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Can Green Hydrogen Be a Cost
Competitive Transportation Fuel

by 2030?

Jeffrey Reed, Ph.D.

Advanced Power and Energy Program and Institute of Transportation Studies, UC Irvine

Issue

There is growing international interest in electrolytic
hydrogen produced from renewable energy (often referred
to as green hydrogen) as a potential zero-emission
alternative to gasoline and diesel in a variety of on-road and
off-road transportation applications. Currently, gasoline
and diesel are priced around $4 per gallon at the pump
and a gallon of either fuel is roughly the equivalent of one
kilogram of hydrogen based on energy content. Although
hydrogen vehicles are generally more efficient than those
fueled by petroleum, transporting and dispensing hydrogen
is more expensive than for conventional fuel, so hydrogen
must reach a cost substantially below $4/kg, possibly
as low as $2/kg, to be a cost competitive option. Is this
achievable? In short, this depends on the extent to which
green hydrogen markets scale up globally. Projections of
future green hydrogen production costs are generally in
the range of $2-$4/kg by 2030% however, some expect
faster and deeper declines reaching as low as $1.5/kg by
2030? and even $1/kg by 2030 under ideal conditions.? This
brief examines the evidence in support of green hydrogen
production achieving a cost at or below $2/kg starting from
its current level of between $5 and $6/kg,* and assesses the
time point at which this cost benchmark could be achieved.

Key Research Findings

Green hydrogen resource potential is more than
adequate to meet potential demand. Today, the supply
of electrolytic green hydrogen is limited, representing
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only a fraction of a percent of current vehicle fuel use in
California. However, the limited supply stems from the
early stage of market development which limits demand.
If electrolytic green hydrogen is to be a significant fuel in
a future California zero-carbon economy, several billion
kilograms of green hydrogen will need to be produced
each year® The production potential is limited only by
the potential supply of renewable electricity to power the
electrolysis process and the availability of water, the other
primary input to the process. Fortunately, California has
an abundant solar resource, many times that required to
support a full deployment of green hydrogen, and the water
demand would be less than 1% of current water demand. In
addition, electrolytic green hydrogen production consumes
less water than production of the fossil fuels.®

To achieve a green hydrogen production cost of $2/kg,
the electrolyzer capital cost must decline by as much as
80%. Green hydrogen is produced by splitting water (H20
split into H2 and O2) using an electrochemical cell, called
an electrolyzer, powered by renewable electricity. Currently,
the electrolyzer capital cost is about $1,200 per kilowatt
(kW) of input energy capacity and represents about 70% of
the total cost to produce green hydrogen (Figure 1). Input
electricity accounts for the other 30% of cost (assuming
self-generated renewable power at $0.03 per kilowatt-hour
(kwh) and 30% capacity factor). An 80% reduction in cost
is well within the forecast range for 2050 but on the lower
end of the forecast for 2030 as will be discussed below.
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Under current industrial electric rates, electricity supplied
directly from dedicated renewables (that is, the electrolyzer
is located at the solar or wind farm) is the most economic
approach because no transmission and distribution
charges are incurred as would be the case for grid-supplied
energy.” Under this electricity supply approach, reaching
the $2/kg cost benchmark would require roughly 80%
reduction in capital cost assuming a 15%-20% reduction
in energy cost due to continued advancement of wind and
solar costs, and projected improvement in electrolyzer
conversion efficiency of roughly 10%. If future electric
grid rate structures allow electrolytic hydrogen production
facilities to import additional renewable power, the 30%
capacity factor (utilization) could be
improved to 45% or more by blending
wind and solar supply. This would move
the capital cost reduction needed to
achieve the $2/kg benchmark to 70%.
Should large hydropower be deemed a
qualified renewable resource providing
an 80% capacity factor, the required cost
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state electronic technologies including batteries, solar
photovoltaics and electronics have demonstrated cost
reductions greater than those projected for electrolyzers.?
Achieved cost reduction for technologies reinforces
confidence in the likelihood of achieving targeted cost
reduction for electrolyzers. These cost reductions reflect
both achievements of large-scale production and learning/
optimization from ongoing production that can be expected
as well for electrolysis. As a concrete illustration, utility-
scale solar power costs achieved an approximately 85%
cost reduction from 2009 to 2018 (Figure 2). It should also
be noted that progress in reducing the cost of solar energy
directly contributes to reducing the cost of electrolytic
hydrogen because renewable electricity is a primary input.
For every $.01/kWh reduction in input electricity cost, the
cost of electrolytic hydrogen is reduced by roughly $0.50/

kg.

Although renewable hydrogen produced from biomass
pathways will not show the same degree of cost decline as
renewable electrolytic hydrogen,® biomass-to-hydrogen via
thermochemical conversion is significantly less costly than
hydrogen produced by electrolysis today and will provide
a second pathway for producing renewable hydrogen at or
below $2/kg.

reduction would be just over 50%. This 5150
is on the conservative end of the cost $100
reduction projections.
$50
Technologies with technical similarity 40
to electrolyzers have shown cost 2009 2011 2013 2015 2017
reduction  trajectories  consistent

with those assumed for producing
green hydrogen at a cost of $2/kg by
2030. Other electrochemical and solid-
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Figure 2. Cost evolution of utility-scale solar power. Data source: Lazard Levelized Cost of
Energy Report 2020.
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efficiency than current technologies.

Projected green hydrogen cost reductions
are supported by well-validated forecasting
techniques. Common methods for projecting
technology cost reduction include: polling
of experts (i.e., “expert elicitation”); future-
generation design concept analysis coupled
with estimation of cost savings from things
like design simplification, material changes,
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Figure 3. Learning-curve projections of electrolyzer cost evolution (blue curves)
based on a lower estimate of learning rate of 12% and an upper estimate of 24% for

two different market growth scenarios (grey curves).

Cost reductions for producing green hydrogen
primarily come from production scale with secondary
contributions from improvements in technology.
Expected cost reductions come from manufacturing scale,
factory automation, transition to lower-cost materials, and
other types of optimization and learning that do not require
technology breakthroughs. While learning curve analysis
has proven to be an accurate technique for forecasting
costs, it says nothing about how these cost reductions can
be achieved. The U.S. Department of Energy continually
updates future design concepts for fuel cell and electrolyzer
systems,® which helps explain how the cost reduction
projected by the learning curve analysis can be achieved. At
higher production volumes, “mass production” techniques
and high levels of automation are feasible. For example,
membranes that currently must be produced in single
sheets cut or stamped to final shape can be produced on roll-
to-roll machines operating at high rates when production
volume is high. Fundamental design improvements and
technology advancements can further reduce costs,
including improvements in catalyst performance to reduce
the quantities of precious or rare metals (such as platinum
and cobolt) needed for electrolyzer membrane electrolyte
assemblies, and advancement of high-temperature
electrolyzers that have the potential for significantly higher

California
Resilient and Innovative
Mobility Initiative

and increased manufacturing automation;
and learning curve or progress ratio analysis,
which projects cost savings as the cumulative
2050 production of a technology increases. All these
methods have been applied to electrolyzer
cost projections and all point toward the
expectation of cost reduction in line with

achieving a $2/kg production cost target.'*

The learning curve method is well validated for projecting
electrolyzer cost reduction and indicates capital cost
reduction of between approximately 40% to 80% by 2030
(relative to 2020) as shown in Figure 3. A common version
of learning curve analysis known as Wright’s Law posits a
consistent reduction in cost by a given percentage for each
doubling of cumulative global production of a technology.
For example, a learning rate of 10% means that the unit
cost for the technology being evaluated declines by 10% for
each doubling of cumulative global production (in this case,
the total megawatts of electrolyzer capacity produced since
market introduction of the technology). Typical observed
learning rates for a broad range of technologies are in the
range of 5% to 15%.* However, some technologies, such
as solid-state and electrochemical technologies, can show
significantly higher learning rates. Utility-scale solar and
lithium-ion batteries have shown learning rates of over 20%.
Electrolyzers have exhibited a historical learning rate of
18%."* In addition to learning rate, cost improvement over
time depends on how fast the market for the technology
of interest is growing (i.e., how long it takes for cumulative
production to double). Figure 3 employees a forecast by the
International Energy Agency that projects global electrolytic
hydrogen production capacity of 3,500 gigawatts in 2050.%
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More Information

This brief is one in a series highlighting the latest research findings and insights related to the role, production, and use of
hydrogen in achieving a zero-emission energy future for California. To learn more about this series, visit www.ucits.org/
research-project/rimi-3n. For more information about findings presented in this brief, please contact Jeffrey Reed at jgreed@
uci.edu .
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“https://iea.blob.core.windows.net/assets/e57fd1lee-aac7-494d-a351-f2a4024909b4/GlobalHydrogenReview2021.pdf

Research presented in this policy brief was made possible through the Resilient and Innovative Mobility Initiative (RIMI) led by the UC Institute of Transportation
Studies (UC ITS). RIMI is supported by the State of California through a one-time allocation in the 2021 State Budget Act. The UC ITS created RIMI as a

living laboratory — bringing together university experts, policymakers, public agencies, industry stakeholders, and community leaders — to inform the state
transportation system’s immediate COVID-19 response and recovery needs, while establishing a long-term vision and pathway for directing innovative mobility
to develop sustainable and resilient transportation in California. Established by the California Legislature in 1947, the UC ITS has branches at UC Berkeley, UC
Davis, UC Irvine, and UCLA.
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