydrogen production plants based on terrain, land use, and 
access to necessary infrastructure. The research team selected plant locations in the 
various buildout scenarios from the resulting set of candidate sites. The analysis shows 
that proximity to feedstock is the strongest factor in siting . Thermochemical plants are 
sited in forests and agricultural areas, anaerobic digestion facilities on dairies or refuse 
routes, and electrolyzers in solar and wind resource areas. Steam methane reformers use 
pipeline gas as feedstock and are sited near natural gas transmission lines. For outbound 
transport of produced hydrogen, all facilities are also sited near major highways . Plants 
that generate smog-causing emissions were excluded from disadvantaged communities in 
high-pollution areas.  

Integrated Buildout Scenarios and Roadmap (Chapters 7 and  8) 
The final step was integrating the results from prior tasks to develop time -phased buildout 
scenarios for renewable hydrogen production plants. Based on a defined set of 
assumptions and constraints including community impacts, the buildout scenarios 
minimize the cost of dispensed hydrogen to serve incremental demand in time steps from 
the present through 2050. Details of the siting analysis and buildout scenarios can be 
found in Chapter 7 and Appendix B. Recommendations for market support and research, 
development, and demonstration (RD&D) are summarized below with additional detail 
provided in Chapter 8 and Appendix D (RD&D needs). Figure 4 shows the base-case 
facility buildout . The 2050 facility count exceeds 500 across the various technology types.  
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Figure 4 : Base-Case Facility Build 2020 to 2050  

 

 
Source: UCI APEP 

Recommendations  
The roadmap project team developed a set of recommendations for state action based on the 
roadmap research and analysis, and input from stakeholders. The recommendations are 
presented in two categories. The first category defines actions to support market development 
and evolution directly through things such as incentives. The second category recommends 
research, development, and demonstration (RD&D) activities to refine the findings of the 
roadmap and support technology advances needed to achieve long-term targets .  

Market Development Recommendations  
1. Extend hydrogen infrastructure support to the entire supply chain (extend the current 

program focus on stations to renewable hydrogen production, processing and 
transport) . 

2. Focus on forms of support that attract private capital  (such as loan guarantees). 

3. Take steps to support a smooth expansion of capacity and avoid boom/bust cycles 
while promoting robust competitive markets by increasing market transparency and 
targeting incentives. 

4. Reduce barriers to development in California: California Environmental Quality Act 
(CEQA), codes and standards, costs (including taxes), and local issues.  
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5. Develop electric rate structures specific to transmission-connected renewable fuels 
facilities (for example, electrolyzers and liquefaction facilities) such as whole power 
market access + transmission charge.  

6. Promote access to the natural gas system for renewable hydrogen transport and 
storage—establish blending limits and interconnection requirements . 

7. Take steps to ensure that a mixed gas/liquid supply chain does not create barriers to 
market access. For example, provide incentives for development of open access points 
of entry to the supply chain such as gaseous or liquid terminal facilities .  

8. Ensure that renewable hydrogen development advances social justice by maximizing job 
creation in disadvantaged communities while minimizing negative impacts such as 
traffic, noise, visual impacts and air emissions. 

9. Act to ensure that program eligibility, environmental ac counting, and lack of definitions 
are not barriers to renewable hydrogen development  

Future RD&D Recommendations  
�x Renewable hydrogen production technology and feedstock supply 

�x Demand, adoption, and impacts analysis 

�x Supply-chain forecasting and optimization (plant gate to point of use ) 

�x Renewable hydrogen fuel production and electric grid integration  
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CHAPTER 1:  
Introduction and Purpose of the Roadmap  
Hydrogen fueling infrastructure development in California is accelerating. The Joint Agency 
Staff Report on Assembly Bill 8 states, “This year (2019) marked the beginning of the Low 
Carbon Fuel Standard Hydrogen Refueling Infrastructure credit program. CARB has approved 
48 stations to participate in the program thus far. The program encouraged several hydrogen 
refueling station operators to increase the renewable hydrogen content of their fuel to 
increase the potential to earn more credits. The CARB 2019 Annual Evaluation of Fuel Cell 
Electric Vehicle Deployment & Hydrogen Fuel Station Network Development reported that the 
funded station network will dispense hydrogen with 39 percent renewable content sourcing, 
based on information available as of June 2019. Since that time, some station operators have 
secured new hydrogen feedstock sources that will provide 100 percent renewable hydrogen. 
These new agreements demonstrate that, once station operators are able to secure renewable 
hydrogen feedstock sources, the percentage of dispensed hydrogen that is renewable can 
increase nearly instantaneously. Furthermore, this increase in renewable content comes at no 
additional infrastructure cost to the state. This ability to quickly increase renewable content is 
one advantage of hydrogen as a transportation fuel, and why the CEC has supported the 
development of renewable hydrogen plants in California.”1 

To keep pace with the expanding fuel-cell vehicle population and fueling capacity, renewable 
hydrogen supply must expand rapidly. The renewable hydrogen market is in the very early 
stage. No fully dedicated renewable hydrogen production plants are operating in California. 
Reformed biomethane using existing steam methane reformation ( SMR) capacity is the 
dominant supply approach. The renewable hydrogen market has few participants and no 
transparency on pricing or terms.  

This report documents the analysis, method, and results of a one-year CEC-sponsored 
research effort undertaken by the University of California, Irvine , Advanced Power and Energy 
Program (UCI APEP) to develop an initial roadmap for the evolution of the renewable 
hydrogen supply sector necessary to serve the growing demand for renewable hydrogen 
through 2050. The analysis focuses on the time frame from the present through 2030, with a 
less detailed assessment of the time frame beyond 2030. The roadmap defines actions needed 
to support an optimal deployment of renewable hydrogen production facilities need ed to meet 
the growing demand for renewable hydrogen . The analysis builds upon insights from early 
market development and a series of analyses developed for the roadmap on current and 
future technology costs, feedstock supply and cost, siting and facility buildout , and demand 
growth. The roadmap will guide future state policy and funding decisions to support the 
successful buildout of a robust renewable hydrogen sector as a key part of California’s zero-
carbon economy. The roadmap also serves as a source of information for the public and 
interested stakeholders.   

 

1 Baronas, Jean, Gerhard Achtelik, et al. 2019. Joint Agency Staff Report on Assembly Bill 8: 2019 Annual 
Assessment of Time and Cost Needed to Attain 100 Hydrogen Refueling Stations in California. California Energy 
Commission and California Air Resources Board. Publication Number: CEC-600-2019-039.  



 

8 
 

 

Hydrogen fuel cell electric vehicles (FCEVs) are a cornerstone for (1) achieving the governor’s 
target of 5 million zero-emission vehicles on the road in California by 2030; (2) meeting 
environmental goals directed toward removing the emissions of carbon and criteria pollutants 
from the transportation sector, (3) retaining the range, fueling time, and scalabilit y (for 
example, light -, medium-, and heavy-duty vehicles, locomotives, ships) to which the public is 
accustomed; and (4) succeeding in achieving fuel independence. While fueling stations are 
being developed to support the emerging retail market for light -duty FCEVs, the sources of 
hydrogen are immediately stressed because of existing demands from the industry in general 
and petroleum refining in particular . The requirement that 33 .3 percent of the hydrogen 
dispensed today (and 40 percent to be eligible for LCFS infrastructure credit s)2 be derived 
from renewable sources adds even more stress to meeting the daily requirements for the fuel . 
Given the challenge of building a renewable hydrogen production sector from virtually 
nonexistent in 2015 to hundreds of m illions of kilograms per year by 2030 and billions by 
2050, a roadmap for the evolution of resources to generate renewable hydrogen from today to 
full buildout is prudent and timely to develop.  

To meet the immediate stress of renewable hydrogen demand in the early FCEV market, 
several entities are contemplating new hydrogen production for vehicle use in California . 
Because of the unique scale and risk associated with the unfolding passenger car market, 
these various entities are already competing for resources, locations, and future supply 
contracts. The design, siting, cost, and overall strategy for building and operating the facility 
represent a powerful first example upon which to establish a roadmap . In addition, the CEC 
has solicited, under GFO-17-602, the development of renewable hydrogen production plants, 
providing an additional source of information on near -term cost and performance.  

As noted, initial project development ha s been undertaken to increase the supply of renewable 
hydrogen in California, but current and announced production will be inadequate to meet 
supply by the early to mid -2020s. Renewable hydrogen supply shortages could slow or stall 
the growth in the nascent fuel cell vehicle market and erode consumer confidence. The 
roadmap provides specific recommendations for state support, and research needs to help 
ensure a smooth and successful ramping and scaling of a self-sustaining renewable hydrogen 
supply sector in California.  

This research builds upon the extensive body of work that has been developed on optimal 
hydrogen refueling station network deployment by addressing the supply side of the hydrogen 
value chain, as well as assessing additional sources of future demand. While the state has 
invested considerable effort in developing a clear, time-phased buildout strategy for hydrogen 
refueling stations to meet the anticipate d growth in demand for renewable hydrogen for 
transportation, no comprehensive plan has been developed for the production and supply 
chain to serve that demand with an increasing supply of cost-effective renewable hydrogen. 
The roadmap seeks to address this gap.  

 

2 Section 95486.2. Generating and Calculating Credits for ZEV Fueling Infrastructure Pathways.   



 

9 
 

 

CHAPTER 2: 
Renewable Hydrogen Demand Scenarios  

Introduction  
The project began by developing RH2 demand scenarios to determine the scale of RH2 

production needed over time. The current global demand for hydrogen is 65 million metric ton 
per year (MMT/yr) where one metric ton is 1000 kilograms. The demand by use is shown in 
Figure 5. The current U.S. demand for hydrogen is 10 MMT/yr, roughly 15  percent of global 
demand, and is used mostly for petroleum refining and ammonia production. California 
demand is roughly 2 MMT/yr and is used predominantly for refining. The renewable or zero-
carbon fraction of the hydrogen supply in California is insignificant.  

Figure 5: Global Hydrogen Demand  

 

Source: (Satyapal 2017) 

California policy calling for an 80 percent reduction in CO2 emissions from the  1990 level by 
2050 will create new demand for zero-carbon hydrogen and necessitate a shift in current 
demand from fossil-derived hydrogen to zero-carbon hydrogen. Sources of potential demand 
for renewable hydrogen include:  

�x Light-duty vehicles (LDVs). 

�x Medium and heavy-duty (MD/HD) vehicles. 

�x Off-road transportation (marine  vessels, trains, forklifts , and other). 

�x Petroleum refining.  

�x Power generation and storage. 

�x Residential, commercial, and industrial applications (process and heat). 

�x Ammonia-based fertilizer. 

�x Export.  

The present analysis developed high-, medium-, and low-demand scenarios for renewable 
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hydrogen. Table 1 summarizes the key assumptions used for each. Additional detail is 
provided below for each area of potential demand.  

Table 1: Renewable Hydrogen Demand Scenario Descriptions  
RH2 Application  High  Low  Mid  
Light-duty Vehicles 1 million FCEVs by 

2030 
50% penetration by 
2050 

250,000 FCEVs by 
2030 
20% penetration by 
2050 

500,000 FCEVs by 
2030 
35% penetration by 
2030 

Medium-Duty, 
Heavy-Duty, and 

Other 

Hydrogen serves 
50% of MD/HD 
renewable diesel 
demand in Vision 2.1 
and 20% of “other” 
non-LDV 

Mobile Source 
Strategy Clean 
Vehicles and Fuels 
Scenario in Vision 2.1 

Midpoint between 
high and low 

Petroleum Refining 100% decarbonized 
H2 by 2050 on linear 
ramp beginning 2025 

No RH2 demand in 
low case 

50% of high case 

Power Generation 
and Storage 

Geothermal and 
storage hold half of 
resources  

No RH2 demand in 
low case 

50% of high case 

Process and Heat 10% of current 
natural gas (NG) 
demand in 2050 with 
H2 blending 
beginning in 2025 

No RH2 demand in 
low case 

50% of high case 

Ammonia Production 100% decarbonized 
H2 by 2030 

No RH2 demand in 
low case 

15% of high case 

Source: UCI APEP 

Light -Duty  Vehicles  
At the time of this report, roughly 7,000 fuel cell electric vehicles (FCEVs) are operating in 
California. The light-duty FCEV population is projected to grow to between 250,000 and 1 
million vehicles by 2030 (California_Air_Resources_Board 2018). The 2012 California Vision for 
Clean Air (California Air Resources Board 2012) projects that more than 50 percent of 
passenger vehicles in the South Coast Air District will be FCEVs (Figure 6), while the California 
Air Resources Board (CARB) Mobile Source Strategy projects around 20 percent of total  vehicle 
population to be FCEV by 2050 (Figure 7) (California Air Resources Board 2016).  

This analysis assumes 50 percent penetration for passenger vehicles and light trucks by 2050, 
roughly 17.5 million vehicles, for the high or optimistic demand forecast , and the low case 
assumes penetration of 20 percent of vehicle population in 2050. The average fuel economy 
for the FCEV population was assumed to improve from 65 miles per gallon equivalent (mpge) 
in 2018 to 115 mpg e by 2050 [approximate average for passenger vehicles and light trucks in 
2050 from (Mahone et al. 2018) ]) . The renewable fraction of total hydrogen demand is 
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another important element of the renewable hydrogen demand scenarios. The Hydrogen 
Council and the California Hydrogen Business Council have endorsed a goal of achieving 100 
percent carbon-free hydrogen supply by 2030 (CHBC 2019). However, concern also exists 
about increasing the mandated renewable fraction too rapidly,  given the current high price of 
dispensed hydrogen (in the range of $15/kg  or gasoline gallon equivalent). The scenario 
assumption here is that the renewable fraction will be maintained at the currently mandated 
level of 33.3 percent3 through 2025, after which it ramps to 100  percent by 2050. The 
resultant renewable hydrogen demand scenarios for LDVs are shown in Figure 8.  

Marine, rail, and off- road applications, such as forklifts and construction equipment, are also 
significant consumers of fuel, accounting for nearly 20 percent of total fuel use in California 4. 
Hydrogen solutions are being developed for these applications with rail, oceangoing vessel, 
and ferry applications at the pilot stage and hydrogen fuel cell forklifts already showing 
significant penetration. A hydrogen ferry will enter operation in California in 2019 , and initial 
designs are being developed for oceangoing vessels. Aviation is also a high consumer of fuel, 
but the use of hydrogen as an aviation fuel is at the concept stage and is not considered a 
source of demand in this analysis.  

Figure 6: Vision for Clean Air South Coa st AQMD Passenger Vehicle Scenario  

 

  Source: California Air Resources Board 2012 

 

3 The recently approved (mid-2019) Low Carbon Fuel Standard (LCFS) Hydrogen Refueling Infrastructure (HRI) 
credits program, which provides credits both for dispensed hydrogen and remaining station capacity, requires a 
minimum of 40 percent renewable hydrogen. This provision was approved after the development of the present 
scenarios, so the renewable fraction may increase slightly more rapidly than reflected in the scenarios presented 
here as use of the HRI credit program expands.   
4 (California Air Resources Board 2016, 2017) 
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Figure 7: Vehicle Count in Mobile Source Strategy LDV Scenario  

 
Source: California Air Resources Board 2016 

 

Figure 8: Light -Duty  Vehicle Renewable Hydrogen Demand Scenarios  

 

Demand Scenarios through 2030 and through 2050   Source: UCI APEP analysis 
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Medium -Duty , Heavy -Duty , and Other Transportation Applications  
Decarbonizing the medium- and heavy-duty elements of the transportation sector is a 
challenge. Battery-electric vehicles are being developed for a range of applications, including 
urban delivery, transit, drayage, and other applications. However, the required battery storage 
on board presents a challenge, and, to date, electrification has been considered infeasible for 
long-haul trucking. Although at the pilot and early- deployment stages, FCEVs are under 
development for the full range of medium - and heavy-duty applications and are expected to 
show significant share of these applications, particularly for higher -mileage and heavier-vehicle 
applications.  

The Mobile Source Strategy (MSS) assumes that liquid fuels, transitioning to liquid renewable 
fuels over time, serve most demand for transportation fuel outside the light -duty sector, as 
shown in Figure 9. Figure 10 shows the non-LDV fuel demand by application in 2030 and 
2050. As an alternative to the MSS scenario, this assessment assumes that half of the 
assumed demand for renewable diesel will be served by hydrogen solutions with a renewable 
fraction that tracks with that for LDVs.  

For this analysis, the MSS cleaner fuels and technologies forecast will be taken as the base 
case. The high case will assume that half of the 2050 diesel demand for MD/HD is met by 
hydrogen, and 20 percent of the remaining demand—which includes oceangoing vessels 
(OGV), locomotives, and other off -road vehicles—is met by hydrogen. Both high and base 
cases will use the MSS 2030 demand from the cleaner fuels and technologies scenario. A fuel 
economy ratio of 1.5 will be used for all non- LDV applications and cases (1 kg of hydrogen 
replaces 1.5 gallons of conventional fuel). The renewable fraction of hydrogen fuel will be 
assumed to be 33 percent in 2025 and ramp to 100 percent by 2050. The resultant renewable 
hydrogen demand growth is shown in Figure 11.  

Refining  
The demand for hydrogen for refining in the western United States is roughly 1.4 MMT per 
year, excluding by-product hydrogen generated by refining operations and consumed 
internally, of which roughly 65  percent is consumed in California (Elgowainy et al. 2019; EIA 
2018a). An LCFS pathway has been certified for the generation of credits using renewable 
hydrogen in refining. However, the use of renewable hydrogen for refining is insignificant. One 
electrolytic hydrogen project for refining is under development in Germany (ITM_Power 2018). 
Given California’s policy goal to reduce GHG emissions by 80 percent by 2050 and the 
expectation of declining costs for production of renewable hydrogen, decarbonization of 
hydrogen used for refining can be expected over time. For this analysis, it is assumed that 
hydrogen used for refining reaches 100 percent renewable fraction by 2050, beginning with a 
1 percent fraction in 2025. This analysis assumes that overall demand for petroleum refinery 
hydrogen tracks downward with petroleum use to 20  percent of current demand by 2050. The 
resultant hydrogen demand is shown in Figure 12.  
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Figure 9: Mobile Source Strategy Non -LDV Transportation Fuel Demand  

Million DGE 

 
Note: One DGE (diesel gallon equivalent) is roughly equal to 1 kg of hydrogen .  

Source: Cleaner Technologies and Fuels Scenario from VISION 2.1 Model 

Figure 10. Gasoline and Diesel Fuel Demand for Non -LDV Transportation  
                   Million Gallons  

 

  Source: Cleaner Technologies and Fuels Scenario From VISION 2.1 Model 
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Figure 11:  Non- LDV Transportation Renewable Hydrogen Demand Scenarios  
 

 
  Source:  UCI APEP analysis  

Figure 12:  Renewable Hydrogen Demand for Petroleum Refining  

 

  Source:  UCI APEP analysis 
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Power Generation and Hydrogen Energy Storage  
Although curtailment of intermittent renewable electric power resources is infrequent, the 
frequency and duration of curtailment are increasing. By the late 2020s, the need for long-
duration storage and dispatchable, rapid-load-following resources will begin to increase 
rapidly. If hydrogen technology cost and performance advance sufficiently, hydrogen may 
become a least-cost resource for serving these functions in micro - and macrogrids.  

The RESOLVE resource planning model (CPUC 2018) is an optimization model that dispatches 
existing resources and adds new resources over time to serve load at least cost. The model 
includes changes in electricity demand over time for things like transportation electrification 
and building efficiency. RESOLVE is the model adopted by the California Public Utility 
Commission for electric resource planning. The model shows that, beginning in the mid-2020s, 
there will be the need for new storage and dispatchable renewable generation to serve load 
during times of low wind and solar production. Tabl e 2 below shows the resource additions 
forecast by RESOLVE for 60 percent renewable fraction (anticipated in the 2030 time  frame) 
and 80 percent renewable fraction (anticipated in the 2045 time  frame). Note that RESOLVE 
does not include hydrogen as a renewable fuel source in these scenarios and does not 
currently feature hydrogen energy storage (HES) as a resource option.  

This analysis uses the electricity storage and firm renewable generation resource additions 
shown in Table 2 to reflect the demand for those functions . As an alternative to adding 
geothermal resources, batteries and pumped hydro electric storage hydrogen via power-to-
gas-to-power or by biomass-to-hydrogen-to-power pathways could serve the same resource 
needs. Depending on the progression of technology costs among the alternative technologies, 
scenarios that employ hydrogen pathways as alternatives to the base case are possible, 
particularly if the cost ratio of electrolyzers to batteries and of hydrogen generation versus 
geothermal are more favorable to hydrogen than the base assumptions in RESOLVE.  

To reflect this potential, the present demand scenario assumes that 50 percent of base-case 
storage discharge capacity addition is replaced with electrolyzers. Furthermore, 50 percent of 
the forecast 2 GW of new geothermal capacity addition through 2045 is served by hydrogen 
power generation via fuel cells or advanced hydrogen turbines (central resources or on 
microgrids) with an assumed 70 percent efficiency. The difference in roundtrip efficiency 
between electrolyzers and alternative storage resources would have a secondary impact on the 
overall system wide energy balance, which is not considered here. The incremental projected 
hydrogen demand is shown in Figure 13.  

Commercial, Indus trial , and Residential Uses (Process and Heat) 
A variety of industrial processes such as material manufacturing and steelmaking use 
hydrogen. These sources of demand are not likely to be substantial in California. However, 
should prices for pipeline injected renewable hydrogen fall below $15 per million British 
thermal units ( MMBtu), hydrogen blending or localized gas-system conversion to pure 
hydrogen could become a significant element of the decarbonization strategy for applications 
currently served by natural gas such as process heat, water and space heating and cooking. 
Pilot projects are already commencing in Europe that will shift complete districts from natural 
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gas to pure hydrogen. Additionally, hydrogen as a blendstock for conventional and renewable 
methane is being explored globally. The initial pure-hydrogen distribution system conversions 
are targeted for full implementation in the late 2020s. For this analysis , it is assumed that, 
beginning in 2030, localized transition to dedicated hydrogen distribution networks grows to 
10 percent of current California residential and commercial natural gas demand of 670 billion 
cubic feet (Bcf) (or 5.85 billion kg of hydrogen ), which gives a hydrogen demand of 585 
million kg per year in 2050 (EIA 2018b). The renewable fraction is assumed to begin at 50  
percent in 2030 and reach 100 percent by 2050. The buildout will likely occur via discrete 
projects, but, given timing uncertainty and project size, a smooth curve is used for this 
scenario, as shown in Figure 14. The mid-case and low-case demand scenarios do not include 
residential and commercial demand for hydrogen.  

Table 2: RESOLVE Model Results f or 60 Percent  and  80 Percent  Renewable 
Scenarios  

Renewable Scenarios 60% Renewable Fraction (2030) 80% Renewable Fraction (2045) 

Battery Storage Additions 2.6 GW 5.8 GW 

Pumped Hydro Additions -- 1.4 GW 

Geothermal Additions -- 2.0 GW 

Gas-Fired Generation 50,000 GWh 16,600 GWh 

Source: UCI APEP analysis 

Figure 13: Potential Incremental Hydrogen Demand for Electric Generation  

 

  Source: UCI APEP analysis 
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Figure 14: Potential Commercial and Residential Hydrogen Demand Scenario  

 

Source:  UCI APEP analysis 

Ammonia Fertilizer  
U.S. demand for hydrogen for ammonia production is currently estimated to be 2.5 MMT, of 
which 88 percent is used for fertilizer according to (Elgowainy et al. 2019). That number is 
forecast to increase to 3.3 MMT and remain flat thereafter. The California share of U.S. 
agricultural product is 13 percent, which scales to 0.286 MMT (286 million kg) of hydrogen. A 
UC Davis assessment of nitrogen fertilizer use in California estimated nitrogen for fertilizer in 
the range of 650,000 to 950,000 tons in the early 2000s on a trend line to nearly 1 million tons 
at present (Tomich 2014). If all of this were used for ammonia, the hydrogen requirement 
would be about 0.190 MMT (190 million kg). Data from the U.S. Department of Agriculture 
show that roughly 15  percent of ammonia for fertilizer is used in the form of anhydrous NH 3, 
with the remainder in the form of fertilizers, such as urea, that are manufactured from 
ammonia (USDA 2018). Using the midpoint of the two estimates above, anhydrous ammonia 
demand in California would be estimated at 36 million kg of hydrogen equivalent demand. This 
amount is consistent with anhydrous ammonia demand of 200,000 tons stated by California 
ammonia collaborative, CALAMCO (Hildebrand 2017). 200,000 tons of anhydrous ammonia is 
equivalent to 37 million kg of hydrogen equivalent demand.  

A recent report argues that it is feasible to transition to zero -carbon-ammonia pathways at 
reasonable cost by midcentury (Energy Transitions Commission 2018). Potential cost 
reductions for renewable hydrogen production support this perspective. This analysis assumes 
that beginning in 2025, the in- state production of renewable ammonia grows to serve the 
entire anhydrous ammonia demand and half of the ammonia -based fertilizer demand. These 
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demands total roughly 135 million kg per year and are assumed to remain constant. The 
increase in renewable ammonia fraction will likely show step changes as facilities are added, 
but, because of uncertainty in facility size and deployment timing, a linear ramp was used for 
the present demand scenario. The resultant demand scenario is shown in Figure 15.  

Figure 15: Potential Demand  for Renewable Hydrogen  for Ammonia Production  

 

Source: UCI APEP analysis. 

Import and Export  
Renewable hydrogen imports and exports will affect the necessary plant buildout in California. 
Today, California produces most of its own hydrogen. However, in the future, hydrogen import 
via rail, ship, and truck is expected. The recently announced Air Liquide hydrogen production 
plant will be out  of state, and other project development is underway in neighboring areas 
targeting California as an import market via rail or truck. Several international efforts are 
underway to develop liquid hydrogen and liquid -hydrogen carrier oceangoing tankers, and 
California is a candidate to access the emerging seaborne renewable hydrogen market. 
Similarly, export markets are a potential source of demand for  renewable hydrogen production 
plants in California. Given the cost of operating in California and the limited supply of low -cost 
biomass, California is likely to be a net importer of renewable hydrogen. However, the buildout 
scenarios do not make specific assumptions about import or export but rather add in-state 
facilities to serve renewable hydrogen demand. Imports would represent a reduction in  
demand for in-state production, so the lower demand cases can be taken as a proxy for 
imports.  
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Integrated Demand Scenarios  
Figure 16 shows the aggregate demand potential for the various application areas discussed 
above through 2030 and through 2050. This demand potential represents the high-demand 
case and assumes that all demand areas see significant renewable hydrogen penetration. 
Figure 17 adds low- and midcase scenarios for overall California renewable hydrogen demand. 
The low case assumes that light-duty fuel cell vehicle population reaches 250,000 by 2030 and 
grows to 7 million by 2050 (25 percent LDV penetration), medium- and heavy-duty trucking 
demand as forecast in the Mobile Source Strategy cleaner vehicles and fuels scenario (which 
assumes most MD and HD are renewable diesel and renewable CNG), 100 percent refinery and 
ammonia decarbonization, and no renewable hydrogen demand for power generation, 
residential, or commercial applications. The mid case assumes LDV population of 500,000 in 
2030 and 12 million in 2050, half of the high case potential for non- LDV transportation, for 
power generation and storage, and for residential and commercial, and 100 percent 
decarbonization of refining and ammonia production.  

The relative likelihood of the three scenarios depends strongly on the cost of renewable 
hydrogen as a decarbonization solution relative to others. In most applications, the relevant 
cost goes beyond the fuel-to-fuel cost comparison and includes potential new infrastructure, 
end-use equipment cost, and relative system efficiency (relative quantity of hydrogen 
consumed). Some general benchmarks in Table 3 indicate the price range direction of 
renewable hydrogen for significant penetration to occur in the relevant applications.  
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Figure 16:  High -Case Renewable Hydrogen Demand Scenario Breakdown  Through 
2030 and 2050  

 

 

 

Source: UCI APEP analysis 
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Figure 17:  California Renewable Hydrogen Demand Scenarios  

 
Source: UCI APEP analysis 
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Table 3: Representative Costs  for RH 2 Substitutes  

Use Substitute  RH2 
Target 
Range  

Comments  

Light-Duty 
Vehicles 

Gasoline or 
Diesel 

$2-$4/kg Based on dispensed price 
target of $6-$8.5/kg (also 
DOE target for 
production cost) 

Medium- and 
Heavy-Duty 

Vehicles 

Gasoline or 
Diesel 

$2-$4/kg Same as above 

Refining Fossil Hydrogen 
+ CO2 Price 

$2.20 - 
$3.40/kg 

SMR CI of 125 gCO2e/MJ 
and carbon price of $20 - 
$100 MT 

Fertilizer Fossil Hydrogen 
+ CO2 Price 

$2.20 - 
$3.40/kg 

SMR CI of 125 gCO2e/MJ 
and carbon price of $20 - 
$100 MT 

Generation/ 
Storage 

Other Firm 
Renewables (e.g. 

biomethane, 
geothermal) 

$2-$3/kg Assumes $15 - 
$25/MMBtu delivered for 
biomethane as the 
alternative resource 

Industrial, 
Commercial, and 

Residential 
Thermal and 

Process  

Renewable 
Electricity 

 
Renewable 
Natural Gas 

 

$3-$6/kg Electricity delivered at 
$140 - $200/MWh 
equivalent assuming  

Biomethane $15 - 
$25/MMBtu 

Assumes $10/MMBtu gas 
system T&D for RH2 and 
RNG 

 Source: UCI APEP 
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CHAPTER 3: 
Renewable Hydrogen Production Technology Characterization and 
Forecasts  

Introduction  

The evolution of technology cost and performance is a critical determinant of the pace at 
which renewable hydrogen will be adopted as a fuel and the ultimate role in the decarbonized 
energy and transportation sectors. To support the RH2 Roadmap development, a 
comprehensive analysis of the state of the relevant renewable hydrogen production 
technologies and forecast of potential improvement were undertaken. The details of the work 
can be found in Appendix A, including technology descriptions and method. The method and 
principal results are summarized below.  

Scope and Approach  
The research team assessed three primary pathways for renewable hydrogen:  

�x Electrolysis (use of electrical energy to split water into hydrogen and oxygen)  

�x Anaerobic digestion with re formation (decomposition of organic material through a 
series of anaerobic reaction to create methane and CO2, followed by reformation of 
methane to yield hydrogen)  

�x Thermochemical conversion (use of temperature and, in some cases, pressure to create 
hydrogen-rich gas from biomass). The team used gasification as a proxy for this class of 
technology. (See Appendix A for further discussion of gasification technology. ) 

The selected technology groups are in development (electrolysis and anaerobic digestion) or 
predevelopment (gasification) in California (Table 4). These are the technology groups that are 
expected to be commercially available from the present through 2030. Th ese groups do not 
rule out the possibility that new technologies or technology variants may emerge. The cost 
and performance ranges developed in this task are broad enough to serve as a proxy for other 
renewable hydrogen production pathways.  

A variety of methods are employed to forecast technology cost and performance. The primary 
methods used in the analysis reported here were:   

�x Expert elicitation (researchers, equipment vendors). 

�x Progress or learning rate analysis/trend analysis. 

�x Bottom-up analyses based on design, bill of materials, and production scale. 

�x Analogy or proxy analysis. 

For current cost benchmarking, vendor bids and “as-built” data were also used where 
available. More than 40 stakeholder interviews were conducted to augment published sources 
of informatio n and learning-curve analysis. 
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Table 4: Renewable Hydrogen Production Technology Summary  
Technology 
Group  

Subgroups  Description  Deployment 
Status  

Electrolysis Alkaline 

Polymer Electrolyte 
Membrane (PEM) 

Solid Oxide 

Uses applied voltage 
to drive a catalyzed 
electrochemical 
reaction completed 
via an electrolyte to 
evolve hydrogen 
and oxygen 

Commercial 

Anaerobic 
Digestion 

High vs. low solids 

Batch vs. continuous 

Note: Tier 1 covered 
lagoon for dairy and 
complete mix 
continuous flow for 
MSW assumed for 
this study 

Decomposition of 
organic material via 
anaerobic reaction 
to form methane, 
CO2 and minor 
constituents 

Commercial 

 

Thermochemical Gasification (several 
types) 

Pyrolysis 

Hydrothermal 

Note: Gasification 
using circulating-
fluidized bed 
assumed for this 
study 

Use of heat and/or 
pressure to extract 
volatile material 
from biomass 
producing syngas 
(mostly hydrogen 
and carbon-
monoxide) which is 
further reacted and 
purified to hydrogen 
or methane 

Commercial 
Prototype 

Source: UCI APEP. See glossary and Appendix A for further detail .  

Depending on the availability of recent published reports and studies, this analysis employed 
different methods for different technologies. Learning rate (or progress curve) analysis was a 
primary method and was applied to all technology groups. Learning-rate forecasts can use 
either time (Moore’s Law) or cumulative production (Wright’s Law) as the independent variable 
for cost forecasting. Wright’s Law has been shown to be somewhat more accurate (Nagy et al. 
2012), so this study uses that approach.  

Figure 18 shows the probability distribution of learning rates for various industrial technologies 
collected from 108 studies (Ferioli, Schoots, and van der Zwaan 2009). The data show that 
most technologies show a significant learning effect with most technologies above exhibiting 
learning rates above 10 percent. Technologies with negative learning rate are rare, but this 
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result can occur when long-term upward pressures impact cost because of factors such as 
regulation as seen with nuclear power plants. Learning rates generally decline as technologies 
reach full maturity. Lead-acid batteries are an example of a technology that has reached a low 
learning rate.  

Figure 18:  Learning Rates  From 22 Industrial Sectors

 
Source:  (Ferioli, Schoots, and van der Zwaan 2009) 

When applying Wright’s Law (cost reduction based on cumulative global production) two 
primary factors must be established: the forward -looking growth in cumulative production and 
the learning rate. Figure 19 illustrates the effect of variation in learning rate and growth in 
cumulative production on cost progression.  

All costs in this study were normalized to constant 2018 dollars ($2018) . There was substantial 
spread in cost data even for current costs. Some degree of variance relates to fundamental 
variation in project -to-project costs at a given point due to unique site characteristics, and 
local differences in cost factors. Uncertainty also exists from a variety of factors , including 
differences in scope of equipment included in reported costs, normalization of plant scale, 
differing currency mixes (and fluctuations in exchange rate), and uncertainty in cost indexation 
(inflationary adjustment) . Figure 20 illustrates the range of potential effects of the various 
indexation factors. As shown in Figure 21, the renewable hydrogen production pathways 
considered in this study also show significant scale dependence, although electrolysis shows 
lower scale sensitivity than gasification and anaerobic digestions. Differences in plant size must 
be normalized to accurately compare costs. Overall, the uncertainty in current cost 
benchmarks is in the range of +/ - 25 percent. 
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Figure 19:  Illustration of Learning Rate (LR) Sensitivities  

 

Source: UCI APEP 

 

Figure 20: Normalizing Indices Used in This  Study  

 

1 Refinery cost escalation index 

2 Chemical Engineering Plant Cost Index 

3 Consumer Price Index 

Source: UCI APEP 
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Figure 21: Scale Dependency of Hydrogen Production System Capital Cost  

 

Source: UCI APEP  

Technology Characterization Results  
Figure 22 shows the results of the capital cost assessment for the three technology groups at 
representative plant sizes. As large-scale chemical processing systems using mostly mature 
component technology, the improvement trajectories for gasification and anaerobi c digestion 
are less substantial than that for electrolysis. However, the uncertainty bands are such that, 
when feedstock costs and carbon credit values are included, any of these technologies may be 
the low-cost solution under certain circumstances in the future. All technologies will likely be 
represented in the future resource mix .  

In addition to capital cost, the production cost of hydrogen depends on conversion efficiency 
(amount of hydrogen produced per unit of feedstock energy or mass) and operation  and 
maintenance (O&M) costs, as well as feedstock costs. Tables 5 through 7  present the forecasts 
for those parameters. Feedstock costs are addressed elsewhere in this report. Figure 23 
presents the nonfeedstock hydrogen production costs (feedstock conversion costs) for the 
various pathways forecast through 2050. Supporting detail can be found in Appendix A. 
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Figure 22:  Capital Cost  per Unit  of Renewable Hydrogen Production Capacity  

 
AD = Anaerobic Digester, SMR = Steam Methane Reformation, MSW = Municipal Solid Waste Source: UCI APEP 

Table 5: Electrolyzer Operating Parameters and Operating Cost  
Cost Type Current  2030  

Stack Electricity Use 49.2 kWh/kg 46.7 kWh/kg 
Total System Electricity Use 54.6 kWh/kg 50.2 kWh/kg 
Stack Life/Replacement Cost 60,000 hours 

15% of Total Capex 
85,000 hours 

15% of Total Capex 
Operation and Maintenance Expense 3% of Capex (3 MW) 

1.75% of Capex (30 MW) 
7-year stack life (15% of new 

system direct cost) 

Pro-rate with Capex 
9-year stack life 

Water Usage 4.76 gallons/kg  3.98 gallons/kg 

 Source: UCI APEP based on sources in Table A-2 

Table 6: Anaerobic Digestion Conversion Efficiency and Operating Costs  
Cost Type Covered 

Lagoon 
Current  

Covered 
Lagoon 

2030  

Above -
Ground 

Continuous 
Current  

Above -
Ground 

Continuous 
2030  

Conversion Efficiency (LHV) 38% 42% 50% 55% 
Annual Fixed Maintenance 

O&M 
4% of Capex 4% of 

Capex 
4% of Capex 4% of Capex 

Variable O&M 
($/MMBtu) 

1.25 1.25 2.50 2.50 

Source: UCI APEP based on sources in Appendix A 
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Table 7: Gasifier Conversion Efficiency and Operating Costs  

Cost Type 
Hydrogen 
Current  

Hydrogen 
2030  

Methane 
Current  

Methane 
2030  

Conversion Efficiency 
(LHV)  

54% 62% 67% 72% 

Fixed Maintenance O&M 
$/kW-yr. 

40 26 59 39 

Variable O&M 
$/kW 

6 4 13 8 

Source: UCI APEP based on sources Appendix A 

 

 

Figure 23:  Nonfeedstock Renewable Hydrogen Production Costs  

 
Source: UCI APEP. AD = Anaerobic Digester, SMR = Steam Methane Reformation, MSW = Municipal Solid 
Waste 
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CHAPTER 4: 
Renewable Hydrogen Feedstock Supply and Cost  

Introduction  
The available supply and cost of feedstock for the various renewable hydrogen production 
pathways are a key input to the final delivered cost and the ultimate quantities that can be 
produced for the various renewable hydrogen pathways. Two primary categories of feedstock 
are used in renewable hydrogen production: organic material (biomass) and renewable 
electricity. The primary source for estimating potential supply and cost of plant -based organic 
material used for this study was the U.S. Department of Energy Billion Tons Report (BTR) 
(U.S._Department_of_Energy 2016). In addition, Calif ornia-specific studies were used for dairy 
and landfill-diverted, high-moisture-content organic waste (CA_Air_Resources_Board 2016). 
Prices for wind and solar electricity were forecast using a recent study by Lazard (Lazard 2018) 
and the CPUC RESOLVE model (CPUC 2018).  

Organic Feedstock Supply and Cost  
The BTR estimates biomass availability as a function of the cost of harvesting or recovering 
the resource from a farm, forest , or other source location and transporting it to a roadside 
location for further transport to the point of use. The study developed resource potential 
estimates for seven biomass categories: (1) agriculture residues, (2) energy crops, (3) food 
waste, (4) forest residue, (5) manure, (6) municipal solid wast e (MSW), and (7) trees. Figure 
24 shows California agricultural and forest biomass densities from the BTR in dry tons per year  
at cost thresholds of $30 and $100/dry ton for recovery of the resource. Figure 25 shows the 
primary types of vegetation across the state. 

Table 8 shows the in-state quantities estimated in the BTR for plant -based biomass at $30, 
$60, and $100 per dry ton cost thresholds in 2030 (cost to harvest or collect and transport the 
feedstock to a roadside location for transport). Municipal solid waste (MSW) quantities shown 
are only the organic fraction of MSW. This study excludes plastics, rubber, and leather from 
the BTR data as these are not renewable feedstocks. Table 9 provides the resource potential 
for manure based upon the analysis presented in the California Air Resources Board (CARB) 
Short-Lived Climate Pollutant Strategy and for landfill gas based on a 2016 UC Davis study 
(Jaffe, Dominguez-faus, and Parker 2016).  

Significant variability exists across feedstocks in how sensitive supply quantity is to cost of 
recovery. Available quantity of woody material has the highest sensitivity to recovery cost with 
supply increasing more than 10 times, moving from a $30/ton cost threshold to $100/ton. The 
agricultural waste wood in the valleys is inexpensive, and the mountain forest slopes are 
expensive to harvest. A consulting study by The Beck Group (Beck_Group 2017) estimates that 
harvesting dead trees for fire prevention could create 1 million dry tons per year of biomass 
for energy production. That quantity is included within the resource estimate in the BTR. The 
priority on managing dead trees might affect the timing of harvesting those dead tree 
resources in contrast to other resources The quantity of energy crop supply (assumed 
commercial in the mid- to late 2020s) also increases with cost threshold (price) as higher 
prices provide incentives for additional energy crop cultivation and expand the acreage that 
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can be farmed economically. However, energy crops will not have a material effect on 
renewable hydrogen production before 2030.  

A detailed economic allocation of biomass resources among the primary alternative uses 
(biomethane, liquid fuel, hydrogen) is beyond the scope of this study. Such an analysis would 
be a valuable addition in future work. This  analysis instead caps the maximum share of each 
biomass feedstock used to produce renewable hydrogen. Chapter 7 describes the resource 
allocations used and rationale for the various buildout scenarios. The base-case allocation of 
resources to hydrogen production is capped at 50 percent for anaerobic digestion pathways 
and 65 percent for thermochemical pathways (which are inherently more amenable to 
hydrogen production). The actual feedstock used may be less than the cap, depending on the 
demand for renewable hydrogen.  

Renewable Electricity Supply and Cost  
The potential supply of renewable electricity (assumed to be from wind and solar) from in-
state resources is determined by the average wind speed and insolation across the state. 
Figures 26 and 27 depict the high wind and solar resource areas suitable for development in 
California. The resource potential is more than adequate to serve the energy demand of the 
state, and no upper limit on supply was imposed for this analysis (Lopez et al. 2012). 
However, the development of the required wind and solar facilities will require construction of 
a large set of new wind and solar facilities as described in Chapter 7. Figure 28 shows the cost 
forecast ranges for new wind and solar power generation facilit ies developed using the Lazard 
twelfth  annual levelized cost of electricity report (Lazard 2018) and the resource definitions in 
the CPUC RESOLVE model (CPUC 2018).  
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Figure 24:  Biomass Density Map for California  

a)  Agricultural Residue at $ 30 and $100 per Dry Ton   

 

b) Forest Residue at $30 and $100 per Dry Ton 

 
Source: UCI APEP based on Billion Ton Report (U.S._Department_of_Energy 2016) 
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Figure 25:  Vegetation Cover in California  
 

 

Source: California Department of Fire Protection 2015 
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Table 8: 2030 Feedstock Quantities (million dry tons/PJ per yr.)  

Feedstock Conversion $30/ton  $60/ton  $100/ton  

Forest, Agricultural 
Residue, Woody MSW 

Thermochemical 12.5/227  37.6/686 63.0/1,160 

Energy Crops Thermochemical 0 0 0.563/10.6 

High-Moisture  
Organic MSW 

Anaerobic 
Digestion 

0 
 

0.977/17.7 
 

1.97/35.7 
 

Total Annual Supply -- 12.5/227 38.6/704 65.5/1,200 

Source: U.S. DOE Billion Ton Report (U.S. Department of Energy 2016), UCI APEP analysis 

 

Table 9: Biomethane Resource Potential Used in This  Study  

Feedstock  Notes  2030 Quantity  
(PJ biomethane / y)  

Dairy Manure Manure capture from 1 million milking cows 12  

CA Landfill Gas UC Davis assessment of active and closed 
landfills receiving organic waste in California 

43 

Sources: Dairy (CA_Air_Resources_Board 2016); Landfill (Jaffe, Dominguez-faus, and Parker 2016) 
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Figure 26:  California Solar Resource Potential  

 

Source: National Renewable Energy Laboratory (b) 
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Figure 27:  California Wind Resource Potential  

 

Source: National Renewable Energy Laboratory (a) 
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Figure 28:  Wind and S olar Cost Forecast Scenarios  
 

 
 

 

 

Levelized cost of electricity (LCOE) in 2018 dollars from Lazard and CPUC RESOLVE. Source: UCI APEP 
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CHAPTER 5: 
Supply Chain Configuration and Cost Evolution 

Purpose, Scope and Approach  
Although the present study focuses on renewable hydrogen production, costs incurred from 
the production “plant gate” through the point of use constitute a significant portion of the 
dispensed cost of hydrogen. This chapter forecasts the cost of the hydrogen delivery chain 
from the production p oint to the hydrogen refueling station as an input to the analysis of the 
full dispensed cost of renewable hydrogen presented in the next chapter  of this report.  

This analysis focuses on the supply chain configurations relevant to the California hydrogen 
market through 2030 , adding a high-level assessment through 2050. Accordingly, the analysis 
assumes ground delivery of compressed or liquefied hydrogen via truck,  as illustrated in Figure 
29. Terminal operations are the set of facilities and activities to store and load processed 
(compressed or liquefied) hydrogen onto trucks for transport . The analysis assumes that 
production, processing, and terminal operations are collocated.  

Figure 29:  Hydrogen Delivery Chains Included in This  Analysis  

 
Source: Adapted from (Elgowainy et al. 2015) 

The analysis does not consider long-distance hydrogen pipelines delivering hydrogen from out 
of state. Moreover, it does not analyze the potential role of in- state dedicated hydrogen 
pipelines that might be developed beyond 2030, at which time hydrogen demand may justify 
the construction of such facilities. The small existing network of dedicated hydrogen pipeline 
serving Southern California refineries may be used to supply hydrogen refueling stations in the 
area but will not have a material effect on the overall buildout of the network .  
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Forecourt production of hydrogen (production of hydrogen at the  refueling station using on-
site reformation or electrolysis) is technically possible but not currently economically viable. 
Electrolyzers show only a small cost penalty at forecourt scale but need access to low-cost 
renewable grid electricity, so transmission-level connection and real-time rates or direct access 
will be a precondition to significant deployment where grid energy is needed . Reformer 
systems are scale-sensitive, leading to a significant cost penalty at forecourt scale , and 
produce oxides of nitrogen (NOx) emissions, so technology advances are needed, and siting 
may be limited in nonattainment areas . The need for additional space at the station may also 
limit this approach to MD/HD size stations and locations in less dense areas. Forecourt RH2 
production could have a net benefit of between 10 and 15 percent on dispensed cost if the 
above constraints are addressed. However, timing is also a consideration. Aggressive station 
construction to reach 1,000 stations by 2030 may outpace the evolution of forecourt solutions 
and either limit deployment or require retrofit approaches .  

The tool used for th is analysis is the HDSAM model developed by Argonne National Laboratory 
(Elgowainy et al. 2015). The modeling assumptions and results are further described below.  

Gaseous Versus  Liquid Supply Chain  
As discussed above and as shown in Figure 29, two types of delivery chain configurations are 
in use in California. The first transports hydrogen as a compressed gas. In this configuration, 
terminal operators must compress hydrogen to high pressure and load it onto tube trucks that 
carry the compressed hydrogen to hydrogen refueling stations, where it is stored on site in 
gaseous form. Alternatively, the hydrogen is cooled to cryogenic temperature , at which it 
becomes liquid and is transported as liquid and stored in cryogenic tanks. In both cases, the 
processing steps of either compression or liquefaction are capital intensive and consume a 
significant amount of energy. As will be discussed below, the cost of the two modes of 
transport is similar, with liquefaction carrying higher processing costs but lower transport costs 
because of the higher energy density of liquid hydrogen relative to compressed hydrogen gas 
and the resultant higher fuel quantity per truckload . Station footprint and delivery logistics 
(number of tankers per day) favor liquid delivery at station size above 1,000 kilograms per 
day. The stakeholder survey in the 2018 AB 8 report 5 suggest that both configurations will 
remain in use. Because of the similarity in delivered cost of the two modes, a forecast of 
relative shares is not necessary for this analysis.  

Modeling Assumptions and Results  
The HDSAM model calculated the supply-chain cost per kilogram of dispensed hydrogen based 
on station size, utilization, and supply-chain configuration ( for example, gaseous versus liquid 
hydrogen). Future cost improvement potential was forecast using the HDSAM market volume 
factor set for low volume in the current market, medium volume in 2025 , and high volume by 
2030. The improvement factors for the medium - and high-volume cases were determined by 

 

5 Baronas, Jean, Gerhard Achtelik, et al. 2018. Joint Agency Staff Report on Assembly Bill 8: 2018 Annual 
Assessment of Time and Cost Needed to Attain 100 Hydrogen Refueling Stations in California. California Energy 
Commission and California Air Resources Board. Publication Number: CEC-600-2018-008. 
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component groups defined in the model and were 20 percent to 50 percent for moving from 
low volume to medium volume and 25  percent to 60 percent moving from low volume to high 
volume. This study assumed an additional learning improvement of 20 percent applied to 2050 
capital costs. Utilization was a key factor in the unit cost of dispensed hydrogen. This study 
assumed station utilization increasing from 40 percent (roughly the current system average) to 
70 percent in 2025 and to 80 percent in 2030 and beyond. The case parameters used to 
represent the various time fra mes are shown in Table 10, and the results are depicted in 
Figures 30 and 31.  

Table 10:  HDSAM Parameters for Plant -Gate -to -Dispenser Cost Forecast  

Parameter  Current  2025  2030  2050  

Station Size (kg/d) 300 600 1200 1500 

Utilization 40% 70% 80% 80% 

Production Volume Low Medium High High 

Source: UCI APEP 

Figure 30: Plant -Gate -to -Dispenser Cost per Kilogram of Hydrogen by Mode and 
Time  Frame  

 

Source: UCI APEP 
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Figure 31: Plant -Gate -to -Dispenser Cost per Kilogram of Hydrogen Ranges Used for 
Modeling  

 

 

Source: UCI APEP 
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CHAPTER 6: 
Dispensed Cost of Renewable Hydrogen and  
Path to Self -Sustainability  

Introduction  
Cost forecasts for all elements in the production, delivery, and dispensing chain for renewable 
hydrogen have been developed in prior chapters. This chapter integrates those costs into a 
forecast for the full dispensed cost of renewable hydrogen. The analysis then adds the impact 
of potential revenues from environmental credits and tipping fees where they are applicable to 
forecast the dispensed cost of renewable hydrogen net of these revenue sources. This cost, 
which includes profit to the plant owner, can be taken as a proxy for pump price assuming 
adequate market competition .  

Dispensed Cost Needed for Self -Sustainability  
Stakeholders interviewed for this study show a strong consensus that, for the hydrogen 
transportation sector to be self -sustaining without subsidy, the pump price of hydrogen needs 
to reach price parity with gasoline on a fuel -economy-adjusted basis. Price points suggested 
were in the range of $6 to $8 per kilogram , with the view that this price range must be 
achieved within three to five years .  

According to Energy Information Administration data, California gasoline prices have averaged 
roughly $3.30 per gallon over the past five years. The LCFS energy economy ratio (EER), the 
ratio of fuel economy for alternative fuel vehicles to conventional vehicles) is 2.5 for fuel cell 
vehicles. On the other hand, a consumer comparing options may use a ratio closer to 2.0 
(assuming a fuel cell sedan mileage of 66 to 69 miles per kilogram and a comparable sedan 
with a combined mileage rating of 32 to 34 mile per gallon) . These mileage ranges and a 
gasoline price of $3.30 per gallon lead to a hydrogen cost range of $6.60 to $8.25 per 
kilogram to achieve price parity with gasoline . Longer term, the comparison will be to electric 
vehicles. A 70-mile-per-kilogram vehicle requires a hydrogen price of about $4 per kilogram to 
achieve fuel price parity with a 30 -kWh-per-100 mile electric vehicle consuming $0.20/kWh 
electricity. Four dollars per kilogram is the long-term target established by the U. S. 
Department of Energy and was adopted as the long-term target for this study .  

Dispensed Cost of Renewable Hydrogen Evolution  
Figure 32 presents the dispensed cost of hydrogen for the various technologies at current and 
future time points . The results project that by 2025,  the low end of the cost forecasts for 
dispensed hydrogen reaches the upper range of the target band. As will be discussed later, 
when LCFS credit revenue is added, the net cost comes within the target range . By 2030, the 
midpoint forecasts for most of the production technologies fall within the target range . In 
2050, electrolysis and gasification will be the predominant technologies for in- state production 
of renewable hydrogen as feedstock supply constraints will limit the role of biomethane by the  
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Figure 32: Dispensed Cost of Renewable Hydrogen Through 2050 Without  
Environmental Credits
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Source:  UCI APEP 
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2030s. The cost of gasification and electrolysis reaches $5 to $6 per kilogram without carbon-
credit revenue, somewhat above the long-term target of $4. Reaching that target requires 
technology progress on the high end of the range. Advances in early-stage technologies such 
as artificial photosynthesis and station-scale hydrogen production could also allow the long-
term target to be reached.  

Role of Environmental Credits in Achieving Self -Sustainability  
This section assesses the potential impact  of environmental credits on the dispensed cost of 
renewable hydrogen for transportation applications. Th is secondary revenue source can reduce 
the net delivered cost of renewable hydrogen by $2 per kilogram or more. The analysis 
considers two types of environmental credits, California Low Carbon Fuel Standard (LCFS) 
credits and federal Renewable Fuel Standard (RFS) renewable identification number (RIN) 
credits. LCFS credits are based on carbon reduction and are denominated in tons of CO2 
equivalent. RIN credits are denominated in ethanol gallons.  

The number of LCFS credits generated per kilogram of renewable hydrogen depends on both 
primary production pathway and supply chain approach (for example, gaseous versus liquid 
transport and storage)  through the effect of these parameters on the full pathway carbon 
intensity. Most of the pathways considered in this study do not yet have certified LCFS 
pathways. Carbon intensities (CI) were estimated based on existing approved pathways. 
Future carbon intensity values were adjusted to reflect declining carbon intensity of grid 
electricity, where relevant. The resultant carbon intensities are shown in Table 11. Because of 
the decarbonization of electricity and transportation over time, all pathways were assigned a 
CI of zero in 2050. Figure 33 shows historical prices for LCFS credits. The program has 
instituted a price cap of $200 per credit with the cap escalating at the rate of inflation. The 
future value of LCFS credits is uncertain, but the recent trend has be en upward, and some 
analysts expect the LCFS value to remain at or near the cap.6   

RIN credits are generated based on fuel volumes (ethanol gallon equivalents). Five categories 
of RIN credits are issued by the RFS program representing different classes of fuel with each 
type trading at a separate price . The RIN categories are:  

D3 – Cellulosic biofuel (category for which landfill biomethane qualifies) . 

D4 – Biomass-based diesel. 

D5 – Advanced biofuel (category for which dairy biomethane qualifies) . 

D6 – Renewable fuel. 

D7 – Cellulosic diesel.  

Currently, no certified RIN pathways for hydrogen are available although several applications 
are pending. However, both landfill biomethane and dairy biomethane are certified under the 

 

6 See for example Stillwater Associates LCFS Forecast;   http://stil lwaterassociates.com/wp-
content/uploads/2017/06/Stillwater -Associates-Forecasting-LCFS-Credit-Prices.pdf. 
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program and qualify for D3 RINs. Figure 34 shows the RIN price history. Because of the 
uncertainty in program eligibility, this study does not explicitly include RIN value in the 
dispensed cost forecast. However, future qualification of renewable hydrogen pathways for 
RINs could have a significant downward impact on renewable hydrogen pump price in the 
range of $1 per kilogram at current prices .  

Figure 35 shows the per kilogram value of LCFS credits as a function of pathway carbon 
intensity for 2020, 2030,  and 2050. The LCFS program is authorized only through 2030. This 
analysis assumes that the program remains in place through 2050 and that the carbon 
intensity standard follows a linear decline from the 2030 standard to a standard that is 80  
percent lower than the carbon intensity of gasoline (2050 standard of about 20 gCO2e/MJ). For 
a fuel with a CI of zero and LCFS credit price of $150, the per-kilogram cost impact on 
renewable hydrogen is about $4 per kilogram in the coming decade, declining to about $1 per 
kilogram by 2050. The actual impact depends on which fuel pathways are used. Figure 36 
shows the dispensed cost of renewable hydrogen, net of LCFS credit value, for the primary 
renewable hydrogen production pathways in 2030 for credit prices of $50 per credit and $ 150 
per credit. The target range in the figures was set at $5 to $7 per kilogram as an intermediate 
range between the mid-2020s target and the 2050 target. At these credit prices, the net cost 
of dispensed renewable hydrogen is within the target range . Figure 37 shows the potential 
dispensed pump price for renewable hydrogen with a base case of $100 per credit for LCFS 
credits and assuming that electrolysis and gasification are the price-setting technologies. The 
price without LCFS credits is also shown for comparison.  

Table 11:  Pathway Carbon Intensities Used for This  Study  

Pathway  CI 2030  CI 2050  Basis  

Electrolyzer 35 25 
Lookup table adjusted for liquid supply chain with 
20% in electricity CI in 2025 and 40% in 2030  

Landfill Gas 110 95 
Lookup table adjusted for 20% improvement in 
electricity CI in 2025 and 40% in 2030  

Dairy 
Biomethane 

-320 -320 
Landfill case with fuel CI adjusted to CI of – 283 and 
improvements in electricity CI and SMR efficiency 

Organic MSW 
Biomethane 

-10 -15 Landfill case with fuel CI adjusted to -35 

Gasification 85 70 Landfill case with fuel CI adjusted to 5 

Source: UCI APEP based on LCFS look-up table and related documents 
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Figure 33: LCFS Price History  

 
  Source: CARB 

 

Figure 34: RIN Price History  

 

 

Source: U. S. Environmental Protection Agency 
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Figure 35: LCFS Credit per Kilogram Value at  $150 per Credit   

 

Assuming LCFS Program is extended to 2050.   Source: UCI APEP 
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Figure 36: 2030 Project Cost Ranges Net of LCFS Credit Value for $50 and $150 
Credit Values  (No RIN Value Assumed)  

 

 Source: UCI APEP 
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Figure 37: Dispensed Cost of Hydrogen Forecast With  and  Without  LCFS Credit 
Revenue  

 

Composite for all technologies with LCFS credit value of $150. Source: UCI APEP 
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CHAPTER 7: 
Renewable Hydrogen Production Siting  Analysis  and Buildout 
Scenarios  
This chapter summarizes the method and results of the siting analysis and buildout scenarios 
developed for the renewable hydrogen production roadmap project . Further detail is 
presented in Appendix B of this report. The siting analysis identifies areas suitable for 
developing renewable hydrogen production plants and chooses the best locations for adding 
production capacity to serve renewable hydrogen demand as it grows over time. This method 
employs commercially available geospatial tools and a UCI-APEP developed cost-minimization 
model to create plant buildout scenarios consistent with defined constraints and assumptions. 
The analysis screens locations defined by 4-km-by-4-km cells. (This defines the degree of 
resolution of candidate locations.) The renewable hydrogen production plant buildout 
scenarios are intended to be representative rather than precisely predictive of the timing and 
location of facility construction,  which will ultimately be decided by private developers. The 
analysis scope and method are further described below.  

Scope  
Three primary hydrogen production facility types were treated in this analysis: electrolysis, 
thermochemical conversion (gasification is used to represent the thermochemical group), and 
reformed biomethane produced by anaerobic digestion. Preferred siting areas for central-scale 
plants were determined based on land availability and zoning, proximity to feedstock, and 
proximity to and availability of necessary utilities and infrastructure. As described in Chapter 4, 
this analysis considered the following organic feedstock supplies for thermochemical 
conversion and anaerobic digestion: forest thinning and waste, agriculture/crop residue, food 
waste, other organic fraction of municipal solid waste, manure, wastewater , and landfills. For 
electrolyzer siting, both self-generated renewable energy and grid-supplied energy are 
considered.  

Reformation and liquefaction plants are key, capital-intensive processing facilities that fall 
between primary production and the hydrogen transport supply chain. Siting for these facilities 
is also within the scope of the analysis. Liquefaction facilities are assumed to be collocated 
with central-scale reformation facilities or thermochemical conversion facilities, so they are not 
separately addressed. Reformation facilities are sited through the same method as primary 
production plants.  

Site -Screening Method  
The siting analysis is conducted at a 4-km x 4-km resolution using geographic information 
system (GIS) layers containing relevant data such as electric transmission line locations, 
natural gas transmission line locations, land-use classifications, availability and location of 
biomass feedstock, roadways, rail lines, and population density data. Specific data sets are 
referenced on individual figures. Figure 38 provides a high-level process flow for the site-
screening and ranking process. Table 12 summarizes the key siting criteria for each central-
scale plant type.  
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Table  12: Primary Siting Requirements for Central Renewable Hydrogen  
Production and Related Facilities  

Facility Type  Feasibility Screening Criteria  

Electrolyzers High wind and solar resource areas with transmission 
access or transmission access within 50 miles of demand 

Dairy Anaerobic Digesters Existing dairy farms in clusters of 5 to 10 with an anchor 
farm of >5,000 milking cows  

Food and High-Moisture 
Organic Anaerobic Digesters 

Along current and historical landfill disposal routes with 
adequate area for 100,000 MMBtu per year facility size, 
existing wastewater treatment , and resource recovery 
facilities 

Thermochemical Conversion 
Facilities 

Forest areas and agricultural areas (crop residue) with site 
suitable for 50,000 kg/d RH2 facility size outside non-
attainment areas 

SMR Facilities Outside nonattainment areas, close to natural gas 
transmission and highway transport  

Liquefaction Facilities Collocated with SMR facilities or production facilities with 
production capacity of minimum 30 tonnes hydrogen per 
day  

Source:  UCI APEP and source noted on feedstock maps below.  

Local-scale electrolysis and potentially small-scale reformation may be part of the supply mix 
beyond 2030 should those technologies progress and supportive policies (such as electric 
rates) be put in place. For the local production scenario, facilities are assumed collocated with 
hydrogen refueling stations. Station locations are assumed to be those defined in the future  
hydrogen refueling station preferred siting analysis developed by the California Air Resources 
Board using the CARB CHIT and CHAT models7, and no additional location analysis was 
performed for this study (California_Air_Resources_Board 2018).  

Exclusion Criteria  
Some areas are unsuitable for development of large-scale facilities for renewable hydrogen 
production or processing. Rough terrain areas and inaccessible locations such as military bases 
and protected lands are excluded (Figure 39). Residential and high-density commercial areas 
are also not suitable for large-scale plant development.   

 

7 CHIT stands for California Hydrogen Infrastructure Tool and CHAT for California Hydrogen Accounting Tool 



 

54 
 

Figure 38: Siting Analysis Process Flow  

 
 

 
 Source: UCI APEP
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Figure 39:  California Siting Areas Excluded Because of Terrain  

 

   Source: U.S. Geological Survey (2016) 
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Feedstock  
Access to feedstock is a primary siting criterion for all production pathways. Proximity to 
woody or dry biomass is generally the dominant siting criterion for thermochemical systems . 
Proximity to organic waste hauling routes is similarly critical for organic waste digestion plants, 
whereas dairy projects are hosted on large farms so that manure does not need to be 
transported. For electrolyzers, electric transmission and distribution costs are effectively 
feedstock transport costs and, under current electric rate structures, provide a strong incentive 
for electrolyzers to be located on the same site as their primary electric feedstock. Figure 40 
shows the primary facility siting areas based on feedstock availability. Maps of the feedstock 
resource areas can be found in Appendix B.  

Primary Infrastructure  
All the renewable hydrogen production technologies require access to primary electricity, 
natural gas, transportation and water infrast ructure. The relative importance of electricity and 
gas supply and takeaway capacity varies by technology type and is a primary siting criterion. 
Primary infrastructure maps can be found in Appendix B.   

Optimal Site Selection —Delivered RH2 Cost and Community Impacts  
Once all other constraints for facility siting have been met (site is qualified as “feasible”), cost 
minimization and community impacts define final selection/ranking among otherwise qualified 
sites. Minimizing transportation costs for hydrogen from production plant to demand points is 
a key factor in cost minimization. Through 2030, light -duty vehicles will be the dominant 
source of renewable hydrogen demand. Figure 41 shows the hydrogen refueling station 2030 
forecast demand density developed by the CARB as part of the AB 8 implementation program 
(California_Air_Resources_Board 2018).   

Facilities generating significant NOx or PM emissions, or both are excluded from disadvantaged 
communities, as defined in the CalEnviroScreen 3.0 database, and from all nonattainment 
areas (Figure 42 and Figure 43). However, although not included in the scenarios here, TC and 
SMR facilities that meet ultra-low emissions criteria may be sited in disadvantaged 
communities and nonattainment exclusion areas. (Most legacy biomass projects are sited in 
these areas.) Community impacts include local air emissions, visual impacts, and traffic 
(negative factors) and job creation on the positive side . In the absence of a validated 
weighting of job creation against other factors, this analysis uses NOx emissions as a 
community impact factor and excludes reformation and thermochemical conversion plants 
from siting in nonattainment areas in the disadvantaged communities.  

Renewable Hydrogen Production Facility Buildout  Scenarios 
Serving the evolving demand for renewable hydrogen will require the construction of many 
new renewable hydrogen production plants and associated facilities such as liquefaction and 
terminal facilities. The precise number and mix of facilities depend upon many factors, 
including facility size, relative progress on cost reduction, cost and availability of feedstock, 
organic waste recovery mandates, and the value of environmental credits, among others. The 
facility deployment scenarios presented here are intended to represent the general evolution 
of the renewable hydrogen supply portfolio under assumptions representing the range of likely 
outcomes and should not be taken as literal predictions of site locations. The actual location of 
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plants within preferred resource areas involves a variety of factors and details beyond the 
general considerations used here, for example, the availability and price of land.  

The project team developed plant buildout scenarios by calculating the new production 
capacity needed in each time horizon and determining the optimal mix of new capacity 
additions to serve the incremental demand. Modest overcapacity is allowed within the first five 
years of market development to ensure that all facility types gain commercial validation before 
rapid market growth beginning in the late 2020s.   

The following assumptions were employed in developing the deployment scenarios: 

�x The analysis deals only with renewable hydrogen demand (and does not address 
nonrenewable hydrogen demand).8  

�x Reference facility sizes are assumed as shown in Table 13. 

�x Agency-supported commercial pilots for electrolyzer and gasifier projects are specified 
for all scenarios in the period prior to 2030 . 

�x The buildout of anaerobic digestion plants to process dairy manure and landfill-diverted 
organics are assumed to follow the scenarios developed for the CARB Short-Lived 
Climate Pollutant strategy, and the product is assumed to be pipeline-injected 
biomethane (CA_Air_Resources_Board 2016).  

�x The demand for new reformation plants to produce renewable hydrogen from pipeline 
biomethane is based on scenario assumptions on the share of biomethane allocated to 
hydrogen (as opposed to methane or liquids) with a base-case assumption of 50 
percent. 

�x Mandates for recovery of forest material (for example, to reduce wildfire risk) and 
agricultural waste are possible in the future, but the base case assumes only economic 
adoption and assumes that up to 75 percent of feedstock is available for hydrogen 
production via thermochemical conversion (with the remainder allocated to renewable 
natural gas  and liquid fuel) . 

�x Thermochemical conversion systems are assumed ready for first commercial 
deployment in 2023 and are constrained to three plants built through 2028 . 

�x Renewable hydrogen to support renewable integration is evenly split between 
electrolytic hydrogen (power-to-gas) and hydrogen from organic sources power 
turbines and fuel cells delivering dispatchable renewable electricity. 

 

 

 

 

8 Some facilities, such as reformation plants and electrolyzers, can produce both renewable and nonrenewable 
hydrogen depending upon the feedstock composition. The analysis presented here represents only renewable 
hydrogen demand as described in Chapter 1 of this final report.  
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Figure 40: Primary Resource Areas for Renewable Hydrogen Production and 
Conversion  

   

 
  Source: UCI APEP from multiple U.S. EPA, U.S. DOE, and California agency datasets 
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Figure 41: 2023 Hydrogen Refueling Station Demand Point Evolution  

 

    Source: California Air Resources Board (2018) 
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Figure 42: Clean  Air  Act Nonattainment Areas  

 

  Source: US EPA (2019a) 
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Figure 43: California Disadvantaged Communities  

 
Source: CalEnviroScreen (2018) and US EPA (2019a)  
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Table 13: Reference Facility Sizes  

Technology  Facility Size (Nameplate )  Comment  

Thermochemical 
Conversion 

25,000 kg RH2 per day 
commercial pilots 

50,000 kg per day through 
2030 and 

 150,000 kg per day 
beyond 2030 

Initial projects slightly below 
efficient scale to minimize initial 
project cost for agency-sponsored 
projects with size increasing to 
efficient scale once full 
commercial validation is achieved  

Anaerobic Digestion 7,500 kg RH2 per day Based on current project activity  

Reformers  
(and Associated  

Liquefaction System) 

30,000 kg RH2 per day Reformers and liquefier assumed 
collocated 
Size matches announced Air 
Liquide project 

Electrolyzer 5,000 kg RH2 per day for 
initial pilots growing to  

20,000 kg RH2 per day by 
2030 and beyond 

Based on manufacturer input on 
minimum efficient size for central 
production 

Forecourt Systems N/A Sized based on the size and 
demand of host hydrogen 
refueling stations 

Source: UCI APEP 

The base-case assumption is that the LCFS program remains in place until 2050, with the 
reference carbon intensity beyond 2030 (current program and point) ramping down to 20  
percent of 2012 level by 2050 and that LCFS credit price stays at the cap ($200 per MTCO2e 
escalating with inflation) for the life of the program .  

�x The spatial demand distribution for all transportation applications is assumed to follow 
the demand density analysis in the 2018 Joint Report for AB 8.9 Ammonia production 
demand is assumed to be in high-agriculture areas, and all other applications are 
assumed to use the natural gas system for transport and delivery (so the pipeline is the 
“demand point”).  

 

9  Baronas, Jean, Gerhard Achtelik, et al. 2018. Joint Agency Staff Report on Assembly Bill 8: 
2018 Annual Assessment of Time and Cost Needed to Attain 100 Hydrogen Refueling 
Stations in California. California Energy Commission and California Air Resources Board. 
Publication Number: CEC-600-2018-008. 
https://ww2.energy.ca.gov/2018publications/CEC-600-2018-008/CEC-600-2018-008.pdf. 
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�x Hydrogen transport costs assume liquid supply chain for thermochemical and 
biomethane pathways and gaseous for electrolytic hydrogen. 

�x Roughly 50,000 kg per day of new renewable hydrogen production nameplate capacity 
has been announced for completion by 2021 in or directly adjacent to California . This 
new capacity is assumed to be completed for calculating incremental capacity needs. 

Subject to the assumptions listed above, buildout scenarios are developed by adding facilities 
in each period to serve incremental demand. The project team determined the mix of facilities 
(market share) based on policy-driven construction, feedstock availability, and cost 
minimization. The primary trade-off variables in the facility selection and siting optimization 
are presented in Table 14.  

 

Table 14: Primary Site Selection Trade- Offs  by Technology  

Technology/ Pathway  Primary Site Selection Determinant or Trade -Off  

Thermochemical Conversion Feedstock transport cost (a function of feedstock 
density) versus cost of transport of hydrogen  

Anaerobic Digestion Livestock density and proximity to natural gas pipeline 
for dairy 
Refuse route density and proximity to natural gas 
pipeline for organic MSW 

Reformers (and Associated 
Liquefaction System) 

Proximity to demand and access to natural gas and 
electric transmission 

Electrolyzer Resource collocated systems: wind or solar resource 
quality versus proximity to demand  
Grid-supplied systems: proximity to demand 

 Source:  UCI APEP   

The research team developed several scenarios to represent potential outcomes for RH2 
demand and relative share of different technologies as shown in Table 15. The facility siting 
analysis assumes central-scale facilities are used. Some portion of production capacity may be 
provided by forecourt production in the future. Such cases would reduce the number of central 
facilities built and would instead add capacity at hydrogen refueling locations as shown in 
Figure C-3.   
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Table 15: Buildout  Scenario Assumpt ions  

Scenario  Demand  Technology Cost  

Base-case Mid-case Base case for all technologies 

High-Demand High case Base case for all technologies 

Low-Demand Low case Base case for all technologies 

High-electrolysis Mid-case Electrolyzer cost progression favorable 
relative to others (capital cost, efficiency, 
input electricity cost)  

High-thermochemical  Mid-case Thermochemical conversion cost 
progression favorable relative to others 
(capital cost, efficiency, feedstock) 

High-anaerobic-
digestion 

Mid-case 75% allocation of biomethane to 
hydrogen production (proxy for hydrogen 
value chain cost reduction  

 Source: UCI APEP 

Early Market Policy -Supported  Facility Additions  
A 30,000-kilogram-per-day plant operating at 85 percent capacity produces enough hydrogen 
to supply 35,000 light -duty vehicles. The roughly 36,000 kilograms per day of capacity under 
construction to serve the hydrogen transportation market will be adequate to supply the sector 
until 2023 to 2025. By 2030, at the forecast growth rate, there will be demand for several new 
facilities per year. However, through the late 2020s, demand growth will not be adequate to 
allow full utilization of mid (5,000 to 10,000 kg per day) or large (30,000 kilograms per day or 
larger) production centers within the first year of operation.  

The buildout scenarios of the roadmap assume that the state continues to sponsor electrolytic 
renewable hydrogen production plants and initiates support for gasification facilities to ensure 
that these technologies are fully proven and established as the market begins to accelerate in 
the late 2020s and early 2030s. This policy-driven facility construction will require financial 
support to compensate for reduced facility utilization in the early years of operation. To reduce 
the required financial support, the assumed facility sizes are below the typical facility sizes 
assumed for the mature market but large enough to represent full commercial scale . Table 16 
shows the policy-driven additions specified for the buildout scenarios. All remaining capacity 
additions are driven by relative production cost and feedstock availability, as specified for each 
scenario. To the extent that the policy -driven facility capacity differs from the assumptions in 
Table 16, any capacity additions needed under the various scenarios would be served by 
reformed biomethane from landfills or dairies because these are the low-cost, commercially-
proven pathways through the 2020s. With these specified additions, the renewable hydrogen 
production base reaches full utilization by 2022 to 2027 depending on demand scenario, as 
shown in Figure 44. Figures 45 and 46 show scenario buildout results for the base case. 
Appendix B provides plots and maps for the other scenarios.  
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Table 16:  Policy -Driven  Facility Additions in the Early Market Period  
Technology  Demand 

Case 
Period   

2022 – 25 
Period 
2026 - 

30 

State 
Support  

Subsidy Cost  

Gasification All cases 1 x  
25 MT/d 

1 x  
25 MT/d 

50% capital 
cost grant or 
loan 
guarantee 
valued at 
20% of 
capital cost 

$35M - $85M 

Electrolysis 
 

High 5 x  
5 MT/d 

2 x  
20 MT/d 

50% capital 
cost grant for 
first 5 
projects; 25% 
for next 2  

~$50M 

Electrolysis 
 

Medium 
and Low 

4 x  
5 MT/d 

1 x  
5 MT/d 
2 x 20 
MT/d 

50% capital 
cost grant for 
first 5 
projects; 25% 
for next 2  

~$50M 

    Total State 
Support 

$85 - $135M 

Source: UCI APEP 

 

Figure 44: Effect of Policy -Driven  Renewable Hydrogen  Facility Build on  
Facility Utilization  

 
Source: UCI APEP 
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Figure 45: Base-Case Buildout  and 2030 Spatial Detail  

 
2030 Spatial Detail  

 
Source: UCI APEP 
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Figure 46: Base-Case Spatial Buildout  Progression  

 
Source: UCI APEP 
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Conclusion 
The various scenarios developed for renewable hydrogen demand and plants to supply that 
demand show that hundreds of new renewable hydrogen production plants will be needed 
over the coming 30 years under all scenarios. While the buildout required may appear 
daunting, the number of production plants needed is comparable in scale and number to the 
buildout that will be required to meet the 2045 electricity decarbonization goal . The more than 
100 large-scale renewable electricity projects that have been built to date and the rapid 
scaling of project development activity in the dai ry sector provide a degree of confidence that 
the renewable hydrogen production sector can form and scale to meet the demands of the 
market. Supportive policies from the involved state agencies can help increase the likelihood 
that the launch and scaling of the renewable hydrogen production sector goes according to 
plan.  

CHAPTER 8: 
Recommendations   

Recommendations —Charting the Course 

The following sections summarize recommendations developed by the research team to help 
ensure successful launch and scaling of the renewable hydrogen sector in California. 

1 Extend Hydrogen Infrastructure Support  to the Entire Supply Chain  
The CEC’s Clean Transportation Program has funded 64 hydrogen refueling stations.10 In 
addition, the CEC has sponsored a substantial amount of research on hydrogen for 
transportation and has awarded funding for two projects with a total production capacity of 
6,000 kg/day of 100 percent renewable hydrogen. However, additional support is needed for 
commercial, dedicated renewable hydrogen production projects and emerging technologies 
across the supply chain. In general, dual-purpose facilities such as steam methane reformers, 
which can serve conventional and renewable hydrogen markets, and biomethane projects, 
which can serve hydrogen and compressed natural gas (CNG) markets, are financially viable 
without additional state support. However, as described below, electrolytic hydrogen and 
gasification have unique features that necessitate additional support, as do emerging 
technologies across the supply chain such as small-scale reformers and liquid carriers.  

Like reformers, electrolyzers can produce either renewable or conventional hydrogen 
depending on the source of the electricity used in the process. However, electrolytic hydrogen 
produced from nonrenewable grid electricity is several times more costly than hydrogen 
produced from natural gas through steam-methane reformation. As a result, investments in 
electrolyzers dedicated to production of renewable hydrogen for a relatively new and growing 
market like hydrogen refueling stations represent more of an investment risk than 
conventional systems that supply hydrogen to established industries. For this reason, 
incentives may be needed to stimulate investment. Gasification is a very promising renewable 

 

10 Baronas, Jean, Gerhard Achtelik, et al. 2018. Joint Agency Staff Report on Assembly Bill 8: 2018 Annual 
Assessment of Time and Cost Needed to Attain 100 Hydrogen Refueling Stations in California. California Energy 
Commission and California Air Resources Board. Publication Number: CEC-600-2018-008. 
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hydrogen production technology but requires full -scale commercial demonstration before wide-
scale deployment can occur. Next-generation reformation and liquefaction technologies have 
the potential to significantly re duce the cost of dispensed renewable hydrogen and should 
receive support. Similarly, programs to support emerging technologies such as liquid carriers 
should be pursued to the extent those technologies show promise.   

The form of financial support for rene wable hydrogen production and related plants could take 
any of several forms, such as Low Carbon Fuel Standard (LCFS) Hydrogen Refueling 
Infrastructure (HRI) capacity credits (provided that eligible feedstocks and renewable 
electricity sources are used), capital grants, and loan guarantees. The amount of financial 
support needed for the renewable hydrogen production sector to reach self -sustainability 
depends on several factors, including the form of support .  
Two scenarios show the magnitude of support required. One uses only capital grants and the 
other uses loan guarantees for the gasification projects. Both assume that anaerobic digestion 
projects are commercially viable without incremental support. 11 The first scenario assumes the 
state provides grants through the market launch phase of 50  percent of capital cost for five 
electrolyzer projects of 5,000-kilogram-per-day nameplate capacity, stepping down to 25 
percent for an additional two projects of 10,000 kilogram per day size and 50  percent grants 
to two commercial-pilot gasification projects of 25,000 -kilogram-per-day nameplate capacity. 
The project sizes are below optimal scale but large enough to serve as commercial references 
for future financing . The cost of this program of support would be about $120 million and 
would ensure adequate renewable hydrogen capacity through the mid-2020s. If the 
gasification projects were to be supported with loan guarantees rather than grants, the 
program cost would be reduced to $80 million, estimating the c ost of the guarantee at 20 
percent of project cost. 12  

2 Take Steps  to Support  a Smooth Expansion  of Production Capacity That 
Keeps Pace with Demand   
The state has created a well-functioning program to support hydrogen station development 
through AB 8 to carefully plan, offer incentives for , and track station buildout and operating 
performance. The competitive award of incentives, mandatory reporting, a nd incorporation of 
learning has led to a successful public-private partnership. In addition to helping ensure 
adequate availability of fueling infrastructure to serve the early FCEV market, the program has 
helped shed light on areas for improvement to promote cost reduction with each generation of 
stations.  

A key collateral feature of the program is that planning transparency and management of 
incentives have promoted a smooth build cycle for the station sector in which adequate new 

 

11 Landfill gas is the lowest cost resource and is commercially mature. Landfill diversion projects receive tipping 
fees adequate to make such projects commercially viable. Dairy projects receive support under the California 
Department of Food and Agriculture grant program as well as subsidies mandated through SB 1383 and generate 
the most LCFS credits of any pathway.  
12 The ability to secure commercial financing via loan guarantees is not certain, but a 20 percent guarantee cost 
is conservative relative to the loss experience rate and actuarial estimates of default rate for loans to energy 
project guaranteed under the DOE Loan Guarantee Program (LGP) program. The upper estimate reported in the 
2016 General Accounting Office report on the program was a credit subsidy cost of 15 percent of the loan 
amount. This amount would be 12 percent of project cost for an 80 percent loan.  
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station capacity is being added without needing a dynamic wherein short supply pushes up 
prices to attract new capacity. No corresponding program is in place for the renewable 
hydrogen production and supply chain. Although the ability of renewable hydrogen production 
plants to use nonrenewable feedstock to serve conventional merchant hydrogen markets 
mitigates demand risk to some degree, the overall demand risk is substantial and 
programmatic intervention to facilitate a smooth buildout of supply is likely necessary. 
Incentives tuned to capacity expansion and technology progress targets can serve this role.  

3 Support s That Attract Private Capital  and Build  Robust Markets  
In addition to state support during the launch phase as discussed above, the timely buildout of 
plants and infrastructure needed to enable wide-scale adoption of hydrogen as an energy and 
transportation solution will require a steady flow of private capital into the sector. Realizing the 
necessary capital flow will require that prospective investors foresee the opportunity to achieve 
an acceptable return on investment while accounting for risk and uncertainty. In addition, 
transparent and well-functioning markets are critical to the long -term success of the sector for 
investors and consumers. Factors that facilitate these elements include a broad and diverse 
array of market participants, low barriers to entry, ready access to market information such as 
pricing, and an effective mechanism for connecting buyers and sellers across the value chain 
(such as commodity exchanges and procurement platforms). Although the private sector must 
play a primary role in achieving these goals, the state can also play an important role.  

State policies and programs should be designed to ensure that the renewable hydrogen sector 
can attract private capital sufficient to meet its capital needs in a well -functioning and 
established renewable hydrogen market structure by the mid to late 2020s. Financeability 
requires successful operating history for the relevant technologies, relative certainty of 
feedstock availability, and relative certainty of a secure stream of revenue from renewable 
hydrogen sales. The status of the financeability of key renewable hydrogen production 
technologies is summarized in Table 17.  

Table 1 7: Commercial Financeability of Key Renewable Hydrogen Technologies  
Hydrogen 

Technologies 
Commercially 
Financeable? 

Comments 

Hydrogen 
Refueling Station 

Close LCFS price risk is a remaining gap 

SMR Yes 100% financeable. Proven commercial technology with 
ability to secure revenue through conventional hydrogen 
production.  

Liquefaction 
Facility 

Yes 100% financeable. Proven commercial technology with 
ability to secure revenue through conventional hydrogen 
production.  

Anaerobic 
Digester 

Close SB 1383 provides mandates that will make dairy projects 
suitable for commercial lending including subsidies and 
LCFS price support. 

AD projects using landfill diverted feedstock receive 
contracted tipping fees; LCFS price support mechanism 
may be needed for full financeability.  
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Hydrogen 
Technologies 

Commercially 
Financeable? 

Comments 

Electrolyzer No Capital costs declining but currently above levels required 
for cost competitiveness.  

Lack of long-term RH2 off-take agreements with firm 
pricing for LCFS value creates a financing barrier. 

Gasifier No Technology is not fully commercial, requires high capital 
investment ($100M+).  

Lack of long-term RH2 off-take agreements with firm 
pricing for LCFS value creates a financing barrier. 

Source: UCI APEP 

 

The renewable electricity and the battery- electric vehicle sectors have addressed the 
commercial lending gap largely through public-utility- sponsored procurement and investment 
programs. These programs use the creditworthiness of the host utility through either direct 
utility financing or long -term revenue contracts to f inance investment. Other approaches are 
needed to serve a similar role in launching and scaling the renewable hydrogen production and 
supply sector. The Clean Transportation Program hydrogen refueling station program and the 
recently approved LCFS HRI capacity program support the refueling station part of the supply 
chain, but additional program elements are needed for renewable hydrogen production and 
capital-intensive elements of the supply chain.  

The renewable hydrogen market is in the very early stage. No fully dedicated renewable 
hydrogen production facilities are in operation in the state with reformed biomethane using 
existing SMR capacity as the dominant supply approach. The market has few participants, and 
transparency on pricing or terms is lacking.  

Several elements should be considered in developing programs to support renewable 
hydrogen supply expansion by addressing the financing gap or otherwise supporting market 
development or both.  

�x Transparent and widely communicated information on expected demand growth and 
planned production and supply capacity additions can help private investors in planning 
development to match market demand. The demand- forecasting element of the AB 8 
program should be continued and expanded to include other sources of demand, 
particularly for medium - and heavy-duty applications.  

�x LCFS credits are an important source of value for the entire renewable hydrogen 
production and supply chain, but uncertainty of future credit value introduces significant 
investment risk. An LCFS credit price support mechanism was proposed during the most 
recent legislative session in response to the requirements of SB 1383 (2018, De 
León).13 Should such a mechanism be put in place in the future, it is important that it 
apply to hydrogen and not only dairy biomethane as originally proposed.  

 

13 SB 1383 “Short-Lived Climate Pollutants (Lara, Chapter 395, Statutes of 2016),  
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=201520 160SB1383. 
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�x The state should also consider developing incentive programs such as grants, capacity 
credits, or loan guarantees allocated to renewable hydrogen production and related 
high-capital-cost facilities aggregate funding amounts be tied to optimal buildout 
strategies. Because loan guarantee programs typically require similar documentation 
and credit risk assessment to conventional project finance, such programs can provide a 
smooth evolution to pure commercial financing. In contrast to grant programs, such 
programs have the potential to return borrowed funds to the sponsor. Examples of such 
programs include the U.S. DOE loan guarantee program14 and the green bond program 
proposed by former California state Treasurer John Chiang.15 

�x Incentive eligibility should continue and extend the selection factors employed in the 
station program and the initial renewable hydrogen production solicitation (GFO-602), 
including:  

o Amount of match funding . 

o Strength of the project comme rcial plan and track record of the applicant . 

o Technology diversity and encouragement of new entrants. 

o Disadvantaged community impacts. 

o Carbon reduction. 

�x Agencies providing grants or incentives can promote price transparency in the 
renewable hydrogen market by publishing anonymized pricing and related data on 
contracts for the purchase or sale of renewable hydrogen from projects receiving state 
support. The LCFS program and the CTP hydrogen station program already require 
reporting of key data on costs, quantities, and other operational elements. However, 
unbundled (separate) price or cost of renewable hydrogen and associated volumes is 
not among the publicly reported data .  

�x Operational reporting requirements for funded projects should be developed in 
consultation with project financing entities to ensure that reported metrics address the 
information needs of future prospective private lenders.  

�x State agencies, in collaboration with stakeholders, should systematically identify market 
barriers in assessing the development of the renewable hydrogen production and supply 
sector, target programs and incentives to address barriers, and include supplier 
diversity (number and demographics) in award criteria  

�x The market for biomass feedstock is not well formed , and secure long-term feedstock 
agreements will be necessary for commercial viability of projects using biomass. State 
agencies should convene a stakeholder process to explore approaches to addressing 
this issue such as establishing an exchange or clearinghouse.  

 

14 DOE Loan Program Office page https://www.energy.gov/lpo/loan -programs-office; GAO DOE Loan Program 
Report https://www.gao.gov/assets/680/675595.pd f 
15 California Treasurer Green Bond Report 
https://www.treasurer.ca.gov/greenbonds/publications/reports/green_bond_market_01.pdf   
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4 Reduce Barriers  to Development in California  
The development of projects in California can be challenging. Impediments cited by developers 
include onerous California Environmental Quality Act (CEQA) requirements for some types of 
projects, prevalence of local opposition to new development often based on misperceptions 
about impacts of proposed projects, high labor rates, differing requirements across local 
jurisdictions, high utility rates, and hi gh tax rates. Some of these issues, such as wage rates 
and general state tax rates, are likely issues that will remain facts of life in California. 
However, state agencies can act to expedite project development through efforts to harmonize 
local requirements,16 streamlining of permitting processes,17 and approval of program 
environmental impact reports. In addition, incentives that encourage development in California 
should continue.  

Action in the California diary sector provides a model for the renewable hydrogen sector. 
Driven by California’s Short-Lived Climate Pollutant Reduction Strategy (SLCP Strategy) and 
industry action, the state has undertaken important steps to streamline permitting for dairy 
biomethane projects: 

�x The California Environmental Protection Agency (CalEPA) has spearheaded the 
establishment of a consolidated permitting process to help project developers navigate the 
permitting process.  

�x CalEPA approved a trade group-developed program environmental impact report  (PEIR) to 
relieve much of the burden on individual projects to develop environmental impact reports 
required under the California Environmental Quality Act (CEQA).  

5 Design Programs and Incentives Holistically Across Fuel Types   
In designing programs to support renewable hydrogen production, consideration should be 
given to other programs that may provide support to some pathways. For example, all the 
organic feedstocks that are candidates for hydrogen production can also be used to produce 
biomethane (which itself is a primary potential feedstock for renewable hydrogen). 
Biomethane projects receive support developed in response to Senate Bill 1383 for which 
electrolytic and thermochemical hydrogen production systems do not currently qualify.  

In addition, some primary organic feedstocks are subject to, and others are likely to become 
subject to, mandates that will affect the price of that feedstock for fuel production. For 
example, state law directs that regulations be adopted requiring the diversion of 75  percent of 
the organic material that would otherwise be disposed of in landfill by 2025. 18 Dairies are not 
currently under mandate to capture methane emissions, but the California Air Resources Board 
has stated the intent in its short -lived climate pollutant (SLCP) strategy to mandate capture in 

 

16 The Energy Commission and the California Governor’s Office of Business and Economic Development (Go-Biz) 
have been actively assisting with local permitting issues for stations for several years. This approach should be 
extended to the entire production and delivery chain.  
17 The California EPA has led such an effort for dairy projects. See California EPA Dairy Grant Program page 
https://calepa.ca.gov/digester/. 
18 SB 1383 (Lara, Chapter 395, Statutes of 2016) C Link to bill text         
https://leginfo.legislature .ca.gov/faces/billNavClient.xhtml?bill_id=201520160SB1383 
 



 

74 
 

the future. 19 The pressing need for forest management to reduce wildfire risk raises the strong 
potential for mandates for forest thinning and other measures to gather and remove 
combustible material from forest s.20 Such organic waste mandates may lead to payments 
(known as tipping fees, which are disposal payments) by feedstock sources. These payments 
are the case with landfill -diverted food waste. Potential tipping fee revenue should be 
considered in any feedstock or technology-differentiated project support programs when 
assessing the amount of support needed.  

In considering appropriate levels of support for hydrogen  production infrastructure, policy 
makers should consider support levels across the full deployment cycle (at least 10 years of 
deployment) and all sources of effective subsidy.  

  

 

19  ARB Short-Lived Climate Pollutant Final Report   
https://www.arb.ca.gov/cc/shortlived/meetings/03142017/final_slcp_report.pdf    
20 Wildfire Mitigation Report https://www.gov.ca.gov/wp -content/uploads/2018/05/5.10.18- Forest-EO.pdf.       
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6 Establish Electricity Tariffs for  Electrolyzers   
Electrolyzers consuming grid electricity currently pay retail rates on tariff schedules that 
depend on the voltage level at which the electrolyzer interconnects. An electrolyzer receiving 
service on a standard commercial or industrial rate in California would pay an average of about 
$0.11 to $0.14 per kilowatt -hour for grid e lectricity, 21 which has a renewable fraction 
approaching 35 percent.22 For electrolyzers interconnected at the transmission level, time-of-
use rates would provide a relatively close proxy to wholesale electricity rates but would require 
the electrolyzer to receive the grid-average blend of renewable and conventional energy and 
would not convey ownership of renewable energy credits to the electrolyzer operator. In 
contrast, an electrolyzer using collocated wind or solar energy generation would incur a cost of 
about $0.03 per kilowatt -hour for 100 percent renewable energy, albeit with much less siting 
flexibility and a lower capacity factor.  

To optimize their revenue generation through LCFS credit strategies, electrolytic hydrogen 
producers must have the ability to source their own wholesale electricity. Without electric 
tariffs that provide this capability, electrolytic hydrogen producers must either accept the 
limitation of current tariff structures or produce their own electricity from dedicated, co llocated 
renewable generation facilities. Such limitations constrain the ability to site electrolyzers 
optimally in relation to the renewable hydrogen distribution network.  

Electrolyzers can also provide grid services such as frequency support, voltage support, and 
ramping. A knowledge gap exists regarding the future value of such services and the revenue 
streams that might be available to electrolytic hydrogen production facilities. Additional 
research or inclusion of value analysis of these functions in the electric utility integrated 
resource planning process or both would simplify revenue forecasting for electrolyzer project 
developers.  

Utility-sponsored programs such as real-time rates (the rate charged tracks the wholesale 
market price in real time ) with optional renewable -only tariff provisions (an ability for a 
customer to specifically buy renewable electricity and not the average mix) and dispatchable 
load tariffs (program allowing the utility to control a load) compensating electrolyzers for 
providing grid support would create easy access to electricity markets. They would be 
particularly valuable for smaller projects not positioned to interact directly with wholesale 
markets. For larger or more sophisticated projects, direct access programs under which 
electrolyzer owners could procure their own power, pay transmission access charges, and 
interact directly with the wholesale market for grid services might be most effective. 
Regulatory proceedings under the authority of the California Public Utilities Commission and, 
possibly, the California Independent System Operator are needed to address these issues.  

 

 

21  EIA Table f Retail Electric Rates;   
https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_6_a    
22  CEC RPS Tracking Report;  
https://www.energy.ca.gov/renewables/tracking_progress/documents/renewable.pdf    
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7 Ease Access  to the Natural Gas System  for Renewable Hydrogen Transport  
and Storage  
Renewable hydrogen produced through reformation of biomethane generally uses the natural 
gas system for storage and delivery of the biomethane feedstock to the reformation plant. This 
is the most common pathway used for renewable hydrogen production under the LCFS 
program today. State programs instituted under man dates contained in Senate Bill 1383 (Lara, 
Chapter 395, Statutes of 2016) have defined standards for pipeline injection and provided 
subsidies for interconnection for biomethane producers. No similar programs are currently in 
place for methane produced from electrolytic hydrogen or for hydrogen directly injected onto 
the natural gas system as a blendstock. Senate Bill 1369 (Skinner, Chapter 567, Statutes of 
2018) directs state agencies, including the California Public Utility Commission (CPUC), to 
consider uses of green electrolytic hydrogen, but specific action by the CPUC beyond fact-
finding workshops has not yet been initiated. Expanding existing programs and tariffs to 
include electrolytic methane and hydrogen is necessary to ensure a level playing field for 
electrolytic hydrogen and methane.  

Gasifiers generally produce both methane and hydrogen. Clarity on the permissible hydrogen 
fraction for pipeline -injected biomethane is important for developers of gasification projects 
wishing to access the natural gas system to design their gas processing and conditioning 
systems properly.  

Although substantial evidence is available suggesting that hydrogen fractions as high as 20 
percent can be safely permitted in the natural gas supply, 23 California has yet to establish 
hydrogen blending limits. Timely action is needed to ensure that renewable hydrogen fuel 
producers receive the same open access to the common-carrier pipeline system as other fuel 
types.  

8 Take Steps  to Ensure That  a Mixed Gas/ Liquid Supply  Chain Does Not 
Create Barriers  to Market Access  
The hydrogen supply chain is developing as a mix of gaseous and liquid transport and storage, 
with 17 stations employing liquid storage and the remainder compressed gas, according to the 
ARB 2018 AB 8 report. Stakeholders report different perspectives on whether the future supply 
chain will be dominated by liquid or compressed gaseous transport and storage. It is likely that 
the future network will include substantial fractions of both cryo -liquid and compressed gas 
stations. Other transport and storage approaches are also under development, such as liquid 
organic hydrogen carriers, ammonia, DME, and others that may enter the supply mix in the 
future. These too would need to be integrated into the production and supply network .  

Economic principles suggest that, in a fully mature market, competitive forces will likely be 
adequate to ensure that th e sector evolves to the most cost-effective production and supply 
chain configurations. However, in the early market, policy interventions may be required to 
ensure that otherwise promising technologies and business models have appropriate access to 
the supply chain. For example, one of the benefits of electrolyzer systems is that they are 
modular and can be implemented at a modest scale without major diseconomies of scale. 

 

23 See, for example, Oney, F., T.N. Veziroglu, and Z. Dulger, 1994, “Evaluation of Pipeline Transportation of 
Hydrogen and Natural Gas Mixtures,” International Journal of Hydrogen Energy 19(10):813–822. 
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However, integration into the liquid hydrogen supply chain may pose a challenge. Liquefaction 
facilities show strong economies of scale. As a result, it's generally not cost effective for 
electrolytic production facilities of modest size (less than 100 MW or so) to install dedicated 
liquefaction facilities. At the same time,  large scale renewable hydrogen liquefaction requires 
tens of acres of land outside of impacted air districts so they may be distant from electrolytic 
production facilities. These remote liquefaction facilities will result in high transport costs for 
hydrogen delivered by truck or rail. In addition, remote liquefaction facilities would generally 
need to add new receipt points to introduce truck- delivered hydrogen into the inbound supply,  
which is pipeline delivered. These issues create a potential barrier to accessing the liquid 
hydrogen supply chain. 

Other emerging technologies may face similar barriers. Where barriers exist, state policy 
makers may wish to consider some form of incentives to ease market access for new entrants 
and emerging technologies. Potential approaches include additional incentives for projects 
facing supply-chain access barriers or incentives for critical supply-chain access points (such as 
liquefaction facilities) to provide capacity to third parties .  

9 Ensure That Renewable Hydroge n Development Advances Social Justice 
The buildout of the renewable hydrogen sector offers many potential benefits to 
disadvantaged communities through the creation of high- quality, green-energy jobs and by 
supporting the transition to zero -emission transportation solutions, displacing fossil fuels that 
disproportionately impact disadvantaged communities. However, depending on the technology 
and supply chain model, the buildout may also create additional truck traffic from feedstock 
supply or outbound truck ing of renewable hydrogen or both. Noise and visual impact can also 
be concerns. The project team recommends that state programs providing support for 
renewable hydrogen production and related facilities apply a social justice screen with a 
scoring rubric designed in consultation with stakeholders from the relevant communities. Such 
a scoring system would assess net community benefits, with local economic development and 
clean-technology deployment weighed against potential negative impacts such as congestion, 
noise, and aesthetics.  

10 Act to Ensure That Program Eligibility, Environmental Accounting , and 
Lack  of Definitions Are Not Barriers  to Renewable Hydrogen Development  
As programs are developed to support the transition to clean transportation and clean energy 
solutions, eligibility requirements relying on specific definitions must be developed. For 
example, the California Renewables Portfolio Standard relies upon specific definitions for 
qualifying resources, as does the CPUC storage procurement mandate. The federal renewable 
fuel standard provides renewable identification number (RIN) credits of varying types (and 
values) for specific qualifying fuels.24 Senate Bill 100 (De León, Chapter 312, Statutes of 2018) 
mandates that California reach 100 percent zero-carbon electricity by 2045. These programs, 
and other similar current and future programs, ensure environmental integrity and 
achievement of goals by clearly defined standards and eligibility requirements. However, these 
provisions can also have the effect of excluding or disadvantaging technologies or use cases 

 

24 EPA Renewable Fuel Standard Page ;  https://www.epa.gov/renewable -fuel-standard-program. 
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not envisioned at program inception. As discussed below, these effects can create unnecessary 
barriers to the evolution of the renewable hydrogen production (and supply) sectors.  

Federal RIN credits provide a significant subsidy for eligible fuels. D3 (cellulosic biofuel) RIN 
credits are trading at roughly $2 per diesel gallon equivalent. 25 Hydrogen derived from 
renewable feedstocks is not eligible to generate RINs, whereas several biomethane pathways 
are. Three RIN pathway applications for renewable hydrogen from biomethane are pending 
but not approved. 26 This difference in eligibility tends to skew biomethane supply toward 
compressed natural gas as an end fuel, placing renewable hydrogen at a relative 
disadvantage. It is recommended that interested stakeholders take collective action, for 
example, through their trade organizations, to secure RIN pathway approval for renewable 
hydrogen.  

Clarity is critical to the buildout and scaling of the renewable hydrogen sector. In current state 
rulemakings and regulatory proceedings, terms such as “renewable gas,” “renewable 
methane,” and “green electrolytic hydrogen” have been used in discussion of the scope and 
applicability of various programs and regulations. At present, consistent definition of the terms 
“renewable hydrogen” and “zero-carbon hydrogen” have not been established. To the extent 
that mandates and/or incentive programs rely on such definitions (which, by necessity, they 
will), it is critical for fuel producers and purchasers to have clarity on definitions to support 
investment and purchasing decisions. Some working definitions are provided in Table 18 
below. “Low-carbon,” “net-zero-carbon,”  and “zero-carbon” are also terms that have or may 
appear in legislation or regulation that need to be clearly defined .  

Carbon intensity provides a consistent framework that has worked well in the LCFS program. 
Program eligibility based on feedstock or source, as in the federal Renewable Fuel Standard 
program, is another viable approach, provided that the addition of new feedstocks is explicitly 
provided for in program design. Technology-specific or process-specific incentives to support 
nascent technologies or processes of high potential with defined expiration provisions can play 
an important role in advancing the sector. However, standards or eligibility or both based on 
technology or process should be used with great caution, to avoid conveyance of inappropriate 
market advantages or disadvantages. Renewable hydrogen market participants and trade 
organizations must act proactively to ensure that statutes and regulations do not directly or 
indirectly disadvantage renewable hydrogen.  

  

 

25 EPA RIN Price and Volumes Page; https://www. epa.gov/fuels-registration-reporting-and-compliance-help/rin -
trades-and-price-information. 
26 EPA Rnewable Fuels Pending Applications; https://www.epa.gov/renewable -fuel-standard-program/pending-
petitions-renewable-fuel-pathways.  
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Table 18: Renewable Fuel Working Definitions  
Term  Definition  

Biogas (CPUC 
adopted 
definition)  

Mixture of methane (major constituent) and CO2 (typically 20% to 40% CO2 
by volume) and minor constituents derived from bio sources – cannot be 
introduced onto the common carrier natural gas system without cleanup  

Biomethane (CPUC 
adopted 
definition)  

Biogas that has been conditioned (cleaned and purified) to meet pipeline 
standards composed primarily of methane with small remaining amounts of 
CO2 

Biosyngas  Hydrogen-rich gas (with high fraction of carbon monoxide, CO) produced 
through gasification of biomass, from which (near) pure hydrogen or 
methane (with additional CO2) can be synthesized 

Renewable 
Methane  

Methane formed by combining hydrogen (generally from electrolysis) with 
CO2 – it is renewable if the feedstock for the hydrogen is renewable and if 
the CO2 is biogenic or captured from the atmosphere or other source of CO2 
certified to be climate -neutral 

Renewable Natural 
Gas 

While generally used interchangeably with biomethane, includes as well 
renewable electrolytic methane 

Renewable 
Hydrogen and 
Green Hydrogen 

Hydrogen produced using only renewable feedstock including renewable 
electricity, biomass or other forms of renewable energy such as solar energy 

Renewable Gas All the above 

Source: UCI APEP with stakeholder input 

11 Increase State Research, Development and Demonstration (RD&D) 
Investment  in High -Impact Areas  and Maximize Leverage of Federal  RD&D  
Realizing the substantial (40 to 60 percent) cost reduction potential across the renewable 
hydrogen production and supply chain requires sustained international policy support to 
achieve global scale and drive learning effects. Also needed are sustained research, 
development, and demonstration programs to augment scale effects with fundamental 
improvements.  

The United States Department of Energy (U.S. DOE) within its Fuel Cell Technology Office 
(FCTO) is sponsoring a robust program of research under the hydrogen-at-scale (H2@Scale) 
cross-lab initiative. 27 As illustrated in Figure 47, the H2@Scale program features focused 
research at the materials, components, and systems levels in hydrogen production, storage, 
and systems. California can augment this program of research to address issues of specific 
priority to California and to bridge U.S. DOE research through technology-to-market activities 
such as full-scale commercial demonstration programs. Notably, the H2@Scale program 
through 2019 did not place specific focus on renewable hydrogen production, which amplifies 
the importance of California RD&D activities specific to renewable hydrogen. Some specific 
areas of RD&D that are of specific importance to California include: 

�x Cost and performance tracking and market forecasting of renewable hydrogen 
production and supply chain infrastructure to guide investor and policy- maker decisions. 

 

27 DOE H2@Scale Home Page https://www.energy.gov/eere/fuelcells/h2scale. 
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�x Full-scale commercial demonstration of high-impact-potential technologies such as 
gasification, and novel technologies across the production and supply chain, particularly 
those supporting production and storage at the station scale . 

�x Quantification of the value of joint benefits enabled by renewable hydrogen between 
the transportation, electric, and natural gas syst ems (sometime referred to as “sector 
coupling”). 

�x Development of optimal electric and gas rate structures and market designs as they 
relate to renewable hydrogen. 

Appendix D details specific research topics.  

Figure 47: Hydrogen and Fuel Cell RD&D Organizing Framework  

 

 
Source: After DOE Fuel Cell Technologies Office 
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Table E -1: Interview Topics and Themes  
Topic Area  Themes  

Market Evolution �x Market has “launched” but needs to scale 

�x Most parties rely on CaFCP forecasts (upper scenario of 1M FCEV 
by 2030) but recognize the potential importance of applications 
beyond light duty vehicles, particularly MD/HD 

Ability to Meet Long-term Goal of 
$4/kg dispensed 

�x $2/kg uncompressed at the plant gate is challenging but possible 
with scale and R&D 

�x Building scale (project and sector) is the key to cost reduction  

�x All-in cost of $4/kg very challenging but cost -per-mile parity ($6 
- $8/kg dispensed) is within range by 2025 to 2030 (net of LCFS 
value) and around $10/kg in the next project generation  

Best Pathways in the “End Game” �x Diversity of views but most see a mix of technologies with both 
central and localized deployment 

�x Growing share for LH2 but most stakeholders expect both 
gaseous and liquid pathways to be present in the market for the 
foreseeable future 

Barriers and Issues �x Uncertainty in LCFS credit values and in the pace of growth in 
demand for renewable hydrogen 

�x Lack of reliability of supply could stall market acceleration 

�x Need for sustained government support across budget cycles 

�x Lack of access to low-cost renewable electricity as feedstock 

�x Limited supply of biomethane for SMR pathways 

�x Permitting challenges (depending on technology and location) 

Source: UCI APEP  
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