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Executive Summary

Class 8 fuel cell electric tfrucks (FCETs) will play a critical role in decarbonizing the freight
industry and combating the detrimental effects of climate change. In California, Class 8
trucks represent 12% of Class 2b-8 medium- and heavy-duty (MHD) vehicles, but most of
these vehicles are powered by diesel and produce a disproportionate amount of harmful
emissions—nearly 20% of transportation-related greenhouse gas (GHG) emissions, nearly 8%
of total GHG emissions, and nearly 48% of nitrogen oxides (NOx) emissions [CARB, 2019;
CARB, 2022]. Electrifying Class 8 trucks will be important for California to meet its emissions
reduction and climate change goals.

FCETs can serve longer routes and refuel in

Class 8 FCETs currently face a minutes, meaning these vehicles can
causality dilemma: with few frucks successfully complete duty cycles less suited
deployed as of 2022, hydrogen for battery-electric trucks (BETs). However, FCET
IRTERITUSHURS [SROVIBETS il e technology is currently experiencing a

causality dilemma. At the fime of writing, only

make significant investments, yet
fruck manufacturers are hesitant
to develop commercial FCETs 84 Class 7-8 zero-emission trucks (ZETs)—both

without public hydrogen BETs and FCETs—have been deployed in the

infrasfructure in place. United States [Al-Alawi, 2022]. Fleets owners are

hesitant to purchase FCETs unftil hydrogen
fueling infrastructure is in place, yet hydrogen infrastructure providers will not move the
needle to invest with so few deployments to date. At the same time, fruck manufacturers
are hesitant to commit to developing commercial FCET products without some degree of
certainty that public hydrogen infrastructure will be developed in parallel and that the price
of hydrogen will come down with scale.

Estimating the opportunity for Class 8 FCET sales in California can help original equipment
manufacturers (OEMs), fleets, and governments evaluate the future size of the market both
within the state and nationwide. For this reason, CALSTART projected the total size and
annual sales of California’s Class 8 ZET market (Figure ES-1)' using the California Air

I See Appendix A. Research Methodologies for additional detail on data sources and the methodology
used to develop Figure ES-1.
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Resources Board’'s (CARB's) Large Entity Reporting data, Freight Analysis Framework 4
(FAF4) data,? and proposed Advanced Clean Fleets (ACF) regulation compliance targets.

Figure ES-1. Class 8 FCET Cumulative Projected Sales in California
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These projections assume that there will be a contested market in which neither BETs nor
FCETs will dominate; FCETs and BETs will have to compete for market share. Assuming BETs
claim the contested market share, a low-uptake scenario for Class 8 FCETs would result in
cumulative sales of 133,458 vehicles by 2045. However, a high-uptake scenario, assuming
FCETs claim the entire contested sector, would result in cumulative sales of 167,255 vehicles
by 2045. The uptake of BETs and FCETs in the next several years may determine truck sales
for decades to come. This contested market share will be determined by whether early

2 FAF4 provides a comprehensive picture of ton-miles of goods transported by truck in California. A ton-mile
equals one ton traveling one mile.
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A low-uptake scenario for Class 8
FCETs would result in cumulative

sales of 133,458 vehicles by 2045.
A high-uptake scenario would

result in cumulative sales of
167,255 Class 8 FCETs by 2045. The
uptake of BETs versus FCETs in the
next several years may determine
fruck sales for decades to come.

developments begin to take place to
overcome high upfront vehicle prices, the
current high price of hydrogen, the lack of a
hydrogen fueling network, and faster charge
times for FCETs.

This report is divided intfo two separate yet
intrinsically linked roadmaps to accelerate
FCET adoption in California: the FCET

Commercialization Roadmap and the
Hydrogen Infrastructure Roadmap. These

roadmaps were developed in support of Cummins Electrified Power NA Inc.’s forthcoming
demonstration of four Class 8 FCETs to advance the commercialization of heavy-duty (HD)
fuel cell drivetrains (funded by the California Energy Commission (CEC)) and CALSTART's
research into California’s FCET market to understand the drivers and barriers to
commercialization. This market transformation is expected to take place in four phases:

1.

Introduction Phase: Phase 1 is marked by small-scale demonstrations from 1-20 trucks
and an undeveloped HD hydrogen fueling network. OEMs will likely have to provide
hydrogen for the demonstration trucks or install temporary fueling stations. The FCET
market is currently in this phase, with only small demonstrations and four permanent
HD stations in California.

Development Phase: Phase 2 is marked by medium-scale demonstrations of more
than 20 frucks and hydrogen infrastructure initiated with government assistance and
funding. The start of the development of a hydrogen fueling network with
government assistance began with CEC's funding awards under GFO-19-602 to
develop five HD fueling stations that will come online in 2023 and 2024 [CEC, 2020].
The NorCAL Zero-Emission Regional Drayage Project, also funded by CEC and CARB,
will demonstrate 30 Hyundai FCETs at the Port of Oakland as well as one HD fueling
station [CEC, 2020a]. This project will begin in 2023; Phase 2 is therefore expected to
begin in 2023.

Growth Phase: Phase 3 will begin when customers start purchasing FCETs without
government demonstration funding. FCET market growth will begin in applications
that are easiest to adopt FCETs, mainly regional-haul and return-to-base operations;
the lack of hydrogen fueling network will restrict growth.

Mature Phase: In Phase 4, FCETs will be used in all feasible applications including long-
haul applications. FCETs will expand beyond port/warehouse concentrated areas,

CALSTART | Roadmap to Fuel Cell Electric Truck Commercialization: California Market Assessment 3



and the emergence of a statewide hydrogen fueling network will allow FCETs to
operate in long-haul applications.

In total, the two roadmaps propose six recommendations with corresponding action items
for governments, hydrogen producers and providers, financers, OEMs, and fleets to help
accelerate FCET technology to market maturity. These two roadmaps are based on the
market achieving economies of scale and the implementation of government support for
the industry. Given that these factors are more important than time, this report does not
provide projections for when the market will transition to Phase 3 (Growth) or Phase 4
(Maturity).

FCET Commercialization Roadmap

While Class 8 FCET technology has matured and improved significantly over time, these
trucks are still in earlier stages of development compared to other zero-emission vehicles.
Furthermore, technological maturity does not automatically equate to commercial
readiness. Non-technical factors must be addressed to prepare the market for FCET
adoption. This study has identified three broad recommendations and corresponding
action items to help accelerate FCET commercialization.

Reduce Upfront Costs and Total Cost of Ownership

Concerns about high upfront costs and uncertainty with respect to total cost of ownership
(TCO) for these vehicles were raised repeatedly by fleet owners interviewed for this project.
Based on interviews with OEMs, CALSTART found that a demonstration Class 8 FCET—a
vehicle in the pilot stage of development and produced in low quantities—costs
approximately $1 million per vehicle. The average cost of a commercial Class 8 FCET is
approximately $700,000, a significant premium over a new diesel fruck priced at
approximately $150,000. FCET component costs must decrease to reach cost parity with
diesel. In 2019, the U.S. Department of Energy (DOE) released targets for Class 8 FCETs that
call specifically for reductions in fuel cell system and onboard hydrogen storage costs, the
vehicle's most expensive zero-emission components. Moreover, since there have been few
FCET demonstrations to date, there is still uncertainty on total maintenance costs for these
vehicles, as well as possible residual value. These TCO sensitivities cannot be determined
until more FCETs reach the end of their life cycle. CALSTART modeled the impact of
economies of scale on the cost of these components and found that costs will decrease
dramatically (Figure ES-2).3

3 The methodology for this analysis can be found in Appendix C. Class 8 FCET Costs.
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Figure ES-2. Projected Class 8 FCET Vehicle Prices
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Price decreases substantially during the fransition from a demonstration vehicle to a
commercialized vehicle due to standardized components and an established
manufacturing process. But as shown above, further decreases in Class 8 FCET price can
be achieved through economies of scale experienced in both low- and high-uptake
scenarios. More sales will assist in reducing the price of vehicle components, but additional
action must be taken to meet DOE targets and further decrease the upfront cost of FCETs.

Action ltems

A. Fund the deployment of 1,000 FCETs to help increase production and kickstart
economies of scale, especially for fuel cells and onboard hydrogen storage tanks.
This number of FCETs, a small percentage of Class 7-8 trucks in the state, would
accelerate commercialization to Phase 3 (Growth). By using the Hybrid and Zero-
Emission Truck and Bus Voucher Incentive Project (HVIP) to provide incentive funding
of $250 million, or by covering the entire incremental costs of the vehicles with $500
million, the State of California could fund this demonstration for less than the total
amount that CEC's Clean Transportation Program has spent [CEC, 2022].

B. Subsidize FCET leasing options to reduce higher upfront costs and provide fleet
owners with more financial options to obtain these vehicles. Particularly for small fleets

CALSTART | Roadmap to Fuel Cell Electric Truck Commercialization: California Market Assessment 5



that cannot afford the capital investment of ZETs and for large fleets not ready for a
fullinvestment in this technology, these financing options may become the standard
for decades to come.

Promote Commercial Readiness and User Acceptance

Education is a major non-technical barrier to FCET commercialization. Many fleet owners
must be more informed about the technology before purchasing a hydrogen-powered
vehicle. The technology must also meet current operational needs to gain user
acceptance, so FCETs need the same performance level as fleets’ current vehicles at a
minimum. Ensuring that FCETs have increased durability and faster refueling times, for
which DOE has released performance targets to meet by 2030 and 2050, is vital to
promoting user acceptance [DOE, 2019].

Action Items

A. Develop an FCET loaner program fto provide more access to education and allow
fleets to gain operational experience with fuel cell technology.

B. Fund long-term demonstrations to gather real-world data on maintenance and
repair costs over the lifetime of FCETs.

C. Determine intermediate fast-flow HD fueling standards to eliminate interoperability
issues resulting from different fueling flow rates.

Address Other Enabling Factors

If enabling factors (i.e., additional barriers to the development and maturity of the FCET
market) are addressed, fleets will be able to deploy FCETs faster and more efficiently. If no
action is taken, these factors, which include weight penally, lack of specialized workforce,
and manufacturing, will create severe inconveniences for fleets that can also have
financial implications and discourage FCET uptake.

For instance, the federal weight limit of 80,000 pounds gross weight serves to ensure driver
safety, but FCETs weigh more than traditional internal combustion engine Class 8 trucks.
Fleets will then have to reduce their cargo load to stay within the weight limit. California has
issued an exemption that increases the weight limit to 82,000 pounds for ZETs. However,
FCETs weigh about 5,000 pounds more than diesel tfrucks, meaning the incremental weight
is greater than this 2,000-pounds exemption. As a result, FCETs will still incur a 3,000-pounds
weight penalty or must reduce the amount of cargo they carry to stay under this weight
limit.
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In addition, the current workforce lacks experience with electrified drivetrains and requires
training to repair and maintain this technology. An industry-wide lack of both vehicle
engineers and vehicle technicians has led to backlogs of maintenance requests, which will
only increase as more zero-emission vehicles are deployed without the development of a
specialized workforce.

Lastly, manufacturing is a major constraint on FCET deployments. Since FCETs are currently
being manufactured in low quantities, industry’s ability to meet market demand is @
legitimate concern. The FCET industry will likely face similar challenges as the zero-emission
transit bus sector, which has experienced growing backlogs due to supply chain disruptions
caused by the COVID-19 pandemic and the Ukraine-Russia war [Zukowski, 2022]. Making
investments in FCET manufacturing ahead of market demand is risky for OEMs—the market
may take longer than expected to reach the estimated demand or might fail to meet the
projected demand at all. If this scenario occurs, OEMs will have eitheridle assets or stranded
assets. In addition, increased manufacturing for FCETs cannot disrupt OEMs’ production
processes for other vehicle segments.

Action ltems

A. Incentivize lightweighting technology to decrease the weight of commercial zero-
emission vehicles. These benefits would improve fuel economy and increase the
cargo load capacity, allowing ZETs to offset some of the weight penalty.

B. Fund workforce development initiatives to develop accreditation programs and
research centers to train both vehicle technicians and engineers.

C. Scale up FCET manufacturing capacity by adopting parallel assembly line processes.
This scalable alternative allows OEMs to produce FCETs with minimal changes to the
manufacturing facility or the production of other vehicles, reducing the potential for
stranded assefts.

Hydrogen Infrastructure Roadmap

California’s hydrogen market is still in the early stages of development. While an early mover
in the MHD fuel cell electric vehicle market, the State of California must take concerted
action to advance the hydrogen production and the MHD hydrogen fueling station
markets, especially in order to secure enough hydrogen supplies to serve FCETs and to build
a hydrogen fueling network. This study determined three broad recommendations for state
and federal governments, financers, hydrogen producers, and hydrogen station
developers to help accelerate the development of California’s hydrogen infrastructure.

CALSTART | Roadmap to Fuel Cell Electric Truck Commercialization: California Market Assessment 7



Support In-State, Low-Carbon Hydrogen Production

Class 8 FCET deployments will be constrained by hydrogen availability, which will limit the
size of the market. As of 2022, an estimated 61,500 kilograms (kg) per day of hydrogen will
be available to the transportation market in California. CALSTART has identified additional
hydrogen production projects in coming years, determining that the amount of available
hydrogen in 2024 is estimated to be about 119,000 kg per day. Even in a low-uptake
scenario, this report shows that demand for hydrogen from Class 8 FCETs will quickly exceed
hydrogen production capacity by 2027. A major shortage of hydrogen will occur without
an increase in hydrogen production capacity, so constructing new hydrogen production
plants, increasing production plant capacity, and/or developing more onsite hydrogen
production at fleet depots will be critical to fill this gap.

Action ltems

A. Leverage funding for low-carbon hydrogen production, which includes seeking
federal funding, such as the Hydrogen Hubs solicitation funding made possible by the
Infrastructure Investment and Jobs Act (IIJA),4 and supporting the establishment of the
California Clean Hydrogen Hub Fund to finance clean hydrogen production.

B. Increase renewable hydrogen production by awarding shovel-ready projects such as
CEC’'s GFO-20-609 Renewable Hydrogen Transportation Fuel Production grant
solicitation finalists.>

C. Fund research to make other low-carbon hydrogen production methods
economically viable, such as catalytic dry reforming of biogas to hydrogen, catalytic
non-thermal plasma biogas to hydrogen, and other innovative approaches.

Develop a Hydrogen Fueling Network

In addition to production capacity, hydrogen fueling station capacity must also increase
substantially to meet future hydrogen demand (Figure ES-3).¢ Current light-duty stations do
not have enough storage capacity to fuel HD FCETs at scale, and standards for light-duty
fueling are not appropriate or compatible for HD FCETs. At the time of writing, few HD
hydrogen fueling stations have been constructed, and most stations have low volume

4 For more information about IIJA, visit https://www.congress.gov/bill/117th-congress/house-bill/3684/text.

5 For more information about GFO-20-609, visit https://www.energy.ca.gov/solicitations/2021-04/gfo-20-609-
renewable-hydrogen-transportation-fuel-production.

¢ The methodology for this analysis can be found in Appendix F. Hydrogen Demand.
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capacity. The largest planned fueling station in California will have about 6,000 kg per day
capacity, but most stations are currently below 2,000 kg per day.

Figure ES-3. Projected Hydrogen Demand for Class 8 FCETs
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Action ltems

Once the Class 8 FCET market reaches Phase 3 (Growth) and Phase 4 (Mature) of
commercialization, these trucks are expected to serve long-haul routes. These applications
will require hydrogen fueling corridors for longer trips, meaning a fueling corridor network
akin to the current network of truck stops must be developed.

A. Apply for hydrogen fueling station funding through Energy Infrastructure Incentives
for Zero-Emission (EnergllZE) Commercial Vehicles and IIJA Alternative Fuels Corridor

Funding.
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B. Allocate resources to build retail stations in first-mover clusters where concentrated
deployments of Class 8 FCETs will initially appear (Table ES-1).7 Developing these
clusters is vital to advancing commercialization to Phase 3 (Growth).

Table ES-1. Goods Movement Clusters for Hydrogen Fueling Station Deployment

Estimated
Estimated Estimated Estimated Number of
Fueling Demand by Demand by Additional
Cluster Capacity by 2030.(kg per 2030.(kg per Hydr.ogen
2024 (kg per day): day): Fueling
day) Low-Uptake High-Uptake  Stations
y Scenario Scenario Required by
2030
Los Angeles-
Orange 23,500 64,200 175,650 9-31
County-
Inland Empire
Bay Area 3,200 5,725 29,350 1-6
Central
Valley/SR-99 15,650 41,900 103,700 6-18
San Diego 0 2,800 11,900 1-3

C. Build out hydrogen fueling corridors to support long-haul goods movement outside
of first-mover clusters along several interstate corridors. These corridors are vital for
facilitating the use of FCETs beyond regional-haul applications and into long-haul
applications, an important step for advancing commercialization to Phase 4

(Maturity).

D. Extend the Hydrogen Refueling Infrastructure credits to incentivize the build out of a
hydrogen station network, which will compensate owners for current financial risks of
opening a station.

E. Establish a station testing program to facilitate the station commissioning process. The
State of California developed the Hydrogen Station Equipment Performance
(HyStEP) device to accelerate the commissioning process for light-duty hydrogen

7 See Appendix G. First-Mover Clusters for the methodology used to determine these clusters and develop
fueling capacity, demand, and fueling station estimates.
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fueling stations. A next-generation HyStEP device should be developed to support
commissioning for MHD hydrogen fueling stations.

F. Develop measurement standards testing equipment to ensure that MHD stations
comply with weighing and measuring equipment standards and point-of-sale
requirements. MHD stations must show that they comply with these standards to
complete the commissioning process. Developing test equipment for measurement
standards will accelerate the commissioning process for MHD stations.

Reduce the Price of Hydrogen

The high price of hydrogen compared to both diesel and electricity for BETs is a major barrier
to adoption. At the time of writing, the price of retail hydrogen at HD hydrogen fueling
stations is between $13 and $16 per kg [CARB, 2021c]. While there are other factors at play,
the main driver behind hydrogen’s high price is low sales volume. To reach Phase 4
(Maturity), hydrogen will need to achieve price parity with diesel.

DOE is taking action to help address sales volume through the Hydrogen Earthshot
program, which aims to reduce the cost of producing hydrogen to $2 per kg by 2026 and
to $1 per kg by 2030 by increasing the technology readiness for low temperature
electrolyzers and high temperature electrolyzers to commercialization and therefore
enabling mass production of hydrogen [DOE, n.d.]. The Inflation Reduction Act will also
reduce the price of hydrogen by providing a production tax credit of up to $3 per kg,
depending on the carbon intensity of the production pathway. The cost of hydrogen
stations will also need to decrease. Compressors and hydrogen storage tanks are the most
expensive items and together constitute nearly half of the station cost. (Compressors and
hydrogen storage tanks comprise about 21% and 27% of the station cost, respectively.)
These components are manufactured in small quantities, so as more hydrogen stations are
built, these components are expected to benefit from economies of scale.

Like compressors and hydrogen storage tanks, the price of hydrogen is expected to
decrease as economies of scale are reached. This study's projections indicate that with
economies of scale, a decrease in the cost of hydrogen production, and incentive funding
for hydrogen stations, the price of hydrogen sold at a retail station can potentially fall to as
low as $5.52 per kg. Price decreases of this magnitude would be consistent with the FCET
market reaching Phase 3 (Growth), but this price is still higher than the diesel parity price of
$3.20 per kg.
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Action ltems

A. Modify the Renewable Fuel Standard Program/Renewable Identification Number
credits to include a hydrogen pathway that, combined with the Inflation Reduction
Act’'s Hydrogen Production Tax Credit and the Alternative Fuel Vehicle Refueling
Property Credit, will reduce the retail price of hydrogen to less than the cost of diesel
(Figure ES-4).8

Figure ES-4. Projected Impact of Proposed Policies on the Retail Price of Hydrogen
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Conclusion

Based on the commercialization stages outlined in this report, the FCET market in California
is currently fransitioning from Phase 1 (Intfroduction) to Phase 2 (Development). Phase 2 will
begin with the start of the NorCAL Zero-Emission Regional Drayage Project in 2023. Industry
research, development efforts, and government funding for demonstration projects over
the last few years has culminated in substantial gains in FCET technology maturity. However,
numerous and larger-scale pilot projects are needed to advance the market.

8 The methodology for this analysis can be found in Appendix H. Retail Hydrogen Costs.
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Industry will need to prepare markets for hydrogen fuel cell technology in order to advance
commercialization to Phase 3 (Growth) and Phase 4 (Maturity). Implementing the
recommendations outlined in these two roadmaps will help create pathways to lower the
price of the trucks; advance technological development and user acceptance; and
address the weight penalty, insufficient workforce, and manufacturing dilemma currently
hindering FCET adoption. While early action has been taken to address the market’s
causality dilemma, this problem will persist until hydrogen production, distribution, and
fueling infrastructure is in place to facilitate on-road deployments. Government action will
play an important role in rapidly increasing production capacity, building out a hydrogen
fueling network, and driving down the price of hydrogen.
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l. Infroduction

Freight plays a critical role in California’s economy. Class 8 trucks are highly utilized to
fransport goods both throughout the state and across the country. These frucks represent
12% of Class 2b—-8 medium- and heavy-duty (MHD) venhicles in California, but most of these
vehicles are powered by diesel and produce a disproportionate amount of harmful
emissions. Heavy-duty (HD) vehicles are responsible for nearly 20% of tfransportation-related
greenhouse gas (GHG) emissions in California and nearly 8% of total GHG emissions in
California [CARB, 2019]. They also produce 48% of nitrogen oxides (NOx) emissions in the
state [CARB, 2022]. As a result, transitioning Class 8 trucks to zero-emission technology wiill
help combat climate change and significantly improve air quality.

The deployment of zero-emission trucks (ZETs) is important for meeting California’s
environmental and climate change goals. Battery-electric trucks (BETs) and fuel cell electric
trucks (FCETs) have emerged as zero-emission solutions to diesel-powered Class 8 trucks,
but the number of deployed BETs and FCETs at the time of writing is low. As of June 2022,
only 84 HD ZETs have been deployed in the United States [Al-Alawi, 2022]. Class 8 trucks are
used for a wide range of duty cycles: while many Class 8 trucks operate on a local and
regional basis, vehicles traveling long distances contribute a significant fraction of the truck
industry's vehicle miles traveled [Union of Concerned Scientists, 2019]. ZETs must be able to
replicate the capabillities of a Class 8 diesel truck to be commercially competitive. While
the technology continues to improve, BETs can be constrained in some applications by the
maximum range that batteries provide. FCETs, however, can complement BETs by serving
longer routes and refueling within minutes.

On the other hand, FCETs currently suffer from a causality dilemma. Fleet owners do not
want to purchase FCETs unftil the necessary hydrogen fueling infrastructure network is in
place, but hydrogen fuel infrastructure providers are hesitant to invest in refueling stations
and equipment with so few trucks on the road. Eliminating this chicken and egg problem
will be an integral step for FCET commercialization.
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To advance the commercialization of HD fuel cell drivetrains, the California Energy
Commission (CEC) provided funding under grant agreement number ARV-16-025 to deploy
and demonstrate four Class 8 FCETs for drayage and regional-haul applications, known as
the Heavy-Duty Fuel Cell Powertrain Commercialization Roadmap Project. This project was
managed by the South Coast Air Quality Management District (SCAQMD). Key partners in
this project and their roles are described in Table 1.

Table 1. Project Team

Logo Organization ‘ Description and Role

CALSTART, North America’s leading advanced
transportation technologies consortium, is @
member-supported nonprofit organization of
more than 300 organizations, fleets, and
CALSTART agencies worldwide dedicated to supporting
the growth of the clean transportation industry.
CALSTART's primary responsibility for this project
was to develop a fuel cell technology
commercialization roadmap.

Southern California Gas Company (SoCal Gas)
is a utility company that is a subsidiary of
Sempra Energy. Providing natural gas to the Los
m Southern Angeles and Southern California regions, SoCall
SoCalGas gggorgf ©as Gas is also an early pioneer in the hydrogen
Pany economy. SoCal Gas's primary responsibility
was to support a fuel cell technology
commercialization roadmap.

Cummins Electrified Power NA Inc. (Cummins)
designs, manufactures, and distributes engines.
Cummins has historically produced diesel and
Cummins natural gas-powered engines but has become
Flectrified a major player in the fuel cell market. Cummins
Power NA Inc. _J Py _ )
© received grant funding under grant agreement
ARV-16-025 to deploy and demonstrate four

Class 8 FCETs.
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To support this project, this report was developed to identify and propose the action items
and policies needed to overcome barriers and provide a roadmap to commercialization
for FCET technology. It is divided into the FCET Commercialization Roadmap and the
Hydrogen Infrastructure Roadmap. These two roadmaps provide  specific
recommendations for deploying FCETs and hydrogen infrastructure, respectively. FCETs and
hydrogen infrastructure are intrinsically linked, so both roadmaps must be implemented to
advance the FCET industry.

FCET Market Opportunity

Combating the climate crisis requires decarbonization of the goods movement industry,
and FCETs will play a significant role in electrifying freight. Estimating the opportunity for
Class 8 FCET sales in California can help original equipment manufacturers (OEMs), fleets,
and governments evaluate the future size of the FCET market both within the state and
nationwide.

CALSTART projected the size of California’s FCET market through 2045 by analyzing the
state’s regulatory environment. ZETs are more expensive than traditional Class 8 trucks. As
a result, it is assumed that most fleets will not purchase ZETs in the absence of a mandate.?
The proposed Advanced Clean Fleets (ACF) regulation would require certain fleets to
adopt ZETs,10 so this analysis assumed that these fleets attain minimal compliance. The
California Air Resources Board (CARB) also published data on the number of trucks subject
to the ACF regulation. This number was therefore assumed to grow in proportion with
increases in freight volume. Furthermore, data from Freight Analysis Framework 4 (FAF4)!!
was used to calculate the future size of the Class 8 truck market. ACF regulation
compliance targets were then applied to estimate the future size of the ZET market. As
shown in Figure 1,12 a low-uptake scenario would result in projected cumulative sales of
133,458 Class 8 FCETs by 2045. A high-uptake scenario, in which FCETs gain a monopoly on

? There may be some exceptions to this assumption. Since CARB funding cannot be used for ACF
compliance, this could incentivize fleets to make early FCET purchases. Early purchases would allow fleefts
to take advantage of CARB-funded vehicle incentive programs before they are required to comply with
ACF and lose access to this funding. This could induce fleets to adopt FCETs ahead of their compliance
schedule.

10 The ACF regulation applies only to certain fleets, including state and municipal government fleets, federal
fleets, and larger fleets with 50 or more frucks under their conftrol.

11 FAF4 provides a comprehensive picture of fon-miles of goods fransported by truck in California. A ton-mile
equals one ton traveling one mile. To view FAF4 data, visit https://www.bts.gov/faf/faf4.

12 See Appendix A. FCET Market Opportunity Research Methodology for additional detail on data sources
and the methodology used to develop Figure 1.
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the FCET dominant sector and the entire contested sector, would result in projected
cumulative sales of 167,255 Class 8 FCETs by 2045.

Figure 1. Class 8 FCET Cumulative Projected Sales in California
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The potential Class 8 FCET sales within the larger ZET market were estimated using specific
use cases for both BETs and FCETs, as well as the assumption that fleets will aim to use the
cheapest technology that can achieve a 1-to-1 replacement with diesel trucks. BETs are
expected to dominate in use cases where the vehicle tfravels 100 miles or less per day, while
FCETs are expected to prevail in use cases where the vehicle travels more than 300 miles
per day. As such, this analysis assumed that BETs would dominate the market in some use
cases, FCETs would dominate in others, and the two technologies would compete in still
additional cases. The amount of contested market share captured by BETs and FCETs will
be determined by several factors, including but not limited to those listed in Table 2.

CALSTART | Roadmap to Fuel Cell Electric Truck Commercialization: California Market Assessment 17



Table 2. Barriers to ZET Adoption

Barriers Description

The capital cost of the vehicle is a major factor in a fleet's decision to
adopt BETs or FCETs. As of 2022, a new Class 8 BET sells for approximately
Vehicle $450,000 compared to $700,000 for a new Class 8 FCET.13 Upfront costs for
price both vehicle types are expected to fall over the coming years; however,
the rate at which prices for each technology decreases will impact
vehicle uptake.

The current high price of hydrogen significantly impacts FCETs’ total cost
Price of of ownership (TCO) and fleets’ willingness to adopt this technology. The
hydrogen | price of hydrogen is expected to drop due fo economies of scale and
several programs aimed specifically at decreasing the cost of hydrogen.

The availability of HD hydrogen fueling stations will be a major constraint
to the uptake of FCETs. As this writing, there are only four HD hydrogen
stations in  California. New incentive programs like the Energy
Infrastructure Incentives for Zero-Emission (EnergllZE) Commercial
Vehicles Project will help accelerate the rollout of a hydrogen fueling
network.

Hydrogen
fueling
network

The speed at which a vehicle can recharge or refuel is an important
factor. If a vehicle is recharging or refueling, it may be limited to fewer
shifts per day than a diesel vehicle. As a result, vehicle downtime due to
fueling is a factor that fleets consider. The salience of this factor depends
on duty cycle. Trucks that reliably have operational breaks during the day
can potentially charge or fuel during idle time. However, this factor is
extremely important for trucks that are in continuous operation

Fast throughout the day.

chargin
ang One advantage FCETs currently have over BETs is that hydrogen refueling

is faster than charging, and FCETs have a greater range than BETs from
one fueling session [Al-Alawi, 2022a]. However, the industry has been
working on developing faster charging solutions with CARB programs like
Research Hub for Electric Technologies in Truck Applications (RHETTA). If
faster charging solutions are developed, it can help mitigate range
disadvantage for BETs.

13 Based on prices of BETs and FCETs that were funded under CEC's GFO-20-606 solicitation. CALSTART
obtained BET and FCET pricing data from this solicitation from a public records request. The price of BETs
and FCETs was calculated by taking the average price of BETs and FCETs funded under this solicitation.
For more information about GFO-20-606, visit https://www.grants.ca.gov/grants/gfo-20-606-zero-emission-
drayage-truck-and-infrastructure-pilot-project/.
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In most cases, it is not feasible to have a mixed fleet with both Class 8 BETs and FCETs.
Installing charging or fueling infrastructure is a major investment and often leads to fleets
committing to one technology.!# The high price and long lifetime of charging and fueling
infrastructure will likely lock fleets into either BET or FCET operations. As a result, early
developments in the factors above can have dramatic long-term implications on the
market share that each technology captures.

The uptake of BETs and FCETs over the coming decade may determine their market share
of truck sales for decades to come. While FCETs have clear operational advantages
including quick refueling and a longer range than BETs, FCETs are less commercially
available and have several barriers to address. The next section discusses the four stages of
commercialization that FCETs must go through and describes clear achievements that will
dictate the transition from market infroduction to maturity.

Commercialization Stages

The FCET market will need support to transition from an early-stage market to maturity. This
market transformation is expected to take place in four phases. Each phase represents a
step toward commercial maturity and is defined based on the level of external (mainly
government) support that the market requires and the extent to which the market benefits
from economies of scale.15

1. Introduction Phase: Phase 1 is marked by small-scale demonstrations, from one truck
to a maximum of 20. In this phase, the HD hydrogen fueling network is in its infancy
and is not yet developed. OEMs will likely have to provide hydrogen for the
demonstration trucks or install temporary fueling stations. The FCET market is currently
in this phase, with only small demonstrations and four permanent HD stations in
California. The 2019-2021 Zero- and Near Zero-Emission Freight Facilities Project
(ZANZEFF) provided funding for the Zero Emission Freight “Shore-to-Store” Project,
which took place at the Port of Long Beach and funded 10 FCETs and two HD
hydrogen stations. This project cost $41.1 million in state funding and $41.5 million in
match funding [Port of Los Angeles, n.d.].

2. Development Phase: Phase 2 is marked by medium-scale demonstrations of more
than 20 trucks. During Phase 2, hydrogen infrastructure is initiated with government

14 A possible exception could be a situation where public charging/refueling is readily available or if a large
fleet has both a local delivery fleet and long-haul trucking fleet.

15 This framework was modified from the commercialization plan developed in CALSTART's Near Zero-Emission
Heavy Duty Truck Commercialization Study [Gallo, 2013].
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assistance and funding. CEC awarded funding to develop five HD fueling stations
under GFO-19-602 [CEC, 2020]. These stations will come online in 2023 and 2024,
representing the start of the development of a hydrogen fueling network with
government assistance. The NorCAL Zero-Emission Regional Drayage Project was also
started with funding from CEC and CARB [CEC, 2020q]. This project funded a
demonstration of 30 Hyundai FCETs at the Port of Oakland as well as one HD fueling
station. CEC and CARB provided $55 million in funding. This project will begin in
2023; Phase 2 is therefore expected to begin in 2023. It is important to note that a
single Phase 2 project is not sufficient for progressing to more advanced
commercialization phases. Further investment in medium-scale demonstrations and
hydrogen infrastructure is required to advance to the next phase.

3. Growth Phase: Phase 3 will begin when customers start purchasing FCETs without
government demonstration funding (though incentives/subsidies will likely still be
available). FCET market growth will begin in applications that are easiest to adopt
FCETs, and since the hydrogen fueling network is not yet complete, this mainly restricts
FCETs to regional-haul and return-to-base operations. Most deployments are near
ports and concentrations of warehouses (Port of Long Beach/Inland Empire Corridor,
Port of San Diego, Port of Oakland/San Joaquin Valley Corridor). The hydrogen
fueling network serves as a constraint to growth. To address this issue, hydrogen
providers need to begin investing in retail fueling independently without government
support. CALSTART's interviews with hydrogen producers and retail station developers
for this project indicate that 500-900 Class 8 FCETs in operation would demand
enough hydrogen to induce hydrogen providers to invest in retail stations. Some
fleets might also deploy onsite hydrogen infrastructure. During the Growth Phase, this
volume of FCET sales will allow OEMs to begin to take advantage of economies of
scale. As aresult, it is assumed that the price of hydrogen and the cost of the vehicles
will experience substantial reductions.

4. Mature Phase: In Phase 4, FCETs will be used in all feasible applications including long-
haul applications. FCETs will expand beyond port/warehouse concentrated areas,
and the emergence of a statewide hydrogen fueling network will allow FCETs to
operate in long-haul operations. This phase will see the development of hydrogen
fueling corridors (possibilities include Los Angeles-Las Vegas, Los Angeles-Arizona,
and Central Valley (I-5/1-99)). Long-haul FCETs will be supported by fueling
infrastructure deployed in neighboring states. Truck stops can sell hydrogen only if it
achieves the same rate of return as other fuels, so fruck stops deploying hydrogen
fueling would be an indicator that the market has achieved maturity. The price of
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hydrogen and the cost of FCETs will need to reach (or approach) parity with diesel
for the market to reach maturity.

The FCET market is currently fransitioning from Phase 1 (Introduction) to Phase 2
(Development). The start of the NorCAL Zero-Emission Regional Drayage Project in 2023 will
officially mark the beginning of Phase 2. This roadmap is based on the market achieving
economies of scale and government support for the industry being implemented. These
factors are more important for driving commercialization than time. Therefore, this
roadmap does not provide projections for when the market will transition to Phase 3
(Growth) or Phase 4 (Maturity).

Societal Benefits for Californians

Commercializing and deploying Class 8 FCETs will require a significant amount of
government funding, policy support, and industry action, but these investments to advance
commercialization will provide significant environmental and economic benefits to
California. With zero tailpipe emissions, and especially when hydrogen is produced from a
renewable source, FCETs will help to combat climate change, improve air quality, and
promote human health. In addition, FCETs offer economic opportunities for Californians, as
described in more detail below.

Emissions Reductions

Regular diesel-powered Class 8 trucks produce a large amount of pollution, including GHG
emissions (which drive climate change) and criteria pollutants like NOx, carbon monoxide
(CO), and particulate matter (PM). These criteria pollutants reduce air quality and harm
human health. Class 8 trucks are concentrated along certain corridors and near ports,
meaning these areas receive a disproportionate amount of pollution and have much worse
air quality than other parts of the state. As a result, these areas experience a higher
incidence of respiratory and general health problems. Many of these impacted areas also
suffer from higher levels of poverty [Di Filippo, 2019].

FCETs can help address these problems by reducing emissions. CALSTART compared GHG
emissions from Class 8 diesel tfrucks to Class 8 FCETs, investigating several types of duty cycles
for tfrucks serving the Ports of Los Angeles and Long Beach, the Port of Oakland, all other
Californian ports (Other Ports), and Class 8 trucks that do not visit ports (Non-port Class 8
Trucks). This analysis also investigated several hydrogen production pathways.16

16 The methodology that was used to conduct this analysis can be found in Appendix B. Emissions Analysis.
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Figure 2 illustrates that FCETs produce fewer life-cycle GHG emissions and can provide
substantial emissions reductions. Life-cycle emissions, which account for emissions from fuel
production, are included since GHG emissions contribute to climate change regardless of
where they are produced.

Figure 2. Total GHG Emissions Comparison
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All investigated hydrogen pathways have lower GHG emissions compared to diesel.
However, the reduction in GHG emissions is highly dependent on the hydrogen production
pathway. Liquid hydrogen pathways have higher GHG emissions than gaseous hydrogen
pathways due to the additional energy needed for hydrogen liquification.

FCETs also reduce criteria pollutants. Since criteria pollutants have local impacts on air
quality, this analysis focused on tailpipe emissions. FCETs do not produce any tailpipe
emissions, consequently eliminating the NOx and CO pollutants Class 8 diesel trucks emit
into communities. In addition, FCETs provide substantial reductions in PM emissions (though
FCETs still produce PM due to brake and tire wear). Figure 3 and Figure 4 below display the
reductions in PM emissions that FCETs can provide. The methodology for these calculations
can be found in Appendix B. Emissions Analysis.
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Figure 3. PM10 Emissions Reduction from FCET Deployment
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Figure 4. PM2.5 Emissions Reduction from FCET Deployment
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Employment and Economic Benefits

Deploying FCETs also provides an opportunity to create jobs, spur economic growth, and
upskill the existing workforce. Class 8 trucks must be maintained and repaired over the
course of their life cycle, and this job function is currently carried out by maintenance
technicians. Diesel mechanics are maintenance technicians that work on diesel tfrucks. The
number of maintenance technician jobs is correlated to freight volumes. In 2018, there were
24,600 maintenance technicians in California. By 2028, the net change in this number is
expected to increase by 7.7%, equating to a net gain of approximately 1,200 technician
jobs [Employment Development Department, 2022].

As of 2022, a diesel mechanic’s median salary was $62,564 and the 75t percentile salary
was $76,875 [Employment Development Department, 2022]. After being frained in fuel cell
technology, these technicians will likely be able to command a wage premium as their job
requires a more technical skillset. These jobs do not require a four-year college degree or
likely a significant amount of student debt to start a career in this field. Many technicians
receive training at a community college or trade school or from a vehicle manufacturer.
These positions are critical to the FCET industry and goods movement as fleets begin to
electrify, especially given the current lack of workforce development. (See Address Other
Enabling Factors section under the FCET Commercialization Roadmap for further discussion
and actions items to address this barrier.)

Deploying Class 8 FCETs will also have wider economic impacts beyond creating jobs for
maintenance technicians. A report from the Fuel Cell & Hydrogen Energy Association
estimated the economic impacts of transitioning to a hydrogen economy. This study
examined the use of hydrogen in the U.S. transportation, residential and commercial
building, industrial, and power generation sectors. The study found that the hydrogen
economy in the United States could generate $750 billion in annual revenue by 2050 [Fuel
Cell & Hydrogen Energy Association, 2020]. Transportation was responsible for 42.9% of
hydrogen demand. Assuming that each sector contributes a proportionate share of
economic activity, the transportation sector is expected to generate $321 billion in annual
revenue in the United States by 2050.

States will be competing to capture the economic benefits of the hydrogen economy.
California is well positioned to capture market share because it has served as an early
adopter of zero-emission vehicles and FCETs. California has capitalized on its competitive
advantage as several fuel cell companies have invested in the state. In 2021, Cummins
opened its Hydrogen Fuel Cell Powertrain Integration Center in West Sacramento to
conduct research and development on fuel cell powertrains [Cummins, 2021]. In addition,
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multiple hydrogen producers and retail fueling station developers have and will continue
to invest in the state.

These investments will create additional jobs in California beyond maintenance
technicians. Jobs will also be created in vehicle engineering and manufacturing and in the
supply chain for hydrogen infrastructure and production equipment. CALSTART quantified
this job creation potential using CARB's Job Co-benefit Modelling Tool.17 CALSTART used this
tool to estimate the number of jobs that will be created for every $1 million of investment
(Table 3).

Table 3. Job Creation from Hydrogen Economy Investment

Jobs Created

Type of Investment (Per $1 million
Invested)
Fuel Production Facilities 13.7
Procurement, Repower, or
Retrofit of HD Trucks and 9.1
Buses
Research and Development 9.1

17To access CARB's Job Co-benefit Modeling Tool or to learn more, visit
https://ww2.arb.ca.gov/sites/default/files/auction-proceeds/final_jobs_userguide.pdf.
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Il. FCET Commercialization Roadmap

Currently the vast majority of over-the-road freight movement in California is transported by
diesel-powered Class 8 frucks. Class 8 diesel trucks are responsible for a disproportionate
amount of GHG and criteria emissions, which drives climate change and harms air quality.
The State of California aims to address these environmental problems by deploying ZETs,
with the ultimate objective of replacing the current diesel-powered fleet with zero-emission
technology.

FCETs have emerged as a zero-emission alternative to conventional Class 8 trucks. While
these vehicles are in earlier stages of technological maturity compared to other zero-
emission technologies, the capabilities and performance of Class 8 FCETs has significantly
improved over time. Technological maturity can be measured by metrics like technology
readiness levels (TRLs). Technologies typically go through several iterations of development
before becoming a fully commercialized product. New products start off as a fechnology
concept, which is then applied, validated in laboratory settings, validated in experimental
settings, developed into a prototype, and demonstrated before becoming a fully
commercialized product. TRL analyses aim to quantify a product’s progression through this
process. TRLs use a scale from one to nine, with nine being a fully commercialized
technology.

Seenin Figure 5, as of 2022, HD long-haul FCETs have a TRL of seven and are now considered
to be in the Advanced Technology Pilot and Demonstrations phase of technological
development [CARB, 2022a]. FCETs will still need to undergo additional development to be
a commercial technology, which requires a TRL score of eight or higher.
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Figure 5. On-Road Fuel Cell Electric Vehicles Technology Status Snapshot [CARB, 2022a]
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While Class 8 FCETs will need further technology development for early market entry, this
development does not necessarily equate to commercial readiness. There are other non-
technology factors that need to be addressed to prepare the market for FCET adoption.
For this reason, CALSTART conducted research into the FCET market to understand the
drivers and barriers to commercialization, which are presented in this first roadmap.
CALSTART completed a literature review of secondary sources from industry, U.S.
governmental agencies, and academia, as well as interviewed truck fleets to understand

this market.18

Concerted action must be taken to advance FCET technology and to prepare the market
for FCET adoption. Action will also need to be taken to address non-technological barriers

18 See Appendix l. Interview Methodology for details about these interviews.
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to FCET adoption. CALSTART has determined three broad recommendations for state and
federal government, financers, OEMs, and fleets to help accelerate Class 8 FCET
commercialization:

1. Reduce FCET upfront costs and TCO.
2. Promote commercial readiness and user acceptance of FCETs.

3. Address other enabling factors, such as weight penalty, lack of specialized
workforce, and manufacturing.

The following three sections break down each recommendation into one or more action
items, as well as responsible entities and estimated cost to achieve each goal (when
applicable). The resulting roadmap will help accelerate the market to Phase 4, in which
FCETs will be used in long-haul and all other feasible applications.

Reduce Upfront Costs and TCO

During interviews, fleet owners frequently raised their concerns about the high upfront cost
and TCO for FCETs over the course of this project. Given that these vehicles have yet to
complete an entire life cycle on the road, some of the associated costs, such as
maintenance and midlife repairs, remain unknown. This uncertainty with respect to TCO
can pose a barrier to technology adoption and hinder the development of FCET business
models. Since TCO for Class 8 FCETs is currently higher than for diesel trucks, this price
disparity must be resolved to advance the industry.

Vehicle Costs and Component Cost Confributions

FCETs are a relatively new technology and were only recently commercialized, so pricing
for these venhicles is often scarce or difficult for fleets to locate. CALSTART collected data
on FCET pricing during this project, determining that it is highly variable between OEMs that
are in different stages of the commercialization process. Some OEMs have a
commercialized product available for sale and that fleets can order, but other OEMs have
a demonstration vehicle in the earlier stages of development that only select fleets who
have agreed to host a small number of vehicles for testing can deploy. Demonstration
vehicles are not a finalized product and fleets are unable to order them. Commercialized
Class 8 FCETs tend to be cheaper than demonstration vehicles: one to two demonstration
vehicles are produced at a time and therefore cannot take advantage of economies of
scale. Commercial FCETs are produced in higher quantities, though marginally, and can
begin to benefit from scale.
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Based on CALSTART's research, a demonstration Class 8 FCET can cost approximately
$1,000,000. Commercial FCETs are significantly less expensive than a demonstration vehicle,
but commercial FCETs are still much more expensive than diesel trucks. Based on data
collected from industry, the average cost of a commercial Class 8 FCET is approximately
$700,000, a significant premium over a new diesel tfruck priced at approximately $150,000.
CALSTART examined the cost breakdown for the major components of FCETs and their
individual contributions to the total cost of the vehicle for both demonstration and
commercial FCETs (Figure 6).17

Figure 6. Class 8 FCET Component Cost Breakdown
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19 The methodology for this figure can be found in Appendix C. Class 8 FCET Costs.
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The U.S. Department of Energy (DOE) recognizes that FCET component costs must
decrease in order for these vehicles to become financially viable for fleets. In 2019, DOE
released performance targets for Class 8 FCETs that call specifically for reductions in fuel
cell system cost and a decrease in hydrogen storage cost, among other technical
targets to accelerate commercialization [DOE, 2019]:

e 2030 interim goals:
o Fuel cell systems cost $80 per kilowatt (kW).

o Hydrogen storage systems cost $9 per kilowatt-hour (kWh), or $300 per kilogram
(kg) of hydrogen stored.

e 2050 goals:
o Fuel cell systems cost $60 per kW.

o Hydrogen storage systems cost $8 per kWh, or $266 per kg of hydrogen stored.
TCQO Sensitivities

TCO measures the total cost of the vehicle over its lifetime, taking into account factors such
as vehicle cost, the federal excise tax for trucks, maintenance costs, fuel costs, residual
values, and incentive funding. While the upfront costs of the vehicles are known, many
other TCO factors cannot be determined until more FCETs begin to reach the end of their
life cycle.

Since there have been few FCET demonstrations, maintenance cost analyses are not
complete. Furthermore, any completed demonstrations have been short-term. Since major
repairs are typically not required until later in the life of the vehicle, these demonstrations
likely do not reflect total maintenance costs.20 For instance, midlife repairs are a major
liability for diesel trucks. During its lifetime, a truck’s engine will degrade to the point where
it must be rebuilt or refurbished, an additional cost that many fleets will try to avoid by selling
the vehicle. While FCETs do not have a traditional internal combustion engine, fuel cells do
have a finite lifespan, and it is likely that the fuel cell will need to be refurbished or replaced.
The costs and frequency of this occurrence is currently unknown.

Another key component of TCO is residual value, also known as salvage value. At the end
of the life of a truck, fleet owners will usually sell it. Most fleets keep their trucks for five to
seven years. According to data from CARB, after this time, a Class 8 diesel truck has a

20 This statement is also true for BET demonstrations.
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residual value of 25%-35% [CARB, 2020]. It is still unclear whether an FCET will have this level
of, or any, residual value at the end of its life.

Economies of Scale

Class 8 FCETs are less commercialized than both BETs and diesel trucks. Since fewer FCETs
have been manufactured and deployed, each FCET unit is more expensive. As shown in
Figure 6 and discussed above, the fuel cell and the onboard hydrogen storage tank are
the most expensive propulsion components on FCETs. These components are currently
produced at low volumes and are therefore expected to benefit from economies of scale
as production volumes increase (i.e., the price of these components is expected to drop
as production ramps up).

CALSTART modeled the impact of economies of scale on the price of these two
components. The modelling methodology used was borrowed from a study conducted by
Eleanora Ruffini and Max Wei, which used learning rates?! to model prices changes in
response to increased production volumes.?? This methodology was used to project how
the price of fuel cells and onboard hydrogen storage tanks will change as production
increases.

21 A learning rate represents the percent decrease in the price of a good that occurs when production
volume doubles.

22 See Appendix C. Class 8 FCET Costs for more details about this methodology.
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Figure 7 displays the projected price of proton membrane exchange fuel cells (PEMFCs)
and how this projection compares to DOE's 2030 and 2050 cost targets. As shown
below, the cost of fuel cells will decrease dramatically with economies of scale. Under this
projection, the cost of PEMFCs will approach DOE’s 2030 target. However, even under the
most optimistic Class 8 FCET sales projections, the cost will not drop to reach DOE's 2050
target.

Figure 7. Projected PEMFC Costs
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The learning rates model was also applied to onboard hydrogen storage tanks (Figure 8).
According to Ruffini and Wei, the learning rate for these tanks is 10%. The cost of onboard
hydrogen storage tanks will also decrease dramatically with economies of scale, but the
cost will not drop to the 2030 or 2050 DOE targets even under the most optimistic Class 8
FCET sales projections.

Figure 8. Projected Onboard Hydrogen Tank Costs
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Reducing the price of the two most expensive zero-emission components will benefit overall
FCET prices, but other major components (i.e., battery, fraction motor and power
electronics, and the cab and chassis) and factors like research and development, cost of
sales, and profit margin all play a significant role in determining final FCET price tags for fleet
owners. CALSTART projected the future price of FCETs in Figure 9 below by modelling the
prices of the major components as they reach economies of scale and comparing the
impact that economies of scale will have on FCET price based on the low-uptake and high-
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uptake scenarios described in Figure 1. The price of the fuel cell stack, battery, and
hydrogen storage tank were based on Ruffini and Wei's methodology described above.
The motor and power electronics costs were modeled based on data from U.S DRIVE [U.S.
DRIVE, 2017].23

Figure 9. Projected Class 8 FCET Vehicle Prices
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There is a significant decrease in price during the transition from a demonstration vehicle to
a commercialized vehicle due to standardized components and an established
manufacturing process, both of which reduce the manufacturing cost. But as shown
above, further decreases in FCET price can be achieved through economies of scale. More
FCET sales will assist in reducing the price of these vehicle components. However, additional
action must be taken to meet DOE targets and further decrease the upfront cost of FCETs.

Inflation Reduction Act

The Inflation Reduction Act was passed by the Senate and the House of Representatives
on August 7, 2022, and August 12, 2022, respectively, and was later signed into law on
August 16, 2022. This landmark climate bill includes provisions that will benefit FCET
commercialization, including a provision that will help lower the capital costs of an FCET.

23 See Appendix C. Class 8 FCET Costs for this methodology.
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Section 13403 provides a tax credit for Qualified Commercial Clean Vehicles. The tax credit
is equal to the lesser of 30% of the cost of the qualified commercial clean vehicle or the
incremental cost. The value of the credit is capped at $40,000 for vehicles weighing more
than 14,000 pounds. Given the high upfront costs of an FCET, this provision effectively
creates a $40,000 tax credit for Class 8 FCETs. The vehicle must be purchased by December
31, 2032, to qualify for this credit.

Figure 10 shows the impact that the provisions in the Inflation Reduction Act are projected
to have on the price of FCETs, as well as the impact of $250,000 of incentive funding per
vehicle.?4 With incentive funding, the price of an FCET begins to approach parity with the
price of a diesel truck.

Figure 10. Class 8 FCET Price Index
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24 See Appendix C. Class 8 FCET Costs for this methodology.
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Action Items

FCETs are currently more expensive than diesel trucks, and this incremental cost poses a
serious barrier to market uptake. Although economies of scale will help to reduce the price
of FCETs, there will still be a considerable incremental cost between FCETs and diesel frucks.
The following actions can help to close this gap.

A.Fund the Deployment of 1,000 FCETs

CARB and CEC have provided funding for short-term HD FCET demonstrations and
deployments, but more funding for demonstrations, especially longer-term projects, will
help the Class 8 FCET market achieve scale and begin benefitting from higher production
volumes—a necessary first step tfoward advancing the market from the current commercial
vehicle scenario to the low-uptake scenario in Figure 9.

Fuel cells and onboard hydrogen storage tanks are responsible for a large portion of the
price of an FCET and the incremental cost of the vehicle. The modelling provided in Figure
7 and Figure 8 indicates that a substantial decrease in the price of both components occurs
after 1,000 FCETs are sold. As a result, CALSTART recommends providing funding for 1,000
FCET deployments to substantially increase production and kickstart economies of scale.
This number of FCETs would result in significant price reductions for major components like
fuel cells and onboard hydrogen storage tanks. In addition, this number of trucks would
accelerate commercialization to Phase 3 (Growth). Of the current Class 8 truck fleet in
California, 1,000 FCETs represents a small percentage. As of 2021, there were 219,000 Class
7-8 trucks in the state [CARB, 2022].

The State of California currently uses the Hybrid and Zero-Emission Truck and Bus Voucher
Incentive Project (HVIP) to provide incentive funding for zero-emission vehicles. Under HVIP
rules, vehicles can receive up to 50% of the incremental cost of the vehicle, or
approximately $250,000 per FCET. Under these assumptions, about $250 million in funding
would be required. Alternatively, the State of California could opt to accelerate the
deployment of FCETs by covering the entire incremental costs of the vehicles, which would
require $500 million. Between 2008 and 2022, the State of California awarded $1.287 billion
in funding foward clean fuels and zero-emission vehicles/infrastructure initiatives via
CEC'’s Clean Transportation Program [CEC, 2022]. The cost of this demonstration would
therefore be less than the total amount that CEC’s Clean Transportation Program has
spent.

The primary objective of this action item is to reduce the cost of FCETs through economies
of scale. However, based on the modelling in Figure 7 and Figure 8, fuel cells and onboard
hydrogen storage tanks will not meet DOE price targets, even under the most optimistic
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Class 8 FCET sales projections. Lowering the prices of these components is vital to
decreasing the total cost of the vehicle: these two components are the most expensive
zero-emission components on an FCET and comprise a significant portion of the price of
the vehicle. (The price projections for fuel cells and onboard hydrogen storage tanks in
Figure 7 and Figure 8 model only the economies of scale for the HD FCET market.)

It is highly likely that other vehicle types will convert to fuel cells. SCAQMD is currently funding
a consortium to build an MD fuel cell paratransit bus [Ideanomics, 2022]. DOE also
awarded funding to multiple OEMs to develop MD fuel cell electric Class 4-6 trucks through
the SuperTruck 3 program, and CEC awarded funding to develop a fuel cell tugboat
[DOE, 2021; CEC, 2021a]. As fuel cell technology is adopted in other transportation market
segments, it is likely that economies of scale from those segments will spill over into the HD
market and the FCET segment would benefit. As a result, increasing the adoption of fuel
cell technology in other fransportation market segments could help to narrow the gap
between the projected price and DOE price targets.

B. Subsidize FCET Leasing Options

Because ZETs can be upwards of three times more expensive than conventional diesel
trucks, higher upfront costs can be aroadblock to electric tfruck adoption. Upfront costs will
decrease as these trucks scale in production volumes, but it is likely that upfront costs will
remain higher than traditional Class 8 trucks. Alternative financing options are being
explored to support ZET sales. Financing options act as a great method for ZET deployment,
particularly for small fleets that cannot afford the capital investment of electric frucks and
for large fleets not ready for a full investment in this fechnology. These financing options
may become the standard for electric trucks for decades to come.

Numerous companies, both startups and established organizations, are looking to enter the
electric truck leasing space. Many of these models will be a trucks-as-a-service model,
which includes the upfront cost of the vehicle, charging costs, insurance, and maintenance
costs all grouped into a leasing payment. There are several leasing payment models that
can be adopted, including a cost per mile, a sliding cost scale based on miles driven each
month, and a lease-to-own model. Some of these leasing models have started to emerge
in the industry. For example, Watt EV, a startup seeking to help commercialize BETs, will
provide fleet owners with several options for miles driven per month with an associated cost.
Some financing organizations are purchasing electric trucks directly from OEMs like Volvo
and Tesla. Others are working with third-party insurance brokers. These brokers purchase
the trucks and lease them to fleet financers, who in turn lease the vehicles to fleefs.
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Fleet financers are predominantly partnering with OEMs to provide maintenance services
for fleets. Because zero-emission technology is so new, specialized training from OEMs will
be necessary to maintain the vehicles in the near-term until electric vehicle (EV)
maintenance fraining becomes more available. Interviews with truck technicians at TEC
Equipment, a Volvo dealership and Volvo's first certified electric fruck maintenance facility,
indicate that the industry will shift from in-house maintenance staff foward dealerships for
electric truck maintenance. This model could work well for small fleets using leasing models
for their electric tfrucks who currently do not have in-house maintenance staff.

Developing a leasing option for ZETs could allow smaller fleets and independent owner-
operators to access trucks. Leasing models for BETs are being established, and many fleet
financiers are expected to bundle all capital and operational costs info a trucks-as-a-
service model. The market for leasing FCETs is much smaller due to the higher uncertainty
surrounding the TCO of FCETs (see the previous TCO Sensitivities section). However, trucks-
as-a-service is expected to be the dominant leasing model for FCETs. This model is
especially useful for smaller fleets, which tend to be more risk adverse. Due to the disparity
in capital costs between an FCET and a diesel truck, it is very likely that the leasing cost for
an FCET will exceed that of a diesel or compressed natural gas (CNG) truck as FCET leasing
models are developed. To allow smaller fleets to access FCET technology, it would be
advisable for the State of California to develop a leasing subsidy for ZETs. This subsidy should
be designed to offset the incremental leasing cost of an FCET so fleets can lease FCETs at
a comparable cost as a diesel or CNG tfruck. Providing this option will increase the number
of fleets who can adopt FCET technology.

To accelerate the development of FCET leasing models, more data will need to be
gathered on the operational costs of FCETs. This research is required to provide clarity on
TCO for FCETs. To facilitate this data collection, CALSTART recommends additional support
for longer-term FCET demonstrations. (This action item is explained further under Promote
Commercial Readiness and User Acceptance: Action ltem B. Fund Long-Term Pilot
Projects.)

Promote Commercial Readiness and User Acceptance

Commercializing FCETs will require educating fleets about hydrogen-powered vehicles, as
well as further developing the technology so fleets can adopt FCETs with minimal changes
to their operations. Addressing these issues can improve user acceptance of these vehicles,
in turn helping accelerate commercialization. To promote commercial readiness and user
acceptance, there are various tfechnological and non-technological barriers to overcome.
Education is the most prevalent non-technical barrier: many fleet owners do not
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understand the technology and need to be more informed before purchasing an FCET.
Technologically, FCETs need increased durability and faster fuel times. Technology must
meet current operational needs, so FCETs need the same performance level as fleets’
current vehicles at a minimum. Ensuring that FCETs can meet this duty cycle is vital to
promoting user acceptance.

Fleet Needs and Barriers

CALSTART interviewed a variety of fleets ranging in size and duty cycles to learn more about
fleet operations and the operational performance needed from FCETs. Some small fleets
had less than 25 trucks. Other fleets operate over 6,500 trucks across the state. The fleets
operated duty cycles ranging from 100 to 500 miles per day. Almost all fleets interviewed
deliver freight to and from the Ports of Los Angeles, Long Beach, Oakland, Stockton, or
Hueneme. The fleets also varied in how many years they keep their trucks in service. One
fleet operated their trucks for only two years before replacing them, while another aimed
to keep trucks in service for 20 years. Finally, some fleets preferred to buy new trucks while
others leased or bought used trucks.

Several fleet owners expressed that they did not know much about hydrogen technology
but are interested in learning more. The majority felt that hydrogen trucking will be part of
the solution to electrifying the freight sector and were interested in demonstrating the
technology. Several large fleets interviewed have had demonstration projects with
alternative fuels like natural gas, propane, or hydrogen. Negative experiences with pre-
commercial technology left many wary of adopting new technology. In addition, they
expressed concerns about who will perform maintenance. However, many fleet owners
interviewed were either interested in or plan to adopt fuel cell technology because of its
operational benefits relative to BETs:

e 300- to 500-mile range
« Quick refueling (15-20 minutes)
« Public fueling

o With public fueling, fleets do not need to install infrastructure onsite, saving them
time and reducing capital expenditures (CAPEX). In addition, FCET fleets will not
be as reliant on the grid, which would cause problems in the event of a grid
outage [Lozano, 2021].

These benefits are especially appealing to fleets operating routes longer than 300 miles. The
Volvo Low Impact Green Heavy Transport Solutions (LIGHTS) project found that Class 8
Volvo VNR electric trucks could operate up to 150 miles per day with two to three
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opportunity charges, or about 90 miles on a single charge [Volvo Group North America,
2022]. FCETs are also well-suited to independent owner-operator needs. CALSTART's
interviews of drayage fleets found that independent owner-operators are generally placed
on more demanding duty cycles because they are often paid per trip rather than per hour,
which incentivizes them to drive quickly and minimize breaks. Many independent owner-
operators will not want to wait hours for an electric truck to charge and will not be able to
install onsite charging infrastructure. FCETs fueled by public stations therefore present an
excellent solution for independent owner-operators’ needs.

Technology Readiness

As discussed previously, despite an increased TRL score of seven as of this writing, FCETs will
still need to undergo further technological development to increase commercial readiness.
In order to be commercially viable, fleets need FCETs to meet their service needs without
having to change their operations. DOE recognizes that FCET technology needs to
confinue improving to meet the needs of fleets. As mentioned in the Vehicle Costs and
Component Cost Contributions section, DOE released performance targets for Class 8
FCETs. These targets (Table 4) set an interim goal for 2030 and an ultimate goal for 2050. In
addition to reductions in fuel cell system and hydrogen storage system costs, DOE calls for
an increase in fuel cell system lifetime/durability, an increase in the fuel cell peak
efficiency, and an increase in the hydrogen fill rate. It also sets a goal for the storage system
life cycle and the pressurized storage system life cycle. The most important DOE technicall
target is durability, set at a 30,000-hour PEMFC lifetime, equivalent to T million miles driven.

Table 4. Technical System Targets: Class 8 Long-Haul Tractor Trailers [DOE, 2019]

Targets for Class 8 Tractor-

Characteristic Trailers
Interim (2030) Ultimate

Fuel Cell System Lifetime!2 Hours 25,000 30,000
Fuel Cell System Cost!.34 $/kW 80 60
Fuel Cell Efficiency (peak) % 68 72
Hydrogen Fill Rate Kg of hydrogen| 8 10

/min
Storage System Cycle Lifes Cycles 5,000 5,000
Pressurized Storage System | Cycles 11,000 11,000
Cycle Life¢
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Targets for Class 8 Tractor-

Characteristic Trailers

Interim (2030) Ultimate
Hydrogen Storage System | $/kWh ($/kg of | 9 (300) 8 (266)
Cost47.8 hydrogen stored)

The fuel cell system excludes hydrogen storage, power electronics, batteries, and electric drive.
The lifetime target is infended fo cover the entire useful life of the vehicle. Fuel cell system
lifetime is defined as hours of use with an appropriate duty cycle that considers real world driving
conditions (i.e., not steady state operation). Corresponding vehicle lifetime range is 1M miles
(Interim) and 1.2M miles (Ultimate) based on an average speed of 40 mph.

Interim and ultimate cost targets assume 100,000 units per year production volumes (except
where specified within parenthetical references). Note that meeting fuel cell and hydrogen
storage component cost targets may require leveraging automotive production volumes to
achieve the necessary economies of scale for cost competitiveness. Current (2019) heavy-duty
vehicle fuel cell technology was estimated to cost ~$190/kW at 1,000 units per year
manufacturing volume (Fuel Cell Systems Analysis, 2019 DOE Hydrogen and Fuel Cells Program
Review Presentation,

https://www.hydrogen.energy.gov/pdfs/review19/fc163 james 2019 o.pdf).

Costs are in 2016 dollars.

The storage system cycle life target is intended to represent the minimum number operational
cycles required for the entire useful life of a vehicle used in long-haul operation. This target is
technology agnostic.

Pressurized storage systems must meet cycle life requirements in applicable codes and
standards (i.e., SAE J2579 and United Nations Global Technical Regulation No. 13). These codes
and standards cycle life requirements require significantly more cycles than Storage System
Cycle Life. For example, the baseline initial pressure cycle life in the United Nations Global
Technical Regulation can require 11,000 cycles for a heavy-duty applicafion.

Hydrogen storage system cost includes the storage tank and all necessary balance-of-plant
components. This target is technology agnostic.

Current (2019) 700 bar hydrogen storage system was estimated to cost ~$36/kWh at 1,000 units
per year manufacturing volume and $15/kWh at high volume (extrapolated from DOE Hydrogen
and Fuel Cells Program Record #15013 “Onboard Type IV Compressed Hydrogen Storage
System—Cost and Performance Status 2015,”

https://www.hydrogen.energy.gov/pdfs/15013 onboard storage performance cost.pdf). Note:
Hydrogen storage targets will be updated and are currently based on U.S. DRIVE fuel cell
electric vehicle targets.

Analysis based on 2050 simple cost of ownership assumptions and reflects anticipated fimeframe
for market penetration.
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Current Efforts to Advance Commercialization

The majority of DOE's technical targets address component/system  cost,
component/vehicle durability, or hydrogen fueling speed. Improvements will need to be
made in each of these three categories to make FCETs more attractive to fleets and to
help commercialize the technology. Efforts to reduce component/system costs through
economies of scale were outlined previously in Reduce Upfront Costs and TCO; this section
will focus on efforts being taken to improve durability and hydrogen fueling speed.

Million Mile Fuel Cell Truck Consortium

Durability refers to how long an FCET or its components/systems can operate without
needing to be replaced. Replacing components/systems is expensive, so lack of durability
harms the business case for adopting FCETs. In addition, improved durability increases the
lifetime of the fruck.

In Class 8 diesel trucks, the engine is often the main system that experiences durability issues.
Class 8 trucks have a rigorous duty cycle, and the engine suffers from wear and tear,
typically requiring a midlife rebuild. The equivalent system in an FCET is the fuel cell. To
compete with a diesel fruck, the fuel cell engine will need to have durability equivalent to
a diesel-powered internal combustion engine.

DOE has provided support to help fuel cells become more durable and to meet its
performance targets. In 2020, DOE launched the Million Mile Fuel Cell Truck Consortium
(M2FCT) consortium, which includes Los Alamos National Laboratory, Lawrence Berkeley
National Laboratory, Argonne National Laboratory, National Renewable Energy Laboratory
(NREL), and Oak Ridge National Laboratory. The objective of M2FCT is to improve the
efficiency and durability of PEMFCs to help facilitate their commercialization. M2FCT aims
to extend the lifetime of PEMFCs to 25,000 hours of operation by 2030, with an ultimate goal
of achieving a lifetime of 30,000 hours by 2050. This goal equates to a fuel cell lifetime of 1
million miles, which is the approximate life of a diesel truck.

M2FCT has worked toward its objectives by funding academic research. It has also started
several working groups that work toward addressing key research areas. To date, M2FCT
has launched the Accelerated Stress Testing Working Group, which is developing
accelerated stress tests that can be used to assess whether fuel cells can meet the
performance targets without having to test the fuel cell over a complete life cycle. M2FCT
has also convened the International Durability Working Group, which has representation
from the United States, the European Union, Japan, and Korea. This working group is
conducting research on stressors that reduce the durability of PEMFCs, the characteristics
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of PEMFC materials that suffer from degradation, and the structural changes that occur in
components throughout the life of the PEMFC.

High Flow Hydrogen Fueling Standards and Protocols

One of the advantages that an FCET has over a BET is that it can refuel as quickly as
conventional vehicles. A BET can take hours to recharge, but an FCET can refuel in a matter
of minutes. While an FCET can refuel quickly, it still fuels at a slower rate than a diesel vehicle.
Fleets need to maximize the utilization of their vehicles and would prefer to reduce labor
costs associated with refueling. As a result, most fleets would prefer that FCETs fuel at least
as fast as a diesel vehicle.

Fueling speed for MHD commercial fuel cell electric vehicles (FCEVs) is limited by existing
fueling infrastructure and components (e.g., nozzles). During refueling, the expansion of
hydrogen into the hydrogen tank generates heat. Onboard hydrogen storage tanks can
be heated only to the certified temperature of the storage system before risking
degradation and compromising the integrity of the tank. Fueling standards and protocols
were established to ensure that the tank temperature remains within safe ranges
throughout the fueling process.

o SAE J2601 currently provides fueling standards for light-duty FCEVs at a pressure of 350
bar (H35) and 700 bar (H70). It also allows fueling for tanks that have a maximum
storage capacity of 10 kg.

o SAE J2601/2 provides a protocol for fueling HD buses at H35. This is a technical
guidance document rather than a full standard.

o SAE J2601 is not sufficient for MHD vehicles. SAE J2601 allows for fueling at a maximum
rate of 60 grams per second (g/s) (3.6 kg per minute). This rate, however, is far below
an average rate of 10 kg per minute, which is the diesel-equivalent fueling rate for a
Class 8 fruck. In addition, while some trucks in Europe will fuel at H35, most OEMs are
planning to fuel trucks at H70. HD trucks are also expected to have a larger tank
system (40-100 kg).

o SAE J2601-3 provides a protocol for fueling forklifts at H70. This is a tfechnical guidance
document rather than a full standard. A protocol for high-flow, HD fueling at H70
needs to be developed.

During a small-scale demonstration, the fueling rate will not make a significant difference
as the trucks can be fueled overnight. As FCETs are deployed at scale, the time required to
fuel the entire fleet will increase, meaning a faster fueling rate will be required to support
larger tfruck deployments.
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Fueling standards and protocols are being developed to increase the speed of hydrogen
fueling. Work is being done to adapt J2601 for faster fueling at H35. This standard is called
H35 High Flow (H35HF) and is infended to be used to fuel MHD vehicles. This work is being
funded by DOE's H2@Scale Program in partnership with NREL, SoCal Gas, Shell, and
Frontier Energy. SCAQMD has also provided funding for this project. In this project, NREL will
model tank condifions during fueling and will confirm results by dispensing hydrogen with a
high flow nozzle into an HD vehicle simulator. A hydrogen fueler with a high flow nozzle and
H35HF fueling protocols will also be deployed for testing under real-world conditions at
SunLine Transit. This project will help to accelerate the development of H35HF fueling
standards and protocols, which will help to advance the commercialization of FCEVs
[SCAQMD, 2021].

California has put forth effort to help support the development of an H35HF standard.
However, many OEMs are planning to produce trucks that will fuel at H70. Current light-duty
hydrogen fueling standards allow for a dispensing rate of 60 g/s (3.6 kg of hydrogen per
minute) at H70. The rate that diesel can be pumped into a fruck is equivalent to about 10
kg per minute. High-flow HD hydrogen fueling infrastructure must be developed to close
this gap in fueling time between hydrogen and diesel.

Initiatives are currently focused on this issue. Protocol for Heavy-Duty Hydrogen Refueling
(PRHYDE) in the European Union aims to develop concepts that will be used to develop
standards for H70 fueling at peak rates above 60 g/s. SAE is adopting some of PRHYDE's
approach to develop 120 g/s as an interim fueling option (J2601-5). ISO TC 197/WG24 is
working in parallel to develop an H70 standard for fueling at a rate of up to 300 g/s. PRHYDE
and ISO TC 197/WG24 are investigating the behavior of gaseous hydrogen inside the tank
as it fills at peak rates of up to 300 g/s. So far, most of the work done by these initiatives has
been to develop models that simulate hydrogen behavior to ensure that it remains within
safe temperature parameters (85 degrees Celsius or below). DOE also supports efforts to
increase fueling rates. As shown in Table 4, DOE has a goal of an average fill rate of 8 kg
per minute (133.33 g/s) by 2030 and an ultimate goal of 10 kg per minute (166.67 g/s).
These targets were designed to allow an 80 kg storage system to refuel in 10 minutes.

These models were validated with real-world data. NREL launched the Innovating High
Throughput Hydrogen Stations Project to support this validation project. Under this project,
NREL designed and built a fast-flow HD hydrogen fueling test station. This fest station
dispenses hydrogen to a bank of hydrogen storage tanks to simulate fueling to a vehicle.
This project demonstrated a hydrogen fast fill. During this demonstration, the station
achieved an average fill rate of 14 kg per minute and filled 40.3 kg intfo the hydrogen
storage tanks in 2.87 minutes. The ultimate goal is to fill 60-80 kg of hydrogen in under 10
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minutes [Martineau, 2022]. The test results from NREL's demonstration will be shared with the
public to help support hydrogen station stakeholders. NREL already has the H2FillS program
which models the behavior of hydrogen during fueling. This model will be updated for HD
hydrogen fueling based on the results of this demonstration [Peters, 2021].

Action Items

Both federal and state governments have put forth several initiatives to help advance
commercial readiness for FCETs. However, these efforts will need to go beyond developing
the technology. Customers must be comfortable with the technology before they are
willing to purchase these vehicles. CALSTART has identified several actions that can be
taken to increase fleet owners’ knowledge of FCETs.

A.Develop FCET Loaner Programs

Many of the fleet owners CALSTART interviewed stated that they were not familiar with fuel
cell technology or hydrogen fuel; this is highly problematic given familiarity is a major factor
in a customer’s decision to adopt a new technology. As seen in Table 5, the Innovation-
Decision Model describes how customers adopt new technologies—a decision-making
process that goes through several stages.

Table 5. Innovation-Decision Model [Rogers, 2003]

Stage Characteristics
Knowledge The customer learns about a new technology and how it works.
Persuasion The customer develops an opinion, either positive or negative,

toward the new technology.

Decision The customer decides to adopt or not to adopt the new
technology.

Implementation The customer adopts and uses the new technology.

Confirmation The customer seeks information to confirm or reverse their

decision to adopt the new technology.

Familiarity with FCETs is a prerequisite for adoption. Helping fleets understand FCET
technology will help bridge this current knowledge gap and encourage more fleets to
consider adopting Class 8 FCETs. It is important to note that previous experience with
alternative fuels can also affect wilingness to adopt FCETs. Access to education could help
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to assuage the concerns fleets may have due to a previous negative experience with
alternative fuels.

FCET OEMs will need to aggressively market FCETs to increase awareness about the
technology. One approach is to establish a loaner program for FCETs. This program would
allow fleets to borrow a truck for a period of time and use it in real-world service, helping
fleets gain operational experience with fuel cell technology.

Californiais working on a loaner program for alternative fuel vehicles. Assembly Bill (AB) 617,
signed in July 2017, requires new community-focused action to reduce air pollution and
improve public health in areas disproportionately burdened by air pollution. CARB
designated several communities as AB 617 Communities; steering committees were set up
in each area to develop a Community Emission Reduction Plan (CERP). One of these AB
617 Communities is Wilmington, Carson, West Long Beach (WCWLB). A main priority for
WCWLB CERP is reducing air pollution from HD trucks. CERP proposes developing an
incentive program to accelerate the adoption of cleaner HD trucks, with an emphasis on
ZETs [SCAQMD, 2019]. CARB found that existing incentive programs were not appropriate
for small fleets and businesses as they cannot afford ZETs. CARB held community workshops
to solicit feedback on designing an effective incentive program for these constituents
[SCAQMD, 2021a]. Workshop participants indicated support for an electric truck loaner
program: short-term trials with BETs would allow fleets to gain operational experience and
knowledge of BETs and minimize financial risks. Certain challenges to implementing this
program would include providing charging options, selecting participants, matching fleets
with appropriate vehicle types, and developing loan terms (duration, insurance
requirements, training, etfc.).

FCETs will not be included in this program initially given that these vehicles are still
considered prototypes [SCAQMD, 2022]. However, including FCETs in this program would
help to accelerate knowledge of fuel cell technology, increasing fleet owners’ comfort in
operating and willingness to adopt these vehicles. For a loaner program to be successful,
fleets also need access to a hydrogen fueling solution, which can potentially be fulfilled by
loaning a mobile hydrogen fueler to fleets participating in the program. As user
understanding and acceptance grows, so will demand.

B. Fund Long-Term Pilot Projects

Most FCET demonstration projects that have been funded to date last for only a year or
two. This has occurred because advanced vehicles are pre-commercial technologies and
are typically operating under an experimental permit. The experimental permit lasts for one
year but can be renewed for an additional year, for a total of two years. While these
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demonstrations are valuable and have shown that demonstration vehicles can operate
without major problems or breakdowns, this length of tfime does not provide a full picture of
the maintenance and repair needs of the venhicles.

Vehicles need to be in operation for about five years to get an accurate estimate of
maintenance and repair needs. CALSTART's interviews indicate that most Class 8 vehicle
leases last approximately five years and that many fleets try to replace their fleet after
about five years. Over this period, frucks will have more serious breakdowns and will need
more extensive repairs. The data gathered will allow OEMs to learn more about the
durability of their trucks and which systems are most likely to need repairs over the length
of a typical lease/length of ownership of a truck.

This data can be obtained by launching a five-year pilot project for FCETs. While pre-
commercial vehicles can only operate for up to two years under an experimental permit,
commercial vehicles can be permitted under an executive order from the Governor for
longer. As a result, CALSTART recommends that industry pursues a pilot project once an
OEM develops a vehicle that can be permitted under an executive order.

The real-world data gathered from a long-term pilot project could complement the work
done under M2FCT and generate data that can be used to further the research
conducted under this program. This pilot would also help establish certainty on
maintenance and repair costs over the lifetime of the vehicle. Fleets cannot accurately
complete financial/business planning with a high level of uncertainty about the costs of
operating FCETs. In addition, information gathered from long-term demonstrations will help
establish residual values, the value of the frucks in secondary markets, and the
development of leasing models. The experience from a pilot could also assist OEMs in
developing the next generation of their vehicles, parts, repair supply chain, and technician
workforce, as well as scaling up their production lines.

C. Develop Intermediate Fast-Flow HD Fueling Standard

PRHYDE and ISO TC197/WG24 are working on developing options for HD high flow fueling.
However, developing and finalizing these options is a lengthy process that can take years.
There are steps to increase the speed of fueling before PRHYDE and ISO TC197/WG24
complete their work. ISO 17268 and SAE J2600 have outlined a new hydrogen fueling
receptacle geometry that can facilitate flow rates of up to 90 g/s (5.4 kg per minute), which
represents a 50% increase in fueling. Although this design has been outlined in ISO
17268/SAE J2600, there are no fueling standards to date to support flow rates of up to 5.4
kg per minute.
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To develop a standard, SAE J2601 can be modified. SAE J2601-5 was infroduced as a
technical guidance document to achieve flow rates of up to 120 g/s. This technical
guidance document is currently going through the SAE adoption process. However, this
document is prescriptive rather than standard. To develop a binding standard, SAE J2601
Category D can be updated to support fueling at 120 g/s for H35 and 90 g/s for H70. Many
of the fueling parameters that are established in Category D have coefficients that are
based on the flow rate (mass per second). Currently these coefficients assume a flow rate
of 60 g/s. Updating these coefficients based on 120 g/s for H35 fueling and 90 g/s for H70
fueling would effectively establish an SAE standard for these fueling options. This update
can occur while ISO continues development on 300 g/s protocol.

As standards are updated, nomenclature for fueling rates will also need to be revised.
Historically, fueling has been denoted by tank pressure. H35 has denoted 350 bar fueling,
and H70 has denoted 700 bar fueling. Since there have been attempts to deploy high flow
standards, “HF" has been added to the end to denote high flow standards. For example,
H70HF would denote high flow H70 fueling. However, there are multiple flow rates that are
being considered as “high flow.” As a result, the HF designation is not sufficient to
differentiate between these rates. One way to update the nomenclature is to denote
fueling speed in g/s. Instead of using the HF designation, fueling would be designed as
H70FX, where X is equal to the flow rate in g/s. For example, under this designation, H70F300
would designate H70 fueling at a flow rate of 300 g/s.

The existence of standards for fueling at different flow rates will intfroduce an interoperability
issue. Industry will need to remain vigilant to ensure that interoperability issues do not create
a safety issue. To take advantage of these faster fueling standards, both the vehicle and
the station will need to have proper hardware (i.e., nozzles and receptacles). Stations will
need to be designed so that fueling cannot take place without the proper hardware. For
example, if the fueling station has a nozzle that can support high flow fueling but the truck’s
receptacle does noft, then the station needs to be redesigned so fueling at this rate is not
possible. To facilitate this, nozzles that support fueling at different flow rates should not be
mechanically compatible (i.e., a fueling station’s H70F?0 nozzle should not fit into a fruck’s
H70F60 receptacle).

Communications protocols between the vehicle and the station must also be developed.
The vehicle and the station will need to communicate to ensure that both have the correct
equipment to safely fuel at a particular fueling rate. Industry needs to come to a consensus
on a communications protocol to ensure that fueling can occur only when safe to do so.
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Address Other Enabling Factors

Many of the barriers to FCET commercialization are either economic or technological.
However, other factors, known as enabling factors, can pose barriers to the development
and maturity of this market. These enabling factors, if addressed, will make it easier for fleets
to deploy FCETs; if no action is taken, these factors will create severe inconveniences for
fleets that can also have financial implications and discourage FCET uptake.

Weight Penalty

ZETs weigh more than diesel trucks due to heavy components like fraction motors,
regenerative braking systems, and batteries, especially those in BETs [NACFE, 2021].
Although the primary powerplant is the fuel cell, FCETs also have a small battery. Taken
together, these factors mean that both BETs and FCETs weigh more than a diesel truck.

All internal combustion engine-powered Class 8 tfrucks are subject to a federal weight limit
of 80,000 pounds gross weight. These limits are intended to ensure driver safety (i.e., so the
vehicle can stop quickly), limit road degradation, and ensure bridges can support truck
weight. ZETs weigh more than diesel frucks, but since they are still subject to a weight limit,
they suffer a penalty. Diesel frucks weigh about 17,000 pounds whereas Class 8 FCETs weigh
about 22,000 pounds [Office of Energy Efficiency & Renewable Energy, 2010; Adler, 2021].
ZETs must offset this weight by reducing their cargo weight, which cuts into profits for fleets.
There have been attempts to mitigate this problem:

e The Fixing America’s Surface Transportation (FAST) Act allows federal programs to
provide guidance on truck size and weight provisions. The FAST Act allowed federal
programs to provide this guidance for natural gas trucks and increase the weight limit
for natural gas trucks to 82,000 pounds [Caltrans, n.d.].25

e California AB 2061 (2017-2018) which extends the FAST Act guidance to “near-zero
emission vehicles” and "zero-emission vehicles.”2¢

These policies create a 2,000-pounds exemption for ZETs and increase the weight limit for
ZETs to 82,000 pounds. However, the extra 2,000 pounds from the weight exemption does
not offset the increased weight of an FCET. The resulting 3,000-pounds weight penalty (i.e.,

25 For more information about the FAST Act, visit hitps://www.congress.gov/bill/114th-congress/house-
bill/22/text.

26 For more information about California AB 2061 (2017-2018), visit
https://leginfo.legislature.ca.gov/faces/billVotesClient.xhtml2bill_id=201720180AB2061.
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diesel to FCET weight difference minus the exemption) will have an impact on fleets’
finances, as it will reduce the amount of cargo each truck can carry.

CARB recently released its Large Entity Fleet Reporting Report. In 2020, CARB adopted a
regulation that required large entities that operate vehicles with a gross vehicle weight
rating (GVWR) of greater than 8,500 pounds in California to report information about their
fleets for this study. It states that 54% of tfruck day cabs and 58% of truck sleeper calbs
typically operate at their weight limit [CARB, 2022b]. These results indicate that the weight
penalty for ZETs will be an issue for many operators.

Lack of Specialized Workforce

Electrified drivetrains are a fundamentally different technology than internal combustion
engines. The current workforce has extremely limited experience with electrified drivetrains
and does not have the skills required to repair and maintain this technology. Therefore, the
availability of vehicle technicians who can repair and maintain this technology will place
limits on vehicle deployments. This problem is even more pervasive for FCEVs as workers
must have additional knowledge of hydrogen and fuel cells, in addition to knowledge of
electrified drivetrains, to effectively work with this technology.

Two types of workers are needed to support the deployments of FCETs:

« Vehicle technicians perform maintenance and repairs on vehicles. Technicians need
to be proficient in high voltage electrical circuits and safety, batteries and battery
management systems, and high-pressure gas and hydrogen safety. In addition,
vehicle technicians must be proficient in traditional vehicle mechanical systems like
suspension; steering; brakes; and heating, ventilation, and air conditioning.
Technicians tend to have specialized skillsets on certain vehicle systems. Most vehicle
technicians receive their fraining from a community college or frade school before
receiving on-the-job tfraining once hired by a fleet.

« Engineers have in-depth knowledge on how all systems on the vehicle interact with
each other and how the entire vehicle is constructed. Engineers can also develop
expertise in hydrogen fueling and production infrastructure. Engineers work on tasks
like troubleshooting for advanced problems on the vehicles, product design, and
research and development. Engineers require a bachelor’s or master’s degree from
a four-year university.

The zero-emission industry is currently lacking both engineers and technicians. While the
transit agency has technicians, they are already experiencing backlogs in upskilling their
workforce so they can maintain and repair zero-emission buses [Bus & Motorcoach News,
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2022; Veeder, 2019]. This problem will become more pronounced as sales of other zero-
emission vehicles, like FCETs, increase. Truck fleets will likely experience a similar challenge
as they begin to purchase and deploy FCETs.

Manufacturing

To meet the minimum requirements of the ACF rule, large numbers of FCETs will need to be
deployed quickly. Manufacturing is a major constraint on FCET deployments. FCETs can be
deployed only if manufacturing can keep up with market demand and if they can be
manufactured in a timely manner. Since FCETs are a newer technology and are currently
being manufactured in low quantities, industry’s ability to meet market demand is @
legitimate concern. Other zero-emission vehicle sectors appear to be having problems with
increasing manufacturing. The zero-emission transit bus sector has experienced growing
backlogs due to supply chain disruptions caused by the COVID-19 pandemic and the
Ukraine-Russia war [Zukowski, 2022]. The FCET industry will likely face similar challenges.

Since FCETs are in an earlier stage of development, OEMs do not currently have an
established manufacturing process that can mass produce these vehicles. OEMs will need
to take action to increase their manufacturing capacity. However, since production
volumes are currently low, making investments in FCET manufacturing ahead of market
demand is risky from a business standpoint and can impose costs on OEMs—the market
may take longer than expected to reach the estimated demand or might fail to meet the
projected demand at all. If this scenario were to occur, OEMs would have either idle assets
or stranded assets, a costly problem. In addition, OEMs need to be sure that increasing
manufacturing for FCETs does not disrupt manufacturing for other vehicle segments. OEMs
will need to navigate this challenge to scale production to meet market demand.

Action Items

To address these enabling factors hindering FCET adoption, CALSTART recommends that
the following actions are taken.

A.Incentivize Lightweighting Technology

With Class 8 FCETs facing a weight penalty of about 3,000 pounds, several fleets interviewed
for this project requested a greater exemption to mitigate this penalty, but prospects for
the establishment of a greater weight exemption are not promising. There are two barriers
to increasing the weight exemption. First, the California Highway Patrol (CHP) operates
under the idea that as batteries improved and energy density increased over time, ZETs
would become lighter. CHP assumed that the increased road degradation from the
increased fruck weight would be temporary. Convincing CHP to increase the weight limit
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further is therefore unlikely. In addition, OEMs would have to reconfigure their vehicles to
allow for increases in the weight limit. There are limits on how much weight can be on each
axle. If the weight of the fruck increases, they would likely need an additional axle or a
tandem axle to meet this requirement. OEMs are unlikely to be willing to change the design
of their vehicle due to associated costs.?”

The most promising approach to address the weight penalty is the adoption of vehicle
lightweighting practices. Lightweighting involves modifying the design of or using lighter
materials on the fruck or trailer to reduce its overall weight. The North American Council on
Freight Efficiency (NACFE) released its Lightweighting Confidence Reports, which
document research on techniques for lightweighting Class 8 trucks. Some of these
techniques involve changes in materials, and others involve reducing the size of the
equipment on the fruck (i.e., using a lighter engine). This report focuses primarily on diesel
trucks, so some of these techniques will not be relevant to FCETs. Furthermore, some
techniques outlined in the report involve reducing the size of the equipment, which
decreases the abilities of the truck. These techniques were deemed unacceptable for
FCETs.

Some of the NACFE report’s techniques include replacing steel components (such as the
driveshaft or wheelbase) on FCETs with aluminum components, replacing steel with
aluminum in the cab, and using paint film instead of liquid paint. These alternatives would
lead to an 800-pounds weight reduction. Trucks can be lightweighted by replacing the
wood flooring with a lighter weight laminate/resin fiber composite material, using aluminum
wheels instead of steel wheels, and replacing steel structural components with aluminum.
This approach would lead to a 2,262-pounds weight reduction.

CALSTART recommends that these lightweighting techniques be incorporated by OEMs
and that a commercial lightweight truck and frailer should be made available.
Lightweighting can improve fuel savings, freight efficiency, driver retention (i.e., making it
possible to specify driver amenities that add weight), regulatory compliance, and
sustainability. These benefits would improve fuel economy and increase the cargo load
capacity for traditional Class 8 trucks and would allow ZETs to offset some of the weight
penalty. The key barriers to this solution, however, include upfront costs that may not have
an attractive payback, possibly lower resale values, and shorter durability compared to
heavier counterparts.

27 Interview with Bill Van Amberg, former vice president of CALSTART, who was involved in advocating for the
original 2,000 pounds weight limit exemption.
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More investment in lightweighting is needed to fully realize its benefits. OEMs like Tesla and
Nikola are working to optimize their electric trucks, which includes lightweighting. Bus
manufacturers have begun to experiment with using carbon fiber composite to construct
the body of the bus, which could reduce the weight of the bus by 8,000 pounds. Carbon
fiber composite may also be used to build the trailer body, potentially reducing the weight
of the trailer by 4,000 pounds. These early steps by OEMs will still benefit all fleets as the
practice scales and becomes cheaper [Wickenhauser, 2021]. Further research into
lightweight materials should be pursued as well to decrease the cost of lightweight
materials and increase their durability.

B. Fund Workforce Development Initiatives

The transition to FCETs can create new jobs and provide economic opportunities and
benefits to the State of California. To capture these benefits, a workforce must be formed
that can support the deployment of FCETs. The zero-emission vehicle industry is already
experiencing a shortage of technicians and engineers. The assurance of an adequate
workforce is required to encourage the development of a hydrogen economy in California
and continued industry investment in the state. The number of technicians and engineers
must increase to serve the growing number of FCET deployments.

Currently, only a few community colleges exist that offer technicians training in zero-
emission vehicles. Rio Hondo College in Whittier, California, has a unique zero-emission
vehicles program that provides training specific to HD zero-emission vehicles, including
FCEVs. San Bernardino Valley College also has an automotive program that focuses on
MHD trucks. However, this program does not yet provide instruction for fuel cell technology.
The California Community College system will expand programs for FCEVs when there is
proven demand. However, the Advanced Clean Trucks (ACT) regulation will mandate that
ZET sales begin in 2024 and more fuel cell automotive programs will need to be established
to support these vehicles [CARB, 2021a]. These trucks are expected to be deployed
primarily in the Los Angeles-Inland Empire, San Diego, Bay Area, and Central Valley regions.
Since there is already a program in the Los Angeles-Inland Empire area, one community
college in each of the San Diego, Bay Area, and Central Valley regions should develop a
fuel cell automotive program to begin training workers.

As of 2018, there were approximately 24,600 bus and fruck mechanics employed in
California. The number of bus and truck mechanic jobs is projected to increase to 26,500
by 2028. Of these mechanics, 14.1% work for truck companies and 12.3% work for merchant
wholesalers who operate frucks. Over a quarter of these mechanics will therefore work
directly on trucks [Employment Development Department, 2022]. However, other HD
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venhicles, like fransit buses, are also transitioning to zero emissions. Since the skills required to
maintain a zero-emission bus are similar to maintaining a ZET, there will be fierce competition
for mechanics who can maintain and repair zero-emission technology. The majority of
present-day workers will need training to learn how to operate on ZETs; most existing bus
and truck mechanics will need to be upskilled to work on these new technologies. In
addition, there will be opportunities to tfrain new workers as the current workforce retires
and the trucking industry grows.

The California Community Colleges system will expand programs once demand/enroliment
is proven. Establishing a new accredited program can be a lengthy process, but industry
can help to accelerate it. Community colleges offer contract education programs with
not-for-credit courses taught by community college staff. While these programs do not offer
college credit, they do provide workers with training. Industry must fund contract education
programs and typically assist in curriculum development. OEMs and fleets can fund
confract education programs at community colleges to establish a fraining program so
existing workers can update their skillset and be able to work on zero-emission vehicle
technology. These programs can also be used to train new technicians entering the
workforce. The establishment of contract education programs can accelerate the
deployment of zero-emission automotive programs at community colleges by piloting
curriculum and helping demonstrate demand for the program.

Universities and four-year colleges are vital to training vehicle engineers. A good model for
increasing the number of engineers would be to develop research centers that facilitate
partnerships between universities and industry. The university would host a research center
that has a specialty on hydrogen-related technology (e.g., fuel cells, hydrogen fueling
infrastructure, etc.). Industry would then provide training to faculty at each research center
and collaborate to develop curriculum. Funding needs to be secured for these facilities,
which usually cost around $2 to $3 million.28

Research centers can offer capstone projects in which an industry partner comes to the
university with a specific project for students. These projects feature an engineering
challenge for fuel cells that needs to be solved. The industry partner funds the capstone
project (usually $10,000-$40,000 per project) and provides a mentor. Teams of students are
recruited to work on the project and solve the engineering challenge. Through this process,
students learn project management skills and technical skills. Students who participate are
job-ready and highly employable at the end of the project. Industry can also fund
internships to provide students with experience working on fuel cells and hydrogen stations.

28 Information provided by Professor David Blekhman of California State University, Los Angeles.
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Investing in research centers will develop human capital and a strong engineering
workforce in California, encouraging further industry investment in the state’s hydrogen
economy.

C. Scale Up FCET Manufacturing Capacity

OEMs will need to increase their manufacturing capacity to meet market demand, but
managing the transition fromm manufacturing internal combustion engine Class 8 trucks to
FCETs will be challenging. OEMs will need to ensure that their investments in FCET
manufacturing do not disrupt their current operations and do not become stranded assets
in the future. The transit bus sector has already begun this transition, and the school bus
sector is preparing to make this transition. The manufacturing practices that these sectors
adopted can provide guidance for the FCET sector. There are multiple legacy OEMs in the
transit bus and school bus sectors who historically manufactured internal combustion
engine vehicles before transitioning to manufacturing zero-emission buses. Major truck
OEMs are in an analogous situation, and they would be the truck sector’'s equivalent of
legacy OEMs.

Legacy OEMs already have an established manufacturing process for internal combustion
engine vehicles and are already engaged in serial production. These OEMs employ an
assembly line process, which consists of multiple workstations in series. Each workstation is
assigned a certain task in the manufacturing process. Certain components and systems are
added to the vehicle at each workstation. Once the component or system has been
added, the vehicle is moved to the next workstation for a different component or system.
Once the vehicle has been moved from the first workstation, the first workstation is now
available for another vehicle.

OEMs can adopt an alternative manufacturing process to scale up manufacturing
capacity: a parallel assembly line, which is a variation of a normal assembly line. The main
premise behind this alternative process is that there are many similarities in manufacturing
internal combustion engine trucks and FCETs. These vehicles have multiple components in
common, such as the chassis and the cab. The main differences between the two vehicle
types are the drivetrain and the zero-emission components. As a result, the two vehicle
types can use the same assembly line until the drivetrain and the zero-emission components
need to be installed. At that point, the fruck is removed from the main assembly line and
sent to a parallel assembly line for the drivetrain and zero-emission components.

This production method is beneficial because it allows a legacy OEM to produce FCETs with
minimal changes to the manufacturing facility and without disrupting the production of
other vehicle types. This production method is also scalable. As FCETs comprise an
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increasing share of sales, additional assembly lines can be converted to parallel assembly
lines. As FCETs become the dominant share of sales, the parallel assembly line layout can
revert back to a traditional assembly line, but one that produces FCETs. This production
method also minimizes risk by reducing the potential for stranded assets.

It is important to note that some stakeholders in the FCET market are not vertically
integrated. Instead, some stakeholders aim to produce FCETs by integrating a fuel cell into
an OEM’s Class 8 truck. Integrating a fuel cell will require a deep level of collaboration
between the OEM and the fuel cell manufacturer. This collaboration will require a significant
amount of engineering work to optimize the fuel cell for operation onboard the OEM’s
truck. Any engineering or design changes that were made to integrate the fuel cell will
need to be replicated in the manufacturing process.

Based on correspondence with FCET stakeholders, there is industry interest in building FCETs
through the integration approach. Fuel cell manufacturers have been analyzing the FCET
market and have made commitments to work with OEMs to integrate fuel cells and
demonstrate FCETs. FCET manufacturing through the integration approach is expected to
scale up to meet customer demand within the next three to five years.
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lll. Hydrogen Infrastructure Roadmap

Hydrogen infrastructure is a key aspect of FCET commercialization. When fleets purchase
HD FCETs, they will need access to this infrastructure to operate these vehicles. California is
a national leader in both the battery-electric and FCEV sector, but the state’s hydrogen
market is still in the early stages of development. Light-duty FCEVs are already a commercial
technology, but only 56 public light-duty hydrogen fueling stations have been constructed
as of October 2022 [Hydrogen Fuel Cell Partnership, 2022]. The hydrogen market for MHD
vehicles is also nascent, especially given that MHD FCEVs are in earlier stages of
development than light-duty vehicles. Furthermore, there are few vehicle applications for
which a fuel cell option exists. California is an early mover in the MHD FCEV market, being
one of the first adopters of fuel cell electric buses (FCEBs). However, despite being an early
adopter, only 211 FCEBs have been funded, ordered, and/or delivered in California as of
2022 [Chard et al., 2023].

While transit agencies are learning from early FCEB deployments, many of these learnings
are not fully transferable to the FCET sector. FCEBs have predictable routes and return to
their depot every night. As a result, they typically use private hydrogen fueling stations and
rarely, if ever, use public hydrogen fueling stations. FCETs have a different duty cycle: many
have unpredictable routes and conduct long-haul service, which precludes returning to
their depot on a nightly basis. These FCETs will be heavily reliant on a public hydrogen
fueling network and will need access to stations that are capable of fueling HD vehicles.
This hydrogen fueling network is currently underdeveloped; at the time of writing, only four
public hydrogen stations can serve MHD vehicles in California. Furthermore, since the FCEV
market is in its early stages, it is unclear whether there is enough hydrogen available to
supply mass deployments of FCETs.

Similar to Section Il. FCET Commercialization Roadmap, CALSTART conducted research to
understand hydrogen markets and the drivers and barriers to this sector. As such, CALSTART
completed a literature review of secondary sources from industry, U.S. governmental
agencies, and academia to develop a roadmap for hydrogen infrastructure in California.
CALSTART also interviewed hydrogen producers, hydrogen staftion developers, and
hydrogen equipment manufacturers.??

Concerted action must be taken to advance the hydrogen production market and the
MHD hydrogen fueling station market, especially in order to secure enough hydrogen

29 See Appendix l. Interview Methodology for details about these interviews.
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supplies to serve the FCET market and to build a hydrogen fueling network. CALSTART has
determined three broad recommendations for state and federal government, financers,
hydrogen producers, and hydrogen station developers to help accelerate the
development of the hydrogen market:

1. Support in-state, low-carbon hydrogen production.
2. Develop a hydrogen fueling network.
3. Reduce the price of hydrogen.

This section breaks down each recommendation info one or more action items and
provides responsible entities and estimated costs to achieve each goal (when applicable).
The resulting roadmap will hel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>