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EXECUTIVE SUMMARY
As global warming mitigation and carbon dioxide (CO2) emissions reduction become
increasingly urgent to counter climate change, many nations have announced net-zero
emission targets as a commitment to rapidly reduce greenhouse gas emissions. Lowcarbon hydrogen has received renewed attention under these decarbonization frameworks
as a potential low-carbon fuel and feedstock, especially for hard-to-abate sectors such as
heavy-duty transportation (trucks, shipping) and heavy industries (e.g., steel, chemicals).
Green hydrogen in particular, defined as hydrogen produced from water electrolysis with
zero-carbon electricity, could have significant potential in helping countries transition
their economies to meet climate goals. Today, green hydrogen production faces enormous
challenges, including its cost and economics, infrastructure limitations, and potential increases
in CO2 emissions (e.g., if produced with uncontrolled fossil power generation, which would be
hydrogen but would not be green).
This report, part of the Carbon Management Research Initiative at Columbia University’s
Center on Global Energy Policy, examines green hydrogen production and applications to
understand the core challenges to its expansion at scale and the near-term opportunity
to enable deployment. An analysis using Monte Carlo simulations with a varying range of
assumptions, including both temporal (i.e., today versus the future) and geographical (e.g., the
US, the EU, China, India, Japan) factors, anticipates emissions intensity and costs of producing
green hydrogen. The authors evaluate these production costs for different scenarios as well
as associated infrastructure requirements and highlight near-term market opportunities and
policies to motivate development of the green hydrogen industry.
Key findings include:
●

Green hydrogen could play a major role in a decarbonized economy. Green hydrogen
and fuels derived from it (e.g., ammonia, methanol, aviation fuels) can replace highercarbon fuels in some areas of the transportation sector, industrial sector, and power
sector. They can provide low-carbon heat, serve as low-carbon feedstock and reducing
gas for chemical processes, and act as an anchor for recycling CO2.

●

The primary challenge to green hydrogen adoption and use is its cost. The cost
of green hydrogen is high today, between $6–12/kilogram (kg) on average in most
markets, and may remain high without subsidies and other policy supports. Zerocarbon electricity is the primary cost element of production (50–70 percent) even in
geographies with significant renewable resources, with electrolyzers and the balance
of system as secondary costs.

●

Green hydrogen commercialization is also limited by existing infrastructure.
Growing demand of green hydrogen will require enormous investment and
construction of electricity transmission, distribution and storage networks, and much
larger volumes of zero-carbon power generation, as well as electrolyzer production
systems, some hydrogen pipelines, and hydrogen fueling systems. An 88 million tons
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per annum (Mtpa) green hydrogen production by 2030, corresponding to the Stated
Policies Scenario from the International Energy Agency (IEA) for that year, could
cost $2.4 trillion and require 1,238 gigawatts (GW) of additional zero-carbon power
generation capacity.
●

Some nations have developed hydrogen road maps with large green hydrogen
components. The governments of Japan, Canada, and the EU (including some member
nations, notably Germany) have published formal road maps for hydrogen production,
use, and growth. These plans include industrial policy (e.g., subsidies for manufacturing
electrolyzer and fuel cells), port infrastructure (e.g., industrial hubs), and market
aligning policies. These plans may provide these nations a competitive advantage in
scaling, using, and adopting green hydrogen.

●

Additional factors could support or limit rapid scale-up of hydrogen production. Use
of green hydrogen and hydrogen fuels could provide substantial additional benefits
to local economies and environments, including reduction of particulate and sulfur
pollution, maintenance or growth of high-wage jobs, and new export opportunities
(fuels, commodities, and technologies). Public concerns around safety, ammonia
toxicity, and nitrogen oxide (NOx) emissions, however, might present additional
challenges to ramping up deployment of hydrogen systems.

Based on these findings, the authors recommend the following set of policy actions:
●

Nations and regions that wish to pursue green hydrogen production and use should
prioritize detailed analysis and planning today. Location and scale of infrastructure
bottlenecks, limits to electrolyzer and fuel cell production, potential trade-offs in cost
and speed with competition, resource availability, public risks, and financial gaps in
specific markets and applications must be studied and considered in planning.

●

To reduce emissions rapidly through green hydrogen deployment, nations and
regions should adopt market-aligning policies and production standards. The
substantial price gap between green hydrogen and “gray” hydrogen (produced
with fossil fuels without carbon capture) calls for active policy intervention to bring
production online to serve existing and future markets. This could include measures to
reduce or subsidize the cost of zero-carbon electricity or measures to incentivize the
value and use of low-carbon hydrogen.

●

Local, regional, and national governments interested in green hydrogen
development should prioritize the construction of necessary infrastructure. Major
new infrastructure and infrastructure transformation (e.g., gas grid transformation
for transporting and storing green hydrogen) is required for electricity transmission,
hydrogen production, hydrogen storage, hydrogen transmission, fueling for
transportation (both hydrogen and ammonia), and international trade ports.

●

Governments pursuing green hydrogen should increase investments in innovation,
including research, development, and demonstration (RD&D). Investments could be
focused on the early-stage research on low technology readiness level approaches,

10 | CENTER ON GLOBAL ENERGY POLICY | COLUMBIA SIPA

GREEN HYDROGEN IN A CIRCULAR CARBON ECONOMY: OPPORTUNITIES AND LIMITS

improving manufacturing for commercialized technology, and novel ways of producing
low-cost, zero-carbon electricity.
●

Policymakers should appreciate and account for green hydrogen benefits outside of
carbon abatement when crafting policies. Additional benefits can include reduction
of criteria pollutants (e.g., sulfur, particulates, and nitrogen oxides) and grid reliability
and resilience.
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INTRODUCTION
Since ratification of the Paris Accord in 2016, governments around the world have made
increasingly strong commitments to profoundly reduce their greenhouse gas emissions.
Many nations have selected economy-wide net-zero greenhouse gas emissions targets
in their planning (by 2040–2060) and in many cases have made commitments to rapidly
reduce greenhouse gas emissions much sooner. They have matched these commitments
with ambitious investments in clean energy production and use as part of a decarbonization
strategy. In concert, many large and significant companies have committed themselves to
net-zero goals between 2030 and 2050, including leading energy, chemical, shipping, and
aviation companies.
Against this backdrop, low-carbon hydrogen has emerged as an important option to provide
net-zero emissions energy services (Renssen 2020). This reflects the versatility of hydrogen
as a fuel and feedstock, as well as its high energy content (especially on a weight basis) and
immense storage potential. In a circular carbon economy framework (Mansouri et al. 2020),
defined as economy-wide human-earth balance and harmonized carbon cycle, hydrogen can
play four important roles in decarbonization:
●

Reducing emissions by substituting for carbonaceous fuels like oil, gas, coal, and
biomass (Blank and Molly 2020)

●

Recycling emissions by adding hydrogen to CO2 to make fuels (Keith et al. 2018),
building materials, and other products (Bhardwaj et al. 2021)

●

Removing emissions by separating and storing carbon from fossil or biomass sources
(Larson et al. 2020; Baker et al. 2020)

●

Retaining important features necessary for electric grid resilience and operation, and
industrial decarbonization (Davis et al. 2019; Ostadi et al. 2020; Bhaskar et al. 2020)

Although an attractive option in the energy transition to a net-zero economy, deployment
of low-carbon hydrogen faces substantial challenges, including technical concerns, cost and
economics, infrastructure needs, absence of manufacturing capability for key equipment,
and insufficient market aligning policies. While low-emissions hydrogen can be produced
via fossil fuel feedstock with carbon capture (“blue” hydrogen), this report focuses chiefly
on “green” hydrogen (produced with zero-carbon electricity rather than with fossil energy)
and biohydrogen (produced using biogenic sources), including technical pathways, key value
propositions, and core challenges to widespread adoption. Here, “zero-carbon electricity”
refers to energy produced by renewable or nuclear energy technologies. Blue hydrogen and
biohydrogen are treated separately in related reports (e.g., Zapantis 2021). After explaining the
basics of hydrogen and the industry’s growth, this report will begin in section 1 by discussing
the production of green hydrogen, followed in section 2 with its potential applications. Section
3 examines production scaling and infrastructure requirements, and section 4 covers other
short-term opportunities. Finally, section 5 provides findings and recommendations.
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Zero-Carbon Electricity in This Report
The term “zero-carbon electricity” in this paper represents power supplies with zero
or minimal scope 1 emissions but which may have nonzero life-cycle emissions. Many
electricity supplies emit zero greenhouse gases during operation (e.g., renewables,
nuclear), although they have some carbon emissions associated with upstream material
extraction and mining, manufacturing, installation, maintenance, and end of life. Some
generation emits some greenhouse gas (e.g., fossil + carbon capture) with varying
intensities, which must be minimized to reach net zero. However, in the net-zero climate
framework, there is value in using either near-zero or net-zero power for green hydrogen
production. In this report, “zero-carbon electricity” is defined as having less than 100 kg
carbon dioxide equivalent (CO2e) per megawatt hour (MWh) of life-cycle emissions.
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BACKGROUND
To understand the growing interest in green hydrogen as an anchor of a net-zero economy,
it’s helpful to understand what hydrogen is, how it can be made and used, and its relevance
to climate change and global commerce. It’s also helpful to understand the political backdrop
against which hydrogen has reemerged after two decades of exploration and investment
(with mixed results).

Hydrogen Energy Basics
Hydrogen is the most abundant element in the universe. The molecular form of hydrogen,
which is of interest as an energy carrier, is the diatomic molecule composed of two protons
and two electrons. On Earth, hydrogen is naturally present in molecular forms bound to
oxygen or carbon (such as water and hydrocarbons) rather than pure hydrogen molecules,
and therefore cannot be directly mined as a resource. The industrial production of hydrogen
today is usually based on converting fossil fuels, although conversion of biogenic sources
or water is also being accomplished to a lesser extent. On its own, hydrogen gas can be an
excellent fuel, burning at a high temperature or readily converted electrochemically in fuel
cells and possessing physical properties that make it relatively easy to handle (although it is
more complicated to store compared to current infrastructure fuels, such as high-pressure,
low-temperature storage tanks, compression and expansion units, etc.). Hydrogen can also be
a feedstock for other fuels and chemicals, including ammonia (NH3), methanol (CH3OH) and
gasoline. Roughly half of today’s hydrogen production goes into fertilizers like ammonia and
urea, with the balance largely going into fuel production and petrochemicals.
Because it is such a small molecule, hydrogen can be challenging to store and transport. It
must generally be compressed to high pressures, liquified at very low temperatures, or stored
within a porous material. It may leak more readily than current gaseous infrastructure fuels
like natural gas or propane. It can also embrittle some current infrastructure materials such as
pipeline steels, posing challenges for their immediate use for hydrogen without investment
(Bartlett and Krupnick 2020).
To generate useful energy (heat or power), hydrogen can be burned in a furnace, boiler, or
turbine or converted directly to electricity and lower-grade heat in a fuel cell. Hydrogen can
produce heat at high temperatures sufficient for steelmaking and other high temperature
industrial processes, while establishing reducing (low-oxygen) conditions for applications
such as cement, glass, and computer chip manufacturing. Hydrogen can also drive an engine,
power a zero -emission fuel cell car, back up a power generator, or warm a house. The
electricity produced from hydrogen can provide grid services or run an electric drivetrain in
a truck or bus. Hydrogen can also be a key feedstock for conventional fuels and chemicals
(like ammonia or methanol) or novel synthetic fuels and materials made of recycled CO2 (e.g.,
e-fuels). Combusting hydrogen with pure oxygen or consuming it in a fuel cell emits no direct
carbon emissions. NOx emission is possible for hydrogen combustion in air while many other
pollutants are avoided, including CO, soot, partial-burned hydrocarbons, etc. (Frassoldati et
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al. 2006). In a carbon-constrained economy, therefore, hydrogen can be a potentially valuable
and useful fuel and feedstock—and it has been a focus of energy planning and analysis for
many years.

2002–2009 Hype Cycle
Hydrogen interest was pronounced during 2002–2009, in part driven by policies of the
George W. Bush administration (Office of the Press Secretary 2003), which helped stimulate
commercial interest as well. During the early days of the Obama administration, interest was
partially sustained by potential legislation limiting carbon emissions, notably the WaxmanMarkey bill (US Congress 2010).
During this decade, there was widespread assumption by many energy experts that
renewables and batteries would remain expensive, natural gas and oil supplies were in decline
(Deffeyes 2001), and there was abundant time to develop strategies for global warming
abatement (Abraham 2004). Cost and performance limits of batteries over 15 years ago
led to failures in deployment of electric cars, underscoring the potential value of hydrogen
as a transportation fuel. Many nations (including Australia, China, and the US) pushed
technologies that would convert coal to hydrogen with carbon capture and storage (CCS) for
power generation (integrated gasification combined cycle plants) such as FutureGen (DOE
2005), ZeroGen (Zero Emission Resource Organisation 2016b), and GreenGen (Zero Emission
Resource Organisation 2016a). These projects received many hundreds of millions of dollars in
government funding in anticipation of a major boom in gasifier technology and abundant lowcost hydrogen from coal.
All these assumptions proved wrong. Oil and gas production exploded due to innovations in
unconventional oil and gas recovery, with the US emerging as the world’s largest producer
and a major liquefied natural gas exporter (IEA 2019b). This abundance displaced coal in
North America (Gruenspecht 2019) and led to rapid oil and gas commodity price drops (EIA
2020a). Technology innovation, industrial policy, and climate policy commitments led to swift
and profound reductions in renewable power costs, with wind and solar emerging as the
cheapest source of electricity in many markets (IRENA 2020ab). This further displaced coal
and has begun to displace natural gas, leading to further price drops for fossil energy (BNEF
2021). Finally, China’s emissions grew extremely quickly between 2005 and 2015, consuming
part of the global carbon budget to ensure climate stabilization within a 1.5°C or 2°C rise—and
limiting the time available to counter climate change (IEA 2019c).
Against this backdrop, hydrogen skepticism was widespread, in part because the original
narrative was misplaced. Doubts were well summarized in the book The Hype About Hydrogen
(Romm 2004), which detailed concerns about hydrogen use, mostly for automobiles.
Challenges in 2005 included production, storage, transportation, conversion, infrastructure
limits, market readiness, and others. On this basis, some investors, policymakers, and
environmental nongovernmental organizations remain skeptical today about the value of
hydrogen in providing energy services.
Nonetheless, the urgency of climate change action (UN 2021), the increased awareness of the
utility of hydrogen in “harder to abate sectors” (IEA 2019a; ETC 2020), and the abundance
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of low-cost natural gas and renewable electricity (IEA 2019a) have made hydrogen a primary
focus of decarbonization efforts and related policies around the world. Moreover, dramatic
technical improvements in key technologies (e.g., fuel cells and hydrogen tanks) have
stimulated many recent analyses (ETC 2020; IEA World Energy Outlook 2021; Friedmann et
al. 2019) to see hydrogen as an essential component of the energy transition, provided its
upstream production and use emit very few greenhouse gases and pollutants.
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GREEN HYDROGEN PRODUCTION
Because of economics and technical maturity, most hydrogen production today involves
fossil fuel conversion and separation. In the Organisation for Economic Co-operation and
Development (OECD) and most nations in the Organization of the Petroleum Exporting
Countries (OPEC), steam methane reformation (SMR) of natural gas followed by watergas shift (WGS) reactions and pressure wing absorption (PSA) purification is the preferred
approach. Hydrogen produced this way is known as “gray” hydrogen. In China and most
developing nations, coal gasification is combined with WGS reactions and PSA purification to
produce “brown” or “black” hydrogen, depending on the type of coal used. Both approaches
create by-product streams of CO2, which are typically vented into the atmosphere or
combined with produced ammonia to make urea. If the by-product CO2 is captured and
stored, then the hydrogen has low net CO2 emissions and is called “blue” hydrogen.
Green hydrogen is produced by water electrolysis with various types of electrolyzers, in
which zero-carbon electricity is used to split water molecules into hydrogen and oxygen
molecules. All these green hydrogen production methods are not commonly deployed
today. But because of the increasingly widespread availability and lower cost of solar and
wind power, green electrolytic hydrogen is expected to become the most common means of
producing hydrogen in the future. Hydrogen produced via electrolysis using electricity from
power grids with high average CO2 emissions (due to fossil-fired generation) is not considered
low-carbon because of the associated upstream greenhouse gas emissions (GHG) emissions
and is generally not considered “green.” That term is reserved for hydrogen produced from
biogenic sources or by electrolysis powered by low-carbon power systems, such as nuclear or
renewable electricity.

Biohydrogen
Biohydrogen is here defined as hydrogen produced either biologically or
thermochemically from biomass or biogas feedstocks (Manish and Banerjee 2008).
Biomass and biogas feedstocks can be sustainable and low carbon so that the hydrogen
(H2) produced can have a low-carbon footprint (Kalinci et al. 2012). In addition, when
biohydrogen production is combined with carbon capture and storage, it can be
strongly carbon negative, removing CO2 from the air and oceans by photosynthesis and
carbon capture and storage (Baker et al. 2020; Larson et al. 2020; Sandalow et al.2021).
Many of these biogenic sources come from waste streams that society must continually
manage, such as municipal solid wastes, animal manure, etc., so that production of a
useful resource, such as hydrogen, is desired for a zero emissions future.
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Technology
The present and near-term cost of green hydrogen production is significantly higher than
conventional hydrogen production using SMR (IEA 2019a). One of the most mature green
hydrogen pathways is based on water electrolysis, using either alkaline electrolyzers (the
current market leading technology) or polymer electrolyte membrane (PEM) electrolyzers (an
emerging competitor). The market for electrolyzers is relatively small and growing slowly, with
growth rates far lower than technologies such as solar photovoltaic (PV) (Grimm et al. 2020).
While other electrolytic hydrogen production technologies are being developed, they remain
significantly less mature (see Table 1). Specifically, the “stack electrical efficiency” measures
electricity energy consumption for electrolyzer stack per unit of hydrogen production.
The “system energy efficiency” measures total energy consumption per unit of hydrogen
production, including both electricity (e.g., from electrolyzer stack and other equipments) and
heat (e.g., to warm up the electrolyzer, produce steam, etc.). The stack electrical efficiency is
used to calculate electricity consumption for the electrolyzer stack and is simply referred to
as “efficiency” later.

Table 1: Selected electrolytic hydrogen production technology options with high TRL
Technology name

Technology readiness
level (Figure 1 below)

Cost ($/kW)

Stack electrical
efficiency

System energy
efficiency

Alkaline electrolyzers

TRL 9 (full maturity)

$860–$1,240/kW

70%–80%

59%–70%

PEM electrolyzers

TRL 9 (limited
production)

$1,350–$2,200/kW

80%–90%

65%–82%

Solid oxide
electrolysis cell
(SOEC)

TRL 5-6

$1,045/kW

70%–93% (high
temperature
water)

65%–82%

Note: SOEC or more generally solid oxide electrolysis technology is quickly evolving, and because of a
lack of existing project data, actual efficiency may be different from today’s research and estimation.
Source: Source: TRL data compiled from Nadeem et al. (2021), Grimm et al. (2020), DOE (2020), Calise et
al. (2019), Hallenbeck and Benemann (2018), and Miller et al. (2020); efficiency data compiled from Kumar
et al. (2019), Zeng et al. (2009), AlZahrani et al. (2018), and Wang et al. (2019); cost data from Grimm et
al. (2020).
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Figure 1: Technology readiness level for hydrogen production
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Note: TRL1 refers the lowest readiness (laboratory benchtop only), and TRL 9 refers to the highest
readiness (commercially available)
Source: Authors’ analysis based on Nadeem et al. (2021), Grimm et al. (2020), DOE (2020), Calise et al.
(2019), Hallenbeck and Benemann (2018), and Miller et al. (2020).

Alkaline systems have operated for over 100 years (Zayat et al. 2020), and alkaline electrolyzers
have operated for decades (Mayyas et al. 2019). They consist of an anode and cathode
separated by a porous separator (such as Zirfon) immersed in an aqueous alkali hydroxide
electrolyte (typically potassium hydroxide, KOH, or sodium hydroxide, NaOH)1. They exhibit 59–
70 percent conversion efficiency, and their relatively low cost ($860–$1,240/kW) has led most
industrial producers to favor them over other approaches. Alkaline electrolyzers perform poorly
with intermittent and fluctuating power sources because of slow start-up and cross-diffusion of
hydrogen and oxygen molecules under low system loads (Krishnan et al. 2020).
PEM electrolyzers perform better with fluctuating input currents and integrate better with
intermittent power generation (e.g., wind and solar). In addition, they have the potential to
produce hydrogen at higher pressures by electrochemical compression. PEM electrolyzers’
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capability to operate highly dynamically with intermittent load and at higher pressure
balances their higher capital cost ($1,350–$2,200/kW). These costs are expected to drop
through innovation and deployment (Böhm et al. 2018), which may lead to greater adoption
of PEM systems. The technology is available commercially but manufactured in low quantities.
An important advantage of PEM electrolyzers is that they are safer than alkaline electrolyzers
because they do not require caustic or corrosive electrolytes.
Green hydrogen can also be produced using solid oxide electrolysis cells (SOEC) (Hauch
et al. 2020) or anion exchange membrane (AEM) electrolysis (Miller et al. 2020). SOEC are
typically operated for high temperature water electrolysis or steam electrolysis, where a larger
portion of the energy for splitting water molecules is provided in the form of heat. These
processes reduce electricity consumption, resulting in a higher stack electrical efficiency but
not necessarily a higher overall energy efficiency (see Table 1). While both SOEC and AEM
technologies have made significant progress in recent years and offer some advantageous
characteristics, they require primary systems integration and durability proofs before they
can achieve widespread commercial deployment. Although alkaline and PEM electrolyzers are
commercially available at scale, SOEC and AEM are considered out of scope for analysis in
this report.

Associated GHG Emissions
Emissions related to electrolysis-based hydrogen production depend on the CO2 intensity of
the electricity input. The typical unit of measuring the CO2 footprint is the emissions intensity
of hydrogen production (kgCO2/kgH2). A conventional SMR gray hydrogen system will emit
between 12–15 kgCO2/kgH2, and a coal-based process as much as 20 kgCO2/kgH2. Water
electrolysis is only as “clean” as its electricity source. In regions with moderately high grid
average carbon intensities, using grid electricity for water electrolysis can often exceed the
emissions of conventional steam methane reforming to produce hydrogen (Figure 2). As a
result, the source of electricity used for water electrolysis dictates whether or how much
carbon abatement is possible.
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Figure 2: Emissions intensity of hydrogen production technologies

Lifecycle emissions excluding fabrication/construction and maintenance
NGCC electricity emissions
Scope 1 emissions
Note: Assumes emissions intensity of natural gas combined cycle (NGCC) of 400kgCO2/MWh, 55kWh/
kgH2 for electrolysis, 37 percent of production from grid firmed electrolysis utilizes zero emissions
renewable electricity. EF = entrained flow. FB = fluidized bed. Electricity required for methane and
coal production pathways are full-lifecycle including power used in methane and coal production from
Mehmeti et al. (2018). Emissions from biomass gasification are from Salkuyeh, Saville and MacLean (2018).
Fugitive emissions from natural gas and coal production are not explicitly considered and will add to
total lifecycle emissions from fossil pathways. Lifecycle emissions from construction and maintenance of
renewable generation facilities and biomass production are also not fully considered and will add to the
emission intensity of those production pathways. ATR refers to autothermal reforming.
Source: Data courtesy of Alex Zapantis, originally reported in Zapantis et al., “Blue Hydrogen,” Global CCS
Institute (2021), https://www.globalccsinstitute.com/wp-content/uploads/2021/04/CCE-Blue-Hydrogen.pdf.

To understand the emissions intensity of hydrogen production by water electrolysis, we
undertook a Monte Carlo simulation to forecast the emissions intensity of electrolytic
hydrogen production in 2030 across different geographies and learning rates (see Appendix).
The resulting distribution of emissions intensity output values is plotted in Figure 3. The mean
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values and 5th and 95th percentiles from these distributions are shown in Figure 4.
The results reveal a stark distinction in emissions intensity forecasts for the scenarios that use
grid electricity compared to solely zero-carbon electricity. Despite projected improvements
in the emissions intensity of grid electricity in all regions by 2030 (see Appendix), electrolytic
hydrogen production using grid electricity has roughly similar emissions intensity as
conventional hydrogen generation methods. In the US in 2030, using much cleaner grid
electricity for water electrolysis will result in comparable emissions to steam methane
reforming, meaning the use of grid-supplied hydrogen would not provide meaningful CO2
emissions abatement. In the China-India-Japan cases, grid-powered electrolytic hydrogen
could prove more carbon intensive than unabated coal-based hydrogen production.
Europe is the only region that is projected to have lower emissions intensity of electrolytic
hydrogen production using grid electricity than SMR, due to the expected progress toward
decarbonization of electricity supply, although if production increases substantially, the
attendant emissions would remain large.
Figure 4 shows that only electrolysis powered by zero-carbon electricity might significantly
abate the emissions of hydrogen production in 2030. In all regions, electrolytic hydrogen
production with zero-carbon power has an emissions intensity of ≈1.3 kgCO2/kgH2. Though
the small embodied emissions of renewable and nuclear electricity do result in a nonnegligible
emissions intensity of hydrogen generation, this value is significantly lower than current
emissions intensities. Renewable electricity has life-cycle emissions of approximately 25 gCO2/
kWh (Nugent and Sovacool 2014), compared to 490 gCO2/kWh for natural gas combined
cycle power (Schlömer et al. 2014).
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Figure 3: Histograms of 2030 emissions intensity forecast distributions from Monte Carlo
simulations for three representative scenarios
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Figure 4: Mean 2030 emissions intensity forecasts from Monte Carlo simulations
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These findings highlight that, depending on the source of electricity, hydrogen from water
splitting may be highly emissions intensive unless zero-carbon electricity is used. Due to the
emissions intensities of grid electricity, using grid electricity for water electrolysis through
2030 would not provide carbon abatement compared to SMR in many locations and contexts
(Bartlett and Krupnick 2020). This indicates the relatively low-carbon intensity of SMRproduced hydrogen, which may be useful in the short term to enable hydrogen infrastructure
to develop and flourish, providing carbon and pollutant emissions reductions in the short term
(when used in transportation applications that displace diesel or gasoline) while phasing out
the use of fossil fuel SMR in the long term to lower hydrogen carbon intensity.
It is important to understand that given the carbon intensity of hydrogen produced as
indicated in the scenarios of the Monte Carlo analyses, the most valuable end use in all the
jurisdictions considered is in displacing gasoline and diesel. If one considers the carbon
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reductions of such use in this analysis, then all the scenarios produce reductions in both
carbon and criteria pollutant emissions in 2030. And investments that deliver carbon and
criteria pollutant emissions reductions in the short term (2030 case considered here) also
invest in hydrogen infrastructure that prepares the utility grid network for higher levels of
renewable power use by increasingly engendering the required seasonal and long-duration
storage as well as transmission, distribution, and resilience features of a zero emissions
electric grid.

Water Consumption for Green Hydrogen
The water footprint of electrolytic hydrogen is very small. This water footprint arises
from both direct consumption of fresh water in the electrolysis reaction and the
freshwater consumption associated with the required electricity generation. The
water consumed directly in an electrolyzer must be purified beforehand, but this
purification process accounts for ~0.4 percent of the energy consumption of green
hydrogen production (Webber 2007). The water consumption of electricity generation
is significantly larger for fossil electricity compared to solar and wind power due to the
evaporation of water that is most often used in thermoelectric power plants for the
required cooling step. Using thermoelectric power, electrolytic hydrogen has an overall
water consumption of ~130 L water/kgH2. By contrast, green hydrogen production
powered by solar or wind has a water footprint of ~30 L water/kgH2 (Shi et al. 2020).
With a 30 L/kgH2 water consumption, supplying the world’s current 70 Mt/yr demand
for hydrogen using green H2 would consume 2.1 billion m3 fresh water/yr, which is three
orders of magnitude less than global freshwater consumption of ~1,500 billion m3/
yr for nonagricultural activities (UNESCO 2019). In specific locations and applications,
such as arid coastal environments, the water footprint of green hydrogen may stress
limited freshwater resources, in which case technologies are being developed to directly
electrolyze seawater instead of fresh water to produce hydrogen (Bhardwaj et al. 2021;
Dresp et al. 2019).

Cost Estimates Today
The cost of hydrogen can be quantified using the metric levelized cost of hydrogen (LCOH),
similar to the levelized cost of electricity. For example, conventional (gray) hydrogen
production from fossil feedstocks has an estimated LCOH of $1–$2/kg until at least 2030 and
probably beyond, depending on local fuel prices (Zapantis 2021). The LCOH of producing
green hydrogen is influenced mainly by the cost of producing reliable zero-carbon power,
electrolyzer capital costs, financing and fixed operating costs (e.g., plant upkeep and
maintenance). Of these costs, the cost of zero-carbon electricity is the most significant,
representing approximately 50 to 55 percent of the LCOH on average. In this analysis,
renewable power options were studied but did not formally include nuclear power options.
Nuclear electricity prices that equal the renewable prices and capacity factors would be
equivalent in cost.
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The cost of renewable energy varies in different geographies, depending largely on the local
renewables potential. In the US, for example, solar PV costs are cheaper in California than
in most states, and broader renewable energy costs (mostly wind and solar) are cheaper
in states such as Texas and California (Friedmann et al. 2020) because they have a higher
capacity factor. As the cost of renewable power generation continues to fall, some countries
with significant renewable energy potential such as Australia, China, Chile, Germany,
Morocco, Saudi Arabia, and the UK will have a cost advantage in producing green hydrogen.
Electrolyzer capital expenditure (CAPEX) is also expected to fall over time as a result of
economies of scale, bringing down green hydrogen costs in all geographies (IRENA 2020c).
To demonstrate how various factors affect LCOH in specific geographies, the authors
developed a model to compare today’s LCOH in the US with the European Union, Australia,
and Asia. For the Asia scenario, renewable prices reflect a weighted average cost of
renewables in China, India, and Japan (CIJ). The model calculated the capital cost of the
LCOH using electrolyzer CAPEX (PEM and alkaline), its efficiency, stack lifetime, and weighted
average cost of capital (WACC) for an average 10-megawatt (MW) facility. Zero-carbon
electricity costs analyzed both utility solar and onshore wind as well as operating and
maintenance to determine the LCOH in dollars per kilogram for the various scenarios.

Renewable Electricity Prices
Although LCOH studies often assume renewable electricity prices based on the levelized cost
of energy (LCOE) for renewable generators or average power purchase agreement (PPA)
prices for renewables, these methods do not reflect the contributions of network costs (cost
of transmission and distribution) and electricity taxes to the end use industrial electricity
price paid by green hydrogen producers. Though producers may have access to PPA-range
renewable electricity prices at certain times, in limited contexts, and with low capacity factors,
these low prices will not be available on average for the large production scale evaluated
in this study. Therefore, for this paper’s estimate of regional average LCOH values at high
production volumes, the authors incorporate the contributions of network costs and taxes to
industrial prices for renewable power beyond the PPA price.
To estimate the renewable electricity price used in this study, the authors take renewable
power PPA prices in a region to be equivalent to the wholesale price of renewable electricity
and calculate the corresponding industrial price of renewable electricity by increasing the
PPA price to reflect the additional contributions of network costs and taxes to industrial
prices. Wholesale electricity prices account for 10–70 percent of industrial electricity prices
in different countries. The authors assume that renewable PPA prices account for the same
percentage of the final renewable electricity industrial price in a particular region. It is also
assumed that green hydrogen producers have access to industrial electricity markets for
medium-size industrial electricity consumers. For each region evaluated, the authors found
data for wholesale electricity prices as a percentage of industrial electricity prices. For
instance, wholesale prices in the EU on average represent 42 percent of the value of industrial
electricity prices (Eurostat 2019). The authors then found average renewable electricity
PPA prices for the region. To find the corresponding industrial electricity price of renewable
power, the average PPA price was divided by the aforementioned wholesale price percentage.
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For the EU, an average PPA price of 5.8 ¢/kWh (LevelTen 2020) was divided by 42 percent
to obtain a renewable industrial electricity price of 13.81 ¢/kWh. The renewable industrial
electricity price estimates using this method range from 8 ¢/kWh to 16 ¢/kWh for different
regions and sources in 2020. The same method is used to estimate prices for 2030 using PPA
price forecasts.
To be clear, the costs that are estimated here assume retail prices for industrial electricity
generation. Given these costs, there may be many ways to provide additional revenue or
benefits to electric power systems that could reduce the electricity price for electrolyzers.
For example, some electrolyzers (e.g., PEM) can ramp quickly, providing an opportunity to
provide ancillary grid services (similar to demand response or battery systems). Similarly,
policies could provide revenues or cost abatement, either through legislated incentives, higher
valuation of ancillary services, or access to wholesale or subsidized power prices.

Economies of Scale
The authors assume that a 10 MW electrolyzer facility benefits from economies of scale (i.e.,
reducing CAPEX per unit of output). The authors find that the true dollar per kWh price
of renewable power for industrial production is significantly higher than the LCOE value
generally used for the calculation of LCOH and represents the wholesale PPA price plus
a markup of taxes and network costs. Thus, even in the case of countries with significant
renewables potential, industrial renewables prices must be cheaper than they are currently
to scale green hydrogen production to have a profitable LCOH (see below). Also, the slightly
lower capital cost of alkaline electrolyzers today leads to lower LCOH estimates in most
scenarios, even with a higher efficiency value for PEM electrolyzers. The expectation is that
this trend would reverse if PEM CAPEX reduces to mirror that of alkaline electrolyzers (AEs) in
the future.

LCOH Results
The LCOH in this paper’s analysis ranges today from $7.78–$12.66/kg of green hydrogen for
two standard deviations in these markets: the US, EU, and China India Japan (CIJ) with PEM
and alkaline electrolyzers.
For a representative 10-MW PEM electrolyzer facility in the US, average LCOH are $9.13/kg
and $8.00/kg for solar and wind scenarios, respectively; and $8.63/kg and $7.78/kg for solar
and wind in the case of the alkaline electrolyzer of equal capacity.
The industrial price of onshore wind is higher than that of utility solar in the US today;
however, the capacity factor for wind is currently higher than that of utility solar in the US,
accounting for the lower LCOH for the wind scenarios.
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Figure 5: US LCOH estimates for 2020 technology and industrial renewable power systems
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Note: Analysis assumes 10 MW capacity electrolyzer efficiency at nominal capacity of 72 percent and
78 percent for AE and PEM respectively, with an HHV of 39.4 kilowatt hour/kilogram of hydrogen (kWh/
kg H2), a WACC of 5 percent, a stack lifetime of 70,000 hours, and an electrolyzer CapEx of $1,300 and
$1,000/kW for PEM and AE, respectively. Calculated industrial electricity price for solar = $0.081/kWh,
wind = $0.088/kWh; fixed O&M cost at 3 percent of electrolyzer CapEx.
Source: Authors’ analysis based on data from IEA and IRENA.

In the case of a representative 10-MW PEM electrolyzer facility in Europe, average LCOH are
$11.61/kg and $11.06/kg for solar and wind scenarios, respectively; and $11.20/kg and $11.22/kg
for solar and wind in the case of the alkaline electrolyzer of equal capacity.
A higher capacity factor is largely responsible for the relatively lower LCOH for the onshore
wind scenario in the EU.
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Figure 6: European LCOH estimates for 2020 technology and industrial renewable
power systems
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kg H2), a WACC of 5 percent, a stack lifetime of 70,000 hours, and an electrolyzer CapEx of $1,300 and
$1,000/kW for PEM and AE, respectively. Calculated industrial electricity price for solar = $0.121/kWh, wind
= $0.159/kWh; fixed O&M cost at 3 percent of electrolyzer CapEx.
Source: Authors’ analysis based on data from IEA and IRENA.

For a representative 10-MW PEM electrolyzer facility in Australia, average LCOH are $12.62/
kg and $10.06/kg for solar and wind scenarios, respectively; and $12.66/kg and $10.24/kg for
solar and wind in the case of the alkaline electrolyzer of equal capacity.
Onshore wind is significantly cheaper than utility solar in Australia today, on average,
accounting for the lower LCOH for the solar scenarios. Additionally, onshore wind has a higher
capacity factor in Australia today, compared to utility solar.
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Figure 7: Australian LCOH estimates for 2020 technology and industrial renewable
power systems
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78 percent for AE and PEM respectively, with an HHV of 39.4 kilowatt hour/kilogram of hydrogen (kWh/
kg H2), a WACC of 5 percent, a stack lifetime of 70,000 hours, and an electrolyzer CapEx of $1,300 and
$1,000/kW for PEM and AE, respectively. Calculated industrial electricity price for solar = $0.17/kWh, wind
= $0.147/kWh; fixed O&M cost at 3 percent of electrolyzer CapEx.
Source: Authors’ analysis based on data from IEA and IRENA.

In the case of a representative 10-MW PEM electrolyzer facility in the CIJ region, average
LCOH are $11.96/kg and $10.29/kg for solar and wind scenarios, respectively; and $11.95/kg
and $10.61/kg for solar and wind in the case of the alkaline electrolyzer of equal capacity.
Solar power is slightly cheaper than onshore wind in the CIJ scenario, on average, and generally
cheaper compared to many geographies today. However, onshore wind has a higher capacity
factor, accounting for a slightly lower LCOH than the utility solar case, on average. Additionally,
Solar power in CIJ has a higher capacity factor compared to most geographies today.
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Figure 8: China, India, and Japan LCOH estimates for 2020 technology and industrial
renewable power systems
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Note: Analysis assumes 10 MW capacity electrolyzer efficiency at nominal capacity of 72 percent and
78 percent for AE and PEM respectively, with an HHV of 39.4 kilowatt hour/kilogram of hydrogen (kWh/
kg H2), a WACC of 5 percent, a stack lifetime of 70,000 hours, and an electrolyzer CapEx of $1,300 and
$1,000/kW for PEM and AE, respectively. Calculated industrial electricity price for solar = $0.157/kWh, wind
= $0.161/kWh; fixed O&M cost at 3 percent of electrolyzer CapEx.
Source: Authors’ analysis based on data from IEA and IRENA.

Hydrogen-Favoring Policy Case
If lower electricity prices were made available to electrolyzers connected to utility grid
networks because of the positive grid benefits that they provide in a manner that is similar to
the positive grid benefits that an inverter-based battery energy storage system (BESS) does,
the LCOH would change significantly. Note that such policies could be put in place because
they value the future benefits of hydrogen and BESSs and desire to offset current costs to
encourage their adoption and use.
Note that BESSs are currently being provided favorable access to utility wholesale rates
because they can be dispatched to help the grid to incorporate more renewables. Similarly,
hydrogen production facilities could be provided access to wholesale rates or wholesale rates
plus smaller network transmission and distribution charges because the production of this
hydrogen can be scheduled to support more renewable generation on the grid. Especially
when very high levels of renewables are on the grid, hydrogen can provide the power supply
reliability needed to balance the more variable nature of renewable generation (e.g., longduration and massive storage, resilient transmission and distribution).
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This case is mentioned to represent the other end of the spectrum of likely electricity price
cases between now and 2030 in many jurisdictions.

Forecast Price Estimates
In addition to estimating current LCOH values, the authors forecasted the LCOH in 2030 for
the 12 scenarios outlined. Similar to the emissions intensity forecast, a Monte Carlo simulation
is used for LCOH with a probability density function based on a truncated normal distribution
for electrolyzer efficiency, capital cost, electricity price, and capacity factor in 2030 (see
Appendix). The simulation randomly selected a value for each parameter based on the
probability density function and used these values to calculate 20,000 LCOH output values
for each scenario. The distributions of the resulting LCOH values are displayed in histograms
in Figure 9. The mean and 5th and 95th percentile of each LCOH distribution are plotted in
Figure 10.
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Figure 9: Histograms of 2030 LCOH forecast distributions from Monte Carlo simulations
for 12 scenarios
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Figure 10: Mean 2030 LCOH forecasts from Monte Carlo simulations
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The mean LCOH values range from $4–8/kgH2 across the scenarios.
Notably, the LCOH using renewable electricity is on par with or even slightly lower than the
LCOH for using grid electricity in the same region. This is largely due to the drop in zerocarbon electricity costs in many markets, notably intermittent renewable generation (solar
and wind). This insight, taken with the aforementioned finding that renewable-powered
electrolysis will have markedly lower emissions through 2030, makes using renewable
electricity as opposed to grid electricity for electrolytic hydrogen production more viable.
There are some very low LCOH results in the US and EU, on the order of $2.3–$3.0/kg, while
cheap electricity is provided (<$30/MWh) with high capacity factor (>80 percent). These
high quality sites, wherever they occur, will likely provide early opportunities to grow green
hydrogen and help develop infrastructure and commercial frameworks.
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GREEN HYDROGEN APPLICATIONS:
FUEL, HEAT, FEEDSTOCK
Hydrogen and hydrogen-based low-carbon fuels, such as ammonia, can be used to drive
down the emissions in some of the most carbon-intensive industries. The specific viability,
benefits, and potential risks of these approaches vary by sector, application, displaced fuel,
and infrastructure readiness, which are discussed below.

Ammonia as a Synthetic Fuel
Ammonia has attracted attention as a hydrogen transport medium and as a fuel in its
own right. This is partly because it is more easily transportable in liquid form, requiring
much milder temperatures and pressures than hydrogen to liquefy (Northwestern
University 2020). Ammonia has several other attractive properties including a narrow
range of concentrations in air at which it is flammable, as well as its versatility either in
combustion or use in an ammonia fuel cell. When burned in an engine or turbine, there’s
no soot or sulfur pollution, zero greenhouse gas emissions, and nitrogen oxide emissions
that can be controlled or managed to be less than with other fuels. Combustion of
ammonia without significant attention to novel combustor design and control, however,
could lead to higher nitrogen oxide emissions. When ammonia or “cracked” ammonia
(the process of splitting the hydrogen from the nitrogen in ammonia) are converted
in a non-combustion fuel cell system,2 there are no associated criteria pollutant or
greenhouse gas emissions—only water and nitrogen gas. If made from low-carbon
hydrogen, ammonia can serve as a low-carbon fuel, transportation medium, or product.
Although ammonia has roughly one-third the energy density of gasoline, it has a higher
energy density than natural gas and compressed liquid or gaseous hydrogen and can be
blended with many fuels directly and used in existing engines (Dimitriou et al. 2020).
Ammonia is primarily produced by the Haber−Bosch process, an energy intensive
process which requires 450°C−500°C heat and 200 atmospheres of pressure (Leigh
2004). The average carbon intensity of current ammonia production is 2.6 metric ton
CO2-eq/ton ammonia, but when produced by zero-carbon electricity, green ammonia
has a 0.23 ton CO2-eq/ton ammonia (Liu et al. 2020). The annual production of
approximately 150 million ton of ammonia (Apodaca 2020) accounts for about 1 percent
of global greenhouse gas emissions (MacFarlane et al. 2020). Approximately 72 percent
of global ammonia production uses natural gas. The process of producing ammonia
with natural gas accounts for 5 percent of global natural gas consumption (Markets and
Markets 2020). Therefore, replacing existing ammonia production with green hydrogen
feedstocks has the potential to cut carbon emissions significantly.
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Industry
Industry could provide a market for green hydrogen if molecules were commercially available.
Industrial production is the second largest source of GHG emissions in the US and worldwide.
Most hydrogen is used today as a chemical feedstock across many industrial sectors (Brown
2019), from chemicals and refining to metallurgy, aerospace, electronics, and even food
processing (Cecere et al. 2014). Currently, about 90 percent of the hydrogen produced in the
world is applied as an important petrochemical raw material for the production of synthetic
ammonia, urea, methanol, and hydrogenation reactions in petroleum refining processes
(Hydrogen Europe 2021a). Not only is hydrogen the key starting material and feedstock for
ammonia (fertilizers) and methanol (polymers), but it is also used to remove sulfur, nitrogen
and other metal impurities during the refining process (Brown 2019). In the metallurgical
industry, hydrogen can be used as a reducing gas to reduce metal oxides to metals (Fan and
Friedmann 2021).
The drive for rapid decarbonization has highlighted a new potential use for hydrogen in
industries: creating heat (Menzies 2019). Industrial heat produces roughly 10 percent of GHG
emissions today, and Monteany industrial processes (cement kilns, chemical reactors, blast
furnaces, glass making) require large amounts of thermal energy at very high temperatures
(Friedmann et al. 2019; Sandalow et al. 2019). As a gaseous fuel, hydrogen can substitute for
natural gas in some industrial processes directly, for example in the chemical industry as a fuel
for furnaces and boilers (IEA 2020h). As a substitute fuel for heat production, hydrogen or
ammonia can also be used directly in blast furnaces. Japan and Sweden have already begun
piloting projects that use green hydrogen to replace natural gas as the heating source in
carbon-intensive steelmaking (Patel 2020; Kawakami 2020).

Transportation
Transportation is the largest contributor to US GHG, accounting for nearly 30 percent of
total US GHG emissions in 2018 (EPA 2020) and roughly 15 percent of global GHG emissions.
Currently, petroleum distillate fossil fuel supplies 96 percent of transportation energy demand
globally and 92 percent in the US (EIA 2021). As discussed above, hydrogen received significant
attention in the early 2000s as a fuel for automobiles but was not widely adopted due to
multiple factors, including the cost of hydrogen, cost of fuel cells, storage challenges, and lack
of hydrogen fueling infrastructure. However, hydrogen remains of interest as a low-carbon
alternative fuel option and energy carrier in the transport sector because of hard-to-abate long
haul transportation. Two types of hydrogen vehicles are commonly discussed: (1) vehicles that
burn hydrogen in a conventional internal combustion engine (Hosseini and Butler 2020); and (2)
hydrogen fuel cell electric vehicles, in which the fuel cell electrochemically converts hydrogen
with oxygen to generate electricity (and by-product water) for an electric drivetrain (Manoharan
et al. 2019). Both fuel cells and combustion engines can run on hydrogen or ammonia, which
could power trucks, ferries, ships, or trains in addition to light-duty vehicles. Some have
proposed hydrogen airplanes (Kramer 2020), and demonstration aircraft are being developed;
however, direct hydrogen use for the majority of aviation applications is not very likely due to
low volumetric energy density. Rather, it is expected that hydrogen could be combined with CO2
to create synthetic low-carbon high volumetric and gravimetric energy density aviation fuels.
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Passenger and Light-Freight Vehicles
Hydrogen as a fuel for vehicles has advantages over its gasoline-dependent counterparts on
three counts: GHG emissions reductions, energy security, and reduction of local air pollution
(Singh et al. 2015). However, the use of hydrogen in the transportation sector remains at
its nascent stage and faces several constraints that limit its competitiveness compared to
electric vehicles, the main alternative technology pathway for decarbonizing parts of the
transportation sector. First, despite recent reductions in green H2 production costs, the LCOH
ranges from around $4/kg to $11/kg in 2020 (IEA 2020d; IRENA 2020) well above the $2/kg
benchmark (BloombergNEF 2020) for broad and viable commercial adoption. Second, the
volumetric energy density of hydrogen gas is very low, so high-pressure compression and/or
liquefaction is required for transportation and use; unfortunately, high-pressure compression
and liquefaction of hydrogen requires substantial energy and expensive carbon fiber or
cryogenic tanks (–253°C), which add cost and maintenance challenges (Connelly et al. 2019).
Consequently, the costs to compress or liquefy, store, transport, and distribute hydrogen
are substantial and require special equipment for safe fueling. Third, and most importantly,
limited infrastructure exists to support hydrogen as fuel in the transportation sector in
most countries, which greatly limits demand for vehicles, which is in contrast to ubiquitous
availability of electricity for slow charging of electric vehicles and recent significant addition
of purpose-built fast charging infrastructure in many jurisdictions. At the moment, a small
number of hydrogen fueling stations exist and are located in only a few regions (e.g., Japan
[Ikeda 2018], California [CAFCP 2021], and Germany [Bonhoff et al. 2012]). For these reasons,
battery electric vehicles are currently a more competitive option for passenger and lightfreight vehicles; hydrogen is unlikely to dominate the light-duty vehicle market in the nearfuture until these constraints are mitigated.
Despite these challenges, one advantage hydrogen offers in the light-duty vehicle application
is fast refueling. With current systems, liquid hydrogen fueling stations deliver 5–7 kg of
hydrogen in 3–5 minutes, comparable to conventional gasoline refueling and sufficient for a
light-duty vehicle to drive 300 miles (Reddi et al. 2017). By contrast, electric vehicles generally
require at least 30 minutes to charge to 80 percent capacity (approximately double this for
full recharge) using the highest-power fast chargers (>100 kW) and many hours using more
widely available Level 1 and Level 2 chargers (Colwell 2020). The gaps in fueling times are
multiplied when considering heavy-duty vehicles (trucks and ships).
In addition, whether stored as a compressed gas or liquid, hydrogen is much lighter than
batteries and can thus enable longer range and heavier payload in passenger and light-freight
vehicles. Finally, there is likely to be an infrastructure cost and space (land use) advantage for
hydrogen use in light-duty vehicles because several thousand vehicles can be fueled by one
corner fueling station compared to the need for hundreds of individual fast chargers. This may
especially be true in dense urban environments to reach very high market penetration of zero
emission light-duty vehicles.
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Medium- and Heavy-Duty Vehicles
In the United States, medium- and heavy-duty vehicles powered by diesel fuel represent
only 4 percent of road vehicles, but they contribute around 20 percent of the transportation
sector’s GHG emissions, nearly half the on-road NOx emissions, and around 60 percent of the
fine particulate emissions from all vehicles on US roads (Chambers and Schmitt 2015; Quiros
2017; O’Connor 2020). Besides the global warming potential caused by truck GHG emissions,
NOx and its air quality damaging derivatives and fine particulate matter are dangerous human
health hazards on a local level and can lead to respiratory and cardiovascular disease, cancer,
and premature death, which often affect disadvantaged communities disproportionately
(EPA 2016; Connor 2020). For these reasons, electrifying medium- and heavy-duty vehicles
is a viable alternative to reduce both the carbon intensity of the transportation sector and
roadside air pollution emitted by heavy-duty trucks.
Both hydrogen fuel cells and lithium batteries are potential options for decarbonizing
pathways for heavy-duty vehicles. However, batteries are not practical for many heavy-duty
applications for several reasons:
●

Batteries have limited range, which lessens their value for long-distance transportation,
and unstable performance that is easily affected by the external environment—low
temperatures further reduce driving ranges (Deloitte China 2020). Hydrogen fuel
cells can significantly extend trucks’ zero emission range capabilities to on par with
conventional vehicles (Winton 2020).

●

The size and weight of lithium battery packs to power trucks are cumbersome, which
reduces the allowable freight weight and space to carry and transport goods (Crooks
2020). A typical regional haul for trucks of 350 miles requires 16,000 pounds of
batteries; the same distance requires 120 pounds of hydrogen and a 4,000-pound
hydrogen storage tank (Park 2019).

●

Batteries have long charging times, which for long-haul vehicles could be hours; by
contrast, the refueling time for hydrogen fuel cell trucks is only 10 to 20 minutes
(Transport and Environment 2020). This difference is meaningful for reducing
downtime in a fleet’s daily operations.

Furthermore, heavy-duty transport trucks have regimented duty cycles; many fleets are
typically owned and operated by the same company and fueled in the same location.
A concerted effort between local governments and trucking companies could enable
construction of a relatively small number of hydrogen fueling stations to serve larger fleets
based on the existing routes of these trucks, which would overcome the limits of current
infrastructure to engender zero emissions medium- and heavy-duty transport via hydrogen.

Ships
The global shipping industry currently exclusively uses heavy oil or marine diesel as fuel
and is responsible for more than 3 percent of global greenhouse gas emissions (Olmer et al.
2017). Shipping fuel also has a high concentration of sulfur; when burned, sulfur emissions
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produce air polluting chemicals and particles that are harmful to human health (Roberts
2018). These pollutants are also concentrated near coastlines where densely populated
communities reside (Chen et al. 2019). Global shipping pollution contributes to roughly 14
million cases of childhood asthma annually and 400,000 premature deaths from lung cancer
and cardiovascular disease annually (Sofiev 2018). So changing to cleaner shipping fuels
will not only reduce GHG emissions but also yield significant health benefits, especially to
disadvantaged communities living near ports.
Similar to medium- and heavy-duty trucks, batteries are impractical for maritime applications
due to their relatively heavy weight and limited range (Timperley 2020). Hydrogen can
provide a range of different marine fuel options, including liquid hydrogen or gaseous
compressed hydrogen, or methanol and ammonia, which are both made from hydrogen. Of
these, ammonia is seen by many as most suitable for transition to a sustainable shipping
sector (Hansson et al. 2020), as liquid hydrogen cannot be blended into conventional
marine fuels and must be kept at high pressures (70 megapascals [MPa]) or extremely cold
temperatures (–253°C) (Office of Energy Efficiency and Renewable Energy 2021). Low-carbon
ammonia (blue, bio-, and green), on the other hand, has high energy density (i.e., less onboard storage volume) compared with other fuels (Timperley 2020) and lower overall fuelrelated costs (Figure 11), especially compared to hydrogen, because it can be easily stored
as a liquid in inexpensive tanks at very low pressures. Additionally, ammonia can be used in
internal combustion engines or fuel cells, and many ship engines can be retrofitted to adapt
to use of ammonia fuel (Jacobsen 2020), making ammonia not just a low-carbon alternative
but also available today and viable for rapid scaling. Methanol has also demonstrated many of
these benefits (e.g., high energy density, ability to blend with existing fuels, ease of storage as
a liquid); however, ammonia contains no carbon and releases no carbon dioxide in use, making
it both a lower carbon and lower full-cost alternative.
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Cost ($/gallon gasoline equivalent)

Figure 11: Overall fuel-related costs of hydrogen, ammonia, and methanol
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Ammonia has one major limitation as a low-carbon fuel: it is toxic. Leakage into the
environment and potential exposure to human and aquatic life represent important safety
and environmental issues. But because ammonia is made in large volumes and is shipped
around the world today, specific technologies and safety regulations exist that have proven
capabilities to manage these concerns. However, scale-up of a global ammonia fuel industry
could lead to emissions, such as ammonia evaporation and NOx emissions, that are dangerous
and environmentally damaging (Hansson 2020), requiring attention and careful management
in scale-up and deployment. Many technology options exist to manage nitrogen oxide
emissions. Hydrogen combustion can in some cases increase NOx emissions as well due to
its high temperature. These considerations must be built into energy conversion involving
hydrogen production. Ammonia combustion is less studied than hydrogen combustion and
may face similar challenges, which would require similar consideration. Alternatively, fuel cell
use provides options to generate electricity, heating, and cooling without combustion, and
ammonia fuel cells could prove a useful option in many applications.

Power
The power sector is the third largest source of US greenhouse gas emissions, accounting
for 27 percent of total US GHG emissions (EIA 2021) and is the third largest source of GHG
emissions worldwide (IEA 2020e). Approximately 63 percent of US electricity comes from
burning fossil fuels (globally 64.5 percent), mostly natural gas and coal (EIA 2020b). Zerocarbon hydrogen fuels can serve power sectors by (1) working as an energy storage system
with electrolyzers and fuel cells; (2) substituting directly for fossil fuel in power generation
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cycles; and (3) engendering reliability and resiliency to the power sector via underground
pipeline delivery of renewable energy and enabling massive, long-duration energy storage.

Load Balancing and Renewable Overgeneration
The remarkable and rapid expansion of renewable electricity generation in the last 15 years,
particularly solar and both onshore and offshore wind, has demonstrated opportunities
to replace fossil generation and decarbonize the grid quickly, up to a certain percentage
of total generation. Intermittency (power being available mostly when the wind blows or
the sun shines) remains a challenge, requiring energy storage. Especially as renewable
percentages greater than 50–70 percent of total generation are realized, seasonal or longduration weather events that lead to large and long-duration production gaps make full
grid decarbonization concerning. Unfortunately, large-scale energy storage systems also
face hurdles. Batteries become expensive due to coupled power and energy scaling and
are poorly suited due to unavoidable self-discharge to balancing long-term or seasonal
electricity demands (Bartlett and Krupnick 2020). Although lithium-ion batteries continue to
drop in cost and provide storage durations in the four- to six-hour range (Cohn 2017), they
and other batteries still are not yet capable of economic large-scale and long-term storage
(O’Neil 2019).
Another option, grid-connected green hydrogen production and storage, consists of an
electrolyzer coupled with a storage system and a fuel cell or turbine that supplies power
when required (Spiegel 2020). This configuration can offer a long-term storage solution
to address the seasonality and intermittent availability of renewable energy (Schiavo
and Nietvelt 2020). Pumped hydropower can store large-scale and long-term energy by
pumping water to higher altitude and generate electricity in hydropower stations (Schiavo
and Nietvelt 2020), but is constrained by limited geographical availability (Johnson et al.
2019) and environmental impacts of lake construction. Interim green H2 production and
storage also appear more cost competitive than batteries for long-term and massive energy
storage applications (Figure 12). Hydrogen can be stored for long periods of time with
minimal loss, and the quantities stored are only limited by the size of the storage facility
(O’Neil 2019). Separate power and energy scaling associated with hydrogen energy storage
(i.e., power capacity is set by the size of the electrolyzer and fuel cell, while energy capacity
is set by the size of the storage tank/facility) make massive hydrogen energy storage
cheaper than most other options. The storage potential of hydrogen can be immense: the
green hydrogen underground storage of just one storage facility developed in Utah that
uses salt caverns (FuelCellWorks 2020) can store 150 times the total US installed lithium-ion
batteries capacity, and the storage can last for months, way beyond the duration of a large
battery energy storage system (St. John 2020).
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Figure 12: Electricity storage costs vs. discharge duration

Source: Data from IEA (2019) as used in Bartlett and Krupnick, “Decarbonized Hydrogen in the US Power and
Industrial Sectors: Identifying and Incentivizing Opportunities to Lower Emissions,” Resources for the Future
(December 2020), https://media.rff.org/documents/RFF_Report_20-25_Decarbonized_Hydrogen.pdf.

Substitute Fuel (for Coal and Gas)
Traditionally, electricity can be generated via coal-fired plants by burning coal in a boiler or via
natural gas with a gas turbine (Brown and Welch 2020). Conventional electricity production
contributes to GHG emissions and causes sulfur dioxide emissions and NOx production that
are detrimental to air quality and human health. To lower GHG emissions from the power
sector, utilities worldwide are looking to (1) inject hydrogen gas/ammonia directly into
natural gas fueled turbine-based power plants to displace fossil fuel consumption and reduce
emissions (McDonald 2020) and (2) use ammonia to directly replace coal at coal-fired power
plants (Patel 2020). Substitution of hydrogen for fossil fuels will remove 100 percent of
sulfur, particulate, volatile organic carbon, mercury, and similar emissions, yielding substantial
health and environmental benefits. However, careful attention must be paid to the production
of nitrogen oxides, which could be increased with combustion of hydrogen or ammonia in
these applications. Careful modification and design are required to avoid NOx production in
the combustion process and remove it from the combustion products via selective catalytic
reduction aftertreatment. Substitution of stationary fuel cell power plants at these same
locations over time could eliminate both the GHG and criteria pollutant emissions because
fuel cells electrochemically convert fuels rather than burning them.
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At ambient pressures and temperatures, both hydrogen and ammonia are gases, making them
candidates for blending into or replacing natural gas in existing gas turbines. Many existing
units, including units manufactured by GE, Siemens, BakerHughes, Mitsubishi, and Solar
Turbines, have been tested on blends of hydrogen from 5 to 100 percent (ETN Global 2020).
These studies have shown that at low levels of blending, NOx emissions are comparable to
existing unit emissions but that at higher levels additional steps are needed to avoid increased
pollution (e.g., using low-NOx burners and adding selective catalytic reduction if not present).
These emissions concerns are also true for blending hydrogen directly in natural gas pipelines
and domestic/residential systems for appliances and heating (Leeds City Gate 2017). At high
blend levels, modifications to appliances are required to maintain low NOx performance (Zhao
et al. 2019).
Natural gas fueled turbines are fuel flexible, which means they can be configured to operate
on green hydrogen or other similar fuels as a new unit or be upgraded after extended service
using traditional fuels (e.g., natural gas) (GE 2021). This is considered an important pathway
to increase the direct end use of hydrogen while reducing the emissions from power sectors
without the need to significantly transform the existing infrastructure (IEA 2019a), which
will be very important to the cost-effective transformation of the power sector that contains
a large number of existing assets that are not fully amortized. GE’s gas turbines have been
using hydrogen blends as an energy source (most typically from gasification of solid fuel
streams) for the past 30 years, with concentrations ranging from 5 percent to 95 percent
by volume (GE 2021). The IEA World Energy Outlook in 2019 estimated that a 5 percent (by
volume) blend of green hydrogen can reduce the CO2 emission of natural gas by 2 percent.
Japan has also been exploring cofiring of green hydrogen–produced ammonia in coal-fueled
boilers to reduce the GHG emissions from coal power plants. Up to 20 percent blending
of ammonia with coal has been achieved with only minor adjustments to the coal power
plant, without any increase in NOx emissions and while reducing the carbon emissions in the
process (Crolius 2021).
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GREEN HYDROGEN SCALE
Despite the promise of green hydrogen, it represents less than 1 percent of the existing
hydrogen market. To play a substantial role as fuel or feedstock in a circular carbon economy,
green hydrogen production must increase roughly 1000x over the next 30 years.

Scale Today
Fukushima
As of February 2020, The Fukushima Hydrogen Energy Research Field (FH2R) is the largest
green hydrogen plant in the world, producing 1,200 normal cubic meter (Nm3) of green
hydrogen per hour (NEDO 2020), approximately 900 tons annually (Crolius 2017). Located
on 45 acres of land in the Namie Township, FH2R harnesses energy from the 100 percent
renewable-powered grid and a 20 MW solar field to power a 10 MW electrolyzer (Lee 2020).
The hydrogen produced by FH2R is transported via tube trailers within the city primarily for
use in manufacturing fuel cell systems for hydrogen electric vehicles and buses (Fuel Cells
Bulletin 2020).
This project is an example of a public-private enterprise between the Japanese government’s
New Energy Industrial Technology Development Organization (NEDO) and three private
project developers: Tohoku Electric (utility company), Toshiba, and Itwatani (industrial gas
company) (Crolius 2017). The total cost of the project is about 20 billion yen ($189 million)
(Hiroi 2020).
A couple of drawbacks to this project are the relatively small size of the electrolyzer
compared to larger green H2 projects, such as the 40 MW electrolyzer of the Masshylia
Project in France (Scully 2021), and the relatively high renewable energy prices in Japan,
which threaten the cost-competitiveness of FH2R products. The capital cost of electrolyzers
is about $850 per kW of power capacity, leading to a baseline production cost of $1.00 per
kg for CAPEX only (Crolius 2017). It’s worth noting that all current hydrogen projects are very
small compared to typical grid-scale and refinery-scale projects, which are commonly in the
gigawatt size class; that is, it is at least two orders of magnitude larger.

NEOM
Air Products and Saudi Arabia Power company, ACWA Power, are developing the world’s
largest green hydrogen plant as part of the NEOM industrial cluster project in Saudi Arabia.
The $5 billion project (Air Products 2020), powered by 4 GW of renewable electricity from
wind and solar plants, will produce 650 tons per day of green hydrogen (238,000 tons/
year), which is 3 percent of the eight million tons per annum of projected low-carbon
hydrogen demand in the IEA Sustainable Development Scenario in 2030 (IEA 2020e), and
export 1.2 million tons per year of green ammonia for transport. This production capacity
is adequate to power about 20,000 hydrogen fuel cell buses (Parnell 2020). The project is
scheduled to begin production of ammonia by 2025. The NEOM project will benefit from its
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unique geography, which combines exceptional solar and wind resources to produce cheap
renewable electricity.

Asian Renewable Energy Hub
The Asian Renewable Energy Hub (AREH) is an intercontinental renewable energy project
under development in Western Australia with a target date to start construction in 2026,
with first exports expected to commence by 2028 (AREH 2021). At full capacity, its 16 GW of
wind and 10 GW of solar should produce ~1.75 million tons of green hydrogen per year for ~10
million ton of green ammonia per year. Over the 10-year construction period, AREH expects
to employ up to 5,000 workers, and the hub expects to employ up to 3,000 workers for
long-term operations and maintenance. This $40 billion USD project is being developed by a
consortium of developers and investors, including Intercontinental Energy (Hong Kong), CWP
Renewables, Vestas, and Pathways Investments.
Fossil fuel companies have a strong hold on the central Australian legislature, complicating
wide adoption of renewable energy across the country. For that reason, among others,
AREH’s power station is off grid, and the hub is focused on exporting its energy sources. If
progress continues, it hopes to export renewable energy as liquid fuel to trading partners
in the Asia-Pacific region. Given the size of AREH, construction and operation of the hub
requires a large number of state and federal approvals. AREH received an initial environmental
permit for the production of 15 GW of wind and solar generation in October 2020 and had to
reapply for additional approval to expand to 26 GW of power generation to produce hydrogen
and ammonia as well as apply to build key export infrastructure. The approval process will
take approximately two years, highlighting regulatory challenges to rapid scaling of green
hydrogen and its derivatives in this country.

Future Scale
Global interest in hydrogen as an energy source is expected to keep growing over the next
decade and toward 2050, with an increased share of hydrogen in the projected global energy
mix of various sovereign and corporate climate change commitments. The falling price of
renewables to power electrolyzers has also increased the potential for availability of cheap
green hydrogen for replacing fossil power plants with hydrogen-fueled power stations (this
would be true as well for price reduction for other zero-carbon electricity supplies).
With about 50 targets, mandates, and policy incentives globally today that directly support
green hydrogen production, spending on hydrogen energy research, development, and
demonstration by national governments has also risen (IEA 2019a). These investments have
led to deployment of green hydrogen projects with the potential of meeting about 18 percent
of the world’s total energy needs by 2050 using hydrogen technologies (Hydrogen Council
2020), giving rise to a $12.09 trillion potential market globally by 2050, or about 13 percent
of current global GDP (2018) (Gandolfi et al. 2020). Key drivers needed for adequate future
growth will be reduced cost and improved energy efficiency of electrolyzers; cheaper and
more reliable renewable power, at $0.03/kWh or less to reduce LCOH to about $2/kg; and
government policy support for green financing. Investment in green hydrogen production
is projected to exceed $1 billion per year globally by 2023, along with expected increased
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demand for hydrogen (IHS Markit 2020).
Rising demand for green hydrogen is seen mostly in the following markets:
●

Europe: The EU projects that the share of hydrogen in the EU energy mix will increase
from about 2 percent in 2019 to 15 percent in 2050 (Hydrogen Europe 2020b). This
would create a €2.2 trillion ($2.4 trillion) potential hydrogen market by 2050, mostly
for utilities, and much of it green hydrogen (Gandolfi et al. 2020). The electrolyzer
market is projected to increase by over 650 times by 2030 and over 8,000 times to
500 GW of electrolyzer capacity, by 2050 (Lapides et al. 2020). To produce the green
hydrogen projected, EU annual renewables additions would have to triple from 35
GW to 90 GW until 2050 (Hydrogen Europe 2020a). That level of renewable power
production (e.g., at a projected solar electricity price of €27/MWh [$30/MWh] from
Iberia solar plants) results in €1.5/kg ($1.7/kg) of green hydrogen, which is dramatically
lower than today’s prices.

●

USA: Future hydrogen demand in the US might grow by four times to reach 41
megatons per annum by 2050 while the maximum “serviceable” demand is as high
as 106 Mtpa (Greenhalgh 2020), with almost half the potential market for industrial
processes, including synthetic hydrocarbon production (14 Mtpa), metals refining (12
Mtpa), oil refining (7 Mtpa), ammonia production (4 Mtpa), and biofuels production (9
Mtpa). US renewables capacity is also projected to reach 144 GW in 2050 with a total
market of about $3.5 trillion (Gandolfi et al. 2020).

●

Asia: Leading Asian economies (i.e., Japan and South Korea) plan to import the
majority of clean hydrogen needed to meet projected demand for clean energy.
Pacific-Asia demand for hydrogen exported from Australia (as ammonia) could reach
three million tons each year by 2040, worth about $10 billion per annum (ARENA
2021). South Korea’s road map outlines the goal of producing 6.2 million FC electric
vehicles (FCEVs) (Ha 2019), 41,000 hydrogen buses, 1,200 refilling stations and
generating 15 GW of hydrogen-fueled power by 2040 (IEA 2020g). Japan’s hydrogen
road map includes importing 300,000 tons of hydrogen per year by 2030 to achieve
its goal of having 800,000 FCEVs, 1,200 FC buses, 10,000 FC forklifts, and FC trucks
and trains (Niunoya and Shima 2020). It also aims to commercialize hydrogen power
generation by 2030. This would require new renewable energy capacity of 480 GW to
supply Japan and Korea, for a total market of €4.4 trillion ($4.8 trillion) (Gandolfi et
al. 2020). More details on Japan’s current and anticipated policies are discussed in the
next sections for its leading position.

●

Americas: Chile plans to meet 25 percent of its 2050 carbon neutrality target using
green hydrogen, with midterm target electrolysis capacity of 25 GW, and less than
$1.5/kg of cheap green hydrogen by 2030 (Ministry of Energy, Government of Chile
2020). Chile is particularly well configured for this goal due to exceptional solar, wind,
and hydropower resources. Other nations, including Brazil, Argentina, Columbia,
and Uruguay are examining hydrogen both for domestic use and potential export
(Berkenwald and Bermudex 2020).
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Infrastructure Needs
Beyond the high cost of low-carbon hydrogen production today, the scale-up of low-carbon
hydrogen markets is limited by infrastructure, specifically infrastructure associated with the
transport, storage, delivery, and dispensing of hydrogen. Transport of gaseous hydrogen
requires compressors and special tanks, and liquid transport requires liquefaction trains
and special containers. Pipeline infrastructure and fueling infrastructure are also severely
limited today. To enable ease of storage and transport, green hydrogen may require ammonia
synthesis, storage, handling, and fueling infrastructure to utilize ammonia as a hydrogen
carrier. In addition to the enormous amounts of zero-carbon power discussed above, green
hydrogen production requires corresponding electricity generation infrastructure, which is
desirable nonetheless for economy-wide decarbonization. Green hydrogen’s blue counterparts
(which use fossil fuel production with carbon capture) will primarily require CO2 compression
or liquefaction and transport infrastructure and dedicated storage (sequestration) facilities.
To quantify infrastructure requirements to meet future global demand of low-carbon
hydrogen, the authors assessed several scenarios:
●

88 Mt/yr of global hydrogen demand, corresponding to the IEA’s Stated
Policies Scenario for 2030;

●

530 Mt/yr, consistent with the IEA’s Sustainable Development Scenario for
2070; and,

●

750 Mt/yr, which represents an accelerated and more ambitious target for
well below 2°C.

The authors determine the infrastructure needs for each market scenario either with 100
percent green hydrogen, 100 percent blue hydrogen, or a mix of 70 percent green and 30
percent blue hydrogen.
The 750 Mt/yr of hydrogen scenario assumes an accelerated deployment of low-carbon
hydrogen (the highest hydrogen application potential of the three) supplied by 70 percent
green hydrogen and 30 percent blue hydrogen; it does not consider 100 percent blue or green
hydrogen because those are not reasonable production share assumptions for this amount.
For each scenario, the global capital investment required for zero-carbon electricity capacity,
electricity transmission, CO2 transport, electrolyzers, steam methane reforming plants,
and carbon capture infrastructure was estimated. This estimate did not include the costs
of hydrogen transport infrastructure. The results are summarized in Figure 13. In the cases
that involve green hydrogen, the total CAPEX for the required critical infrastructure is in
the trillions of dollars. The total CAPEX for the 88 Mt/yr with 100 percent green hydrogen
scenario is $2.4 trillion. Zero-carbon generation infrastructure is the largest component of
infrastructure CAPEX, followed by electrolyzer and then transmission infrastructure. In the
100 percent blue hydrogen case with 530 Mt/yr of hydrogen demand, the capital cost for
new SMR and CCS infrastructure is also in the trillions but is a fraction of the infrastructure
costs for the 100 percent green hydrogen case with the same size hydrogen market. The CO2
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transport infrastructure cost in this scenario is significantly smaller than the other forms of
infrastructure at $243 billion. The low costs associated with 100 percent blue hydrogen and
30 percent blue hydrogen mixes demonstrate the role blue hydrogen can play in developing
a hydrogen economy. Blue hydrogen is examined more deeply in a companion report by the
Global CCS Institute (Zapantis 2021).

Global infrastrucutre capital cost
(in billion $)

Figure 13: Capital cost of infrastructure for renewable electricity, electrolyzer, CO2 transport
pipeline, SMR plants, and carbon capture for SMR required to support several green/blue
hydrogen global market scenarios
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OPPORTUNITIES
Because it is so versatile, green hydrogen presents opportunities for uptake and use in many
sectors across a circular carbon economy. Because zero-carbon electricity is the principal
cost to hydrogen development at scale, regions and nations with high renewable electricity
generation potential are well positioned to take advantage of emerging markets enabled
by emerging policies. Similarly, limits to green hydrogen uptake and deployment must be
countered to maximize its economic and environmental potential.
Zero-carbon electricity resource economics (chiefly electricity cost and availability) remain a core
requirement. As discussed in the LCOH analysis, a key threshold is ~80 percent capacity factor at
<$30/MWh (Friedmann et al. 2019). A handful of regions have the combination of high capacity
factors (e.g., hydropower, solar PV plus wind) at a sufficiently low generation cost (Figure 14).
These geographies are already seeing explosive growth in investment, planning, and production
of green hydrogen and fuels (mostly ammonia), including Chile, NEOM, and AREH. Figure 14 is
meant to be representative, not comprehensive; as new areas emerge with a combination of highcapacity factors and low cost, they may receive attention and investment as well.
Figure 14: Geographies with combined zero-carbon resources of high capacity and low cost

Solar and wind

Abundant hydro

Other ZC resources

Abundant wind

Hydro and wind
Hydrogen and ammonia
demand centers

Note: Hydrogen demand centers represent regions of current and projected demand for hydrogen and
ammonia based on existing infrastructure announced policies.
Source: Authors’ analysis.
ENERGYPOLICY.COLUMBIA.EDU | AUGUST 2021 | 49

GREEN HYDROGEN IN A CIRCULAR CARBON ECONOMY: OPPORTUNITIES AND LIMITS

Near-Term Market Opportunities
Low-cost green hydrogen production still requires markets for sale. The key geographies
identified in Figure 14 are not current centers of heavy industry, natural gas consumption,
and transportation corridors (e.g., the Falkland Islands), indicating a mismatch between
prospective green hydrogen production and market use. To supply sectors and specific
markets before 2030, near-term opportunities will use existing infrastructure and will be
subject to infrastructure limits. The authors examine a set of cases where a combination
of renewable resources, market demand, and enabling infrastructure create opportunities
for early deployment, which will in turn provide lessons for users, producers, regulators,
policymakers, and investors.

Congestion and Curtailment
The rapid expansion of solar and wind energy capacity in recent years has resulted in the
growing occurrences of renewable energy congestion in many energy grids. There are three
primary mechanisms for renewable energy curtailment: economic curtailment, self-scheduled
cuts, and exceptional dispatch, in which balancing authorities require specific renewable plants
to reduce their energy output (e.g., CAISO 2017). To combat the congestion of renewable
energy on the grid, the Federal Energy Regulatory Commission (FERC) recommends that
independent system operators curtail the production of renewable energy as a last resort. This
is important in parts of the midwestern US where there’s an overabundance of generated wind
energy and insufficient transmission capacity due to limited market demand and limited loads
(e.g., Wiser et al. 2020). When curtailed, prices for zero-carbon electricity can be extremely
low or negative (a source of revenue for load centers rather than cost). The same is true for
curtailment in other jurisdictions (e.g., China and the EU).
Rates of renewable energy curtailment vary across the US. The 2018 national curtailment
average for wind energy was at 2.2 percent (Wiser et al. 2018). Locally, rates may be much
higher—the Electric Reliability Council of Texas reported that four of its projects, representing
600 MW of generation, experienced curtailment rates of 18–25 percent (Wiser et al. 2018).
As of November 2019, economic curtailment of solar energy in the US was reported at a rate
of more than 40 percent (approximately 400 GW) in some locations (Frew et al. 2019). In
California, rates of renewable energy curtailment hit record high levels during the COVID-19
pandemic as the demand for electricity in businesses and restaurants decreased with socialdistancing measures (CAISO 2020).
The extraordinary low power prices during curtailment provide an opportunity for low-cost
green hydrogen production. Two different properties of curtailment limit this opportunity:
●

By design, curtailment is meant to be rare, yielding low capacity factors. This makes
the project economics challenging and the volume of hydrogen produced limited.

●

To optimize the outputs of solar and wind energy, transmission of the energy produced
may expand, either by adding more transmission lines or by storing the renewable
electricity (e.g., in battery energy storage systems). This would limit curtailment,
furthering challenging project economics. (Note that these alternative options are also
economically limited by low capacity factors.)
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These two properties prevent curtailment from serving as a major element of a circular carbon
economy. Nonetheless, there are likely to be projects in the near term where green hydrogen
can be generated with curtailed power, a combination of on-site and curtailed power, or a
combination of on-site and market-delivered low-cost power and either sold into adjacent
markets (e.g., trucking) or stored and returned to the grid as electricity. This will help scale
supply chains for green hydrogen as well as organize markets around hydrogen-based energy
services and contracts.

Low Fraction Blending
Blending hydrogen into natural gas grid infrastructure is considered an important way to
increase direct end use applications of hydrogen (IEA 2019a). Low fraction blending has
multiple benefits in addition to natural gas end-user decarbonization: (1) it accelerates cost
reduction of low-carbon hydrogen production by a high consumption rate (even at low
fraction), (2) it encourages wider application for other purposes, and (3) it uses existing
infrastructure for natural gas, making it a short-term opportunity with less infrastructure
requirement and lower cost (IEA 2019a).
Hydrogen use in gas networks is not new: historical use of “town gas” (mostly hydrogen,
carbon, and methane) was ubiquitous around the world during the industrial revolution, the
infrastructure for which has been converted in more recent decades (e.g., in Europe and the
US) to transport and store natural gas (Arapostathis et al. 2013). Hydrogen blended into
natural gas has wide applications, such as space heating, electricity power generation, and
chemical synthesis (e.g., methane, ammonia, and methanol). Blending limits have already been
established in many jurisdictions, but the limits vary greatly (IEA 2019a). The IEA estimates
that some EU countries like the Netherlands, Germany, France, and Spain have high blending
ratio limits >5 percent (the countries are listed from highest to lowest blending allowances),
but most countries are limited to <2 percent. A report from the National Renewable Energy
Laboratory estimates that a less than 15 percent to 25 percent blend ratio won’t cause
significant risks to end uses of the blended gas and would ensure general safety of the
existing natural gas infrastructure (Melaina et al. 2013; Blanton et al. 2021).
As mentioned earlier in the paper, a 5 percent (by volume) blend of green hydrogen
can reduce natural gas’s CO2 emission by 2 percent (IEA 2019a). The IEA’s sustainable
development scenario by 2040 shows that among the total of 57.7 megatons of oil equivalent
(Mtoe) hydrogen in final energy use, over 25 Mtoe are likely to be blended into the gas
grid, making blending the largest and widest end use application of hydrogen. Low fraction
blending also makes the cost impact of the hydrogen–natural gas mixture low, which could
help promote near-term opportunities for large-scale production. Limits such as reduced
energy density (H2 energy density is roughly one-third that of natural gas) (Quarton and
Samsatli 2018) will eventually lead to larger consumption by volume, which limits its
application to certain industrial applications that depend on carbon content (e.g., methanol
requires carbon atoms and iron production needs carbon as a reduction agent).
Importantly, blending small amounts of hydrogen into the natural gas system has substantial
value in the short term to enable a massive increase in the installation and use of renewable
solar and wind power generation. If blend limits were established around the world in the 5
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percent range, they could engender at least a doubling of renewable electricity generation
capacity (Lapides et al. 2020). However, near elimination of fossil natural gas use is required
to completely decarbonize economies, which would require investments that eventually
transform the natural gas system from managing fossil fuel to transporting, storing, and
delivering renewable fuel. This could be accomplished by piece-wise conversion of parts
of the gas infrastructure to support pure hydrogen (or a hydrogen derivative) in many
jurisdictions after the initial conceptual transformation design developed for the northern
UK H21 project, which proved that the gas network could safely transport hydrogen in a
nondisruptive and cost-effective way (H21 2021).

Japan’s Hydrogen and Ammonia Market
A series of recent policy measures have established Japan as the primary global market for
low-carbon ammonia and hydrogen. Lessons can be learned from these actions and the prior
decade of investment in RD&D and infrastructure regarding costs, infrastructure needs, and
time to market. Much of the support for this industry comes through grants and subsidies from
Japan’s Ministry of Economy, Trade, and Industry (METI), including an RD&D budget of $664
million in 2020 targeted (IEA 2021) at driving down the cost of producing hydrogen through
technological improvement as well as subsidies for fuel cell vehicles and fueling stations.
In October 2020, Japanese Prime Minister Yoshihide Suga announced Japan’s goal to become
carbon neutral by 2050 (Dooley et al. 2020). Before this announcement, Japan was on an
ambitious pathway to reduce emissions by 80 percent by 2050 (Nakano 2020). The country
has the third largest economy and is the sixth largest emitter of greenhouse gases in the
world (Friedrich et al. 2020). Today, 70 percent of Japan’s power sector relies on fossil fuels,
which accounts for about half the country’s emissions (Nakano 2020).
In December 2020, the trade ministry introduced a road map that both divests Japan’s
economy from fossil fuels and invests in green energy industries. The report identifies 14 key
industries that will be key drivers for decarbonization (Takahashi 2020). These industries span
across power, transportation, shipping, agriculture, housing, and waste sectors. In recognition
of the important role green ammonia will play as a carbon-neutral fuel source that can be
applied directly to fuel cell engines, METI established the Ammonia Energy Council, which
“consists of 4 entities from the public sector and 10 from the private sector” (Crolius 2020).
METI’s road map for decarbonization by 2050 includes two relevant key milestones: reduce
Japan’s 2013 emissions by 26 percent by 2030 and invest in research and development of
decarbonization technologies to achieve net zero emissions by 2050 (METI 2021).
In December 2020, METI released a policy statement announcing its goal of converting 14 coal
power plants to be cofired with ammonia (Crolius 2021). According to METI, “one coal-fired
unit with 20 percent cofiring requires 500,000 tons of ammonia annually.” If implemented on
all domestic coal-fired power plants, 20 million tons of ammonia would be required annually—
about one-eighth of current global ammonia consumption (Crolius 2021). Within the decade,
Japan expects to produce or procure green ammonia for thermal fuel generation and shipping
(Kumagai 2020).
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In many cases, Japan has pursued public-private partnerships to lead both fueling
infrastructure and industrial development. Fuel cell vehicles, including trucks and buses,
provide one example. Direct government procurement policies to accelerate domestic
utilization of electric vehicles, such as buses, resulted in major automotive companies such
as Toyota and Honda commencing lease sales of fuel cell electric vehicles in 2002, with plans
to commercialize over 30,000 FCEVs per annum globally after 2020 (Hornyak 2019). Toyota
also has partnered with PACCAR to develop a hydrogen fuel cell truck, with 10 prototypes
to date (Eisenstein 2019). Government policies are expected to scale the production of fuel
cell vehicles to 200,000 by 2025 and 800,000 by 2030, from the 3,800 currently produced
domestically (Okutsu and Shibata 2020). The Koto City hydrogen fueling facility supplies
green hydrogen to large-scale fuel cell buses at a rate of four per hour, with over 100 fuel
cell buses in the city (Fuel Cell Bulletin 2020). Accelerated development and deployment of
fueling infrastructure falls within the road map’s target of 320 hydrogen refueling stations by
2025 and 900 by 2030, up from the 131 hydrogen refueling stations in Japan today.
As an example of progress in the power sector, Mitsubishi Power is developing a 100
percent ammonia-powered, 40 MW class gas turbine. Upon completion in 2025, this will be
the world’s first commercialized gas turbine fueled by ammonia (Mitsubishi Power 2021).
Acknowledging the issue of NOx emissions from direct ammonia production, Mitsubishi’s
H-25 Series gas turbines combine “selective catalytic reduction with a newly developed
combustor that reduces NOx emissions” (Mitsubishi Power 2021). These steps are consistent
with Japan’s rapidly developing hydrogen power generators, which are expected to be
commercialized by 2030.
Japan is investing in creating and expanding a global hydrogen supply chain (blue and
green) to ensure market penetration through a flexible shipping network. Kawasaki Heavy
Industries launched the world’s first liquefied hydrogen tanker in 2019, using technology that
will facilitate the global trade in hydrogen. Foreign partnerships are a key element of Japan’s
policy framework. As one example, METI and Abu Dhabi National Oil Company signed a
Memorandum of Cooperation on Fuel Ammonia and Carbon Recycling in January 2021 (METI
2021). Similar partnerships include Saudi Arabia and Australia (including the Hydrogen Energy
Supply Chain project near Melbourne and the Asia Renewable Energy Hub near Pilbara).
Discussions have begun in Russia, Canada, Chile, Brunei, and Indonesia.
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Europe’s RED II Policy and Related Policies
The European Commission’s revised Renewable Energy Directive (RED II), which went
into effect on January 1, 2021, and is binding for all EU member states, aims to increase
shares of renewable energy to 27 percent by 2030 within three sectors: electricity,
heating and cooling, and transportation (ICCT 2017). The directive mandates 6.8 percent
of transportation fuels must derive from renewable sources, specifically from renewable
energy and advanced alternative fuels (including green hydrogen), which the European
Commission will reassess in 2025.
Food-based biofuels are excluded from the transportation fuel mandate, and the
directive advises a decline in the contribution of food-based biofuels over time (because
they compete with the food supply), including through introduction of the renewable
fuels of nonbiological origin (REFUNOBIOs) as a new category (Hydrogen Europe
2021b). Beginning in 2021, fuel suppliers must achieve 1.5 percent of the 6.8 percent
renewable energy mandate, with advanced biofuels (e.g., green hydrogen) contributing
at least 0.5 percent. To ensure a competitive advantage to REFUNOBIOs and other
maturing technologies, the contribution of conventional biofuels produced from organic
wastes and residues cannot exceed 1.7 percent of the 6.8 percent mandate. A system of
guarantees of origin among member states would enable the effective trade of green
hydrogen (Bieliszczuk 2020). These actions create opportunities for green hydrogen,
although the total fraction of hydrogen-derived fuel is projected to account for a small
percentage of the renewable fuel target. This is partly because RED II does not include
benefits of the use of green hydrogen in the fuels production process in GHG emissions
reduction accounting as part of its statutory design and limits comparing with other
renewable sources such as biofuel and renewable electricity (FuelsEurope 2017).

Near-Term Limits
The ability of green hydrogen services and goods to scale rapidly into major markets is limited
by technical, economic, policy, infrastructure, and public acceptance challenges. To manifest
the opportunities of green hydrogen to maximal climate and economic benefit, several actions
and investments will be needed.

Techno-Economic Limits and Innovation
Water splitting to make hydrogen and oxygen through electrolysis has been documented and
used for over 200 years (Levie 1999; Snelders 2013). However, commercial use of electrolysis
at scale has only just begun. The high cost and limited experience with many large-scale
hydrogen production methods limits the speed and scale of deployment today. For example,
mass production of alkaline and PEM electrolyzers, the two most mature green hydrogen
production technologies, remains limited and expensive today. Although some groups have
projected rapid cost reductions, these are not yet matched by an innovation agenda focused
on applied science and demonstration in most countries. Furthermore, important technology
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options for green hydrogen production, such as solid oxide electrolysis, are at low levels of
technology readiness and have received almost no RD&D funding. These low levels of funding
and policy support are especially stark in comparison to the amount of RD&D and policy
funding support given to comparably important solar, wind, and battery energy storage
technologies around the world (Energizing America 2020).
Innovation in green hydrogen would need to involve both investment in improving the cost,
performance, and efficiency to move it beyond the low technology readiness level as well as
development and demonstration of enabling engineering and technology that can further
reduce cost and improve performance. At low TRLs, innovation investments could include
catalysts and special materials to reduce energy requirements and costs for water splitting
(e.g., photocatalytic materials or ceramic membranes). At higher TRLs, the innovation focus
could include seals, coatings, low-cost manufacturing and balance-of-system optimization
concerns for alkali and PEM electrolyzer stacks. Although the US and EU have started to
increase programmatic investments, much more investment, on the order of billions of dollars,
is needed to achieve rapid scale (Sivaram et al. 2020).

Low-Carbon Fuel Standards and the International Maritime Organization
The essential feature of hydrogen, that it is a low-carbon fuel, is not explicitly valued in
many markets. The Japanese market has begun to value low-carbon hydrogen and ammonia
explicitly by paying a green premium for ammonia and hydrogen fuels as a function of
associated production carbon content. Not many other markets do. Many policies to date
(e.g., European Green Deal) have focused on supporting production of hydrogen (policy push)
rather than valuing its market application (demand pull). The lack of market pull is a profound
limit to green hydrogen commercialization today.
One set of policy options to address this limit involves creating low-carbon fuel standards
(LCFS). These effectively act as a regulatory cap on GHG emissions. The longest-lived
program of this kind is California’s LCFS program (California Air Resources Board 2020),
which has operated since 2016. The regulatory cap is matched with a credit trading program
that helps manage overall compliance cost and enable low-carbon fuel adoption across the
California vehicle fleet, and since 2019 credits have traded at up to $200/ton CO2, which
appears sufficiently high to stimulate investment. Similar programs have emerged in other
jurisdictions, including draft bills in Washington State and New York (Washington Dept. of
Commerce 2020; Lane 2020) as well as Canada’s proposed clean fuel standard (Government
of Canada 2020). In these jurisdictions, hydrogen fuel cell vehicles are considered electric
vehicles, which allows them to qualify for additional subsidies and incentives. To accelerate
transition away from fossil fuels, nations that support hydrogen vehicles, such as Japan, Korea,
and EU member states, could adopt LCFS policies that would spur market pull for green
hydrogen, particularly for trucks and other heavy-duty applications.
Another policy approach involves sectoral fuel standards. These policies bind parties within
an operating sector to compositional, performance, and emissions standards. One example
is the International Maritime Organization (IMO), which recently adopted standards for lowsulfur fuels across all international shipping, hastening the displacement of bunker fuel with
low-sulfur diesel (IMO 2020). Because of the potential value of green ammonia and hydrogen
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as shipping fuels, the IMO could adopt a low-carbon standard for fuels, which could accelerate
the flow of hydrogen fuels into shipping markets. The IMO has already announced plans
for net-zero GHG emissions under their 2050 plan (IMO 2021). With sufficient coordination
between key nations and companies, the 2050 timeline could be accelerated (say, to 2040)
and interim milestones enacted (e.g., 30 percent zero-carbon shipping fuels by 2030).
Adoption of these standards by the IMO would accelerate deployment of green hydrogen
globally. Other sectors could pursue and adopt similar policies, led in part by trade groups
(e.g., the World Steel Institute or the National Association of Manufacturers).

Policies to Meet Infrastructure Needs
Maximizing the scale and benefit of green hydrogen will require trillions of dollars of
investment in new zero-carbon electricity generation and in the transmission and distribution
of energy, likely via many thousands of kilometers of electric power lines and/or low-carbon
hydrogen pipelines. Although many works have documented these requirements (Larson et al.
2020; ETC 2020), few geographies have adopted policies that can credibly scale the needed
infrastructure. Notably, the European Green Deal provides generous subsidies for generation
and electrolyzers but not the associated transmission, storage, and distribution infrastructure.
At the same time, investment in power lines and pipelines has decreased across North
America over the past decade (Meyer 2021).
A set of policies would be needed to create, build, and permit infrastructure at scale,
especially in OECD countries where demand will be greatest this decade. These policy
options include a set of incentives (e.g., grants or tax breaks for builders) as well as policies
to streamline permitting and construction (e.g., FERC Order 689 under section 1221) (Vann
2010). Absent dedicated funding and proactive authorities to accelerate investments and
infrastructure construction, the benefits of a low-carbon economy will be slow to materialize.
Another policy option that could speed the transition would be offering green hydrogen
technologies access to cheaper electricity rates (e.g., wholesale electricity prices) in return
for grid services provided. Cheaper inputs could support this initial market against which the
cost of comparable solutions of massive energy storage, resilient and reliable transmission
and distribution, and long-duration storage are currently less expensive than the hydrogen
alternative. This type of policy is analogous to the support provided in previous decades to
the solar, wind and battery energy storage technologies that have successfully managed to
lower costs and engender large renewable energy use.
It was wise for policymakers in many jurisdictions to first invest in solar and wind and battery
technologies, which, with the support of local gas and electric utility grid infrastructure,
were the first and only technologies needed (in the short term) to achieve relatively low
percentages (e.g., 20–40 percent) of renewable energy conversion in the electric grid. But if
the desire is now to completely decarbonize the electric grid and all other economic sectors, a
versatile zero emissions fuel like hydrogen is required (Davis et al. 2019).
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FINDINGS AND RECOMMENDATIONS
Finding 1: Green hydrogen could play a major role in a circular carbon
economy.
Green hydrogen and fuels made from green hydrogen (e.g., ammonia, methanol, aviation
fuels) can reduce GHG emissions substantially through fuel substitution in the transportation
sector, industrial sector, and power sector. They can provide heat to buildings and industrial
processes; serve as a feedstock to chemical and fuel production, including synthetic
hydrocarbon fuels; and serve as a reducing gas in manufacturing processes (e.g., steel,
glass, computer chips). They could anchor the recycling of CO2 through conversion to fuels,
chemicals, and materials. Hydrogen also could enable greater contribution of renewable and/
or nuclear electricity in the power grid by adding reliability of supply (e.g., through storage,
fuel cells, and hydrogen turbines). Many nations have large renewable energy resources that
could produce hydrogen, and the technology to produce, convert, and use green hydrogen
today is mature.

Finding 2: The primary challenge to green hydrogen adoption and use
is cost.
The production cost of green hydrogen is high today and may remain high without subsidies
or other supportive policies. Even in geographies with significant renewable resources,
electricity is the primary cost element of production (greater than 50 percent), followed by
electrolyzers and the balance-of-system cost. A combination of low prices for industrial zerocarbon power and high capacity factors is required to produce green hydrogen for less than
$2/kg. This cost level has been achieved in the handful of green hydrogen projects worldwide
but is atypical. Standard costs today are more in the range of $6–12.
A significant drop in electrolyzer costs would help—a reduction of $200/kW in electrolyzer
costs would result in ~$0.33 to $0.84/kg reduction in LCOH for alkaline electrolyzers
and a decrease of $0.36 to $0.91/kg for PEM electrolyzers. Similarly, an improvement in
electrolyzer efficiency of 5 percentage points would decrease LCOH by $0.5 to $0.8/kg for
alkaline electrolyzers and by $0.48 to $0.75/kg for PEM. However, this would not surmount
requirements for high capacity/low-cost zero-carbon power in most geographies or markets.
It is unlikely costs will change enough for green hydrogen to become competitive with other
energy supplies in the near to medium term absent market aligning policies, such as providing
electrolyzers access to wholesale renewable power markets.

Finding 3: Green hydrogen commercialization is limited by existing
infrastructure.
Growing production of green hydrogen will require enormous investments in and construction
of infrastructure. The most important elements include electricity transmission, distribution
and storage networks, and enormous volumes of zero-carbon power generation, as well as
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electrolyzer production systems, some hydrogen pipelines, and hydrogen fueling systems. To
grow green hydrogen production to 88 Mtpa by 2030, system costs would likely approach or
exceed $2.4 trillion and require 1,238 GW of additional zero-carbon power generation. Also,
most ports lack the infrastructure necessary to ship hydrogen or ammonia or to receive it,
limiting trade and adoption. To achieve or exceed the IEA 2°C scenario, buildout, transmission,
generation, and electrolyzer investment would need to approach or exceed $10 trillion by 2070.

Finding 4: Some nations have developed hydrogen road maps with
large green hydrogen components.
The governments of Japan, Canada, and the EU (including some member nations, notably
Germany) have published formal road maps for hydrogen production, use, and growth.
These plans include industrial policy (e.g., subsidies for manufacturing electrolyzer and fuel
cells), port infrastructure (e.g., industrial hubs), and market aligning policies. These plans
may provide these nations a competitive advantage in scaling, using, and adopting green
hydrogen. Other nations, including China, include hydrogen in sectoral discussions and in
some cases have local goals but no comprehensive plan economy wide.

Finding 5: Additional factors could support or limit rapid scale-up of
hydrogen production.
Use of green hydrogen and hydrogen fuels could provide substantial additional benefits to
local economies and environments, including reduction of particulate and sulfur pollution,
maintenance or growth of high-wage jobs, and new export opportunities (fuels, commodities,
and technologies). Public concerns about hydrogen and hydrogen fuels, including ammonia
toxicity, increased NOx emissions, and safety, could limit acceptance and deployment of
hydrogen systems and present challenges in key countries, especially OECD countries, to
infrastructure development and early use of hydrogen (e.g., blending in existing gas lines).

Recommendation 1: Given the state of knowledge, markets, and
infrastructure, nations and regions that wish to pursue green hydrogen
production and use should prioritize detailed analysis and planning
today.
Although numerous public and private studies have emerged in the last two years, they do not
yet provide important information for the development of detailed strategies and plans. Key
questions include the location and scale of infrastructure bottlenecks, limits to electrolyzer
and fuel cell production, potential trade-offs in cost and speed with competition, resource
availability, public risks, and financial gaps in specific markets and applications. Nations
that wish to pursue green hydrogen production and use should gather critical data, such as
duty cycles for industrial applications and reliability of power supply, to explore emerging
important questions. Analysis is needed to better understand near-term market potential
and constrain the wide range of current estimates for market growth. Similarly, more detailed
assessment of applications in key sectors (e.g., steel, chemicals, trucks) is needed for planning
and implementation. Analysis could also identify maps and cost estimates for near-term
opportunities, e.g., due to power congestion or exceptional renewable energy resources.
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Recommendation 2: To reduce emissions rapidly through green
hydrogen deployment, nations and regions should adopt market
aligning policies and production standards.
The substantial price gap between green hydrogen and gray hydrogen calls for active policy
intervention to bring production online to serve existing and future markets. These can
come in the form of mandates (e.g., Europe’s RED II restrictions), grants (e.g., Germany’s $1.1
billion electrolyzer awards to support 500 MW electrolyzers) (Franke 2021), capital reduction
incentives (e.g., investment tax credits), preferential market access, or revenue enhancements
(e.g., production tax credit, the UK’s contract for differences). Similar policies solely in the
power sector will produce secondary but substantial reductions in LCOH and considerable
additions of renewable power generation capacity; roughly 50 percent or more of green
hydrogen costs are associated with the purchase of zero-carbon electricity. To avoid adding
substantially to atmospheric GHG loading, nations and regions could develop and legislate
standards for the life-cycle footprint of green hydrogen to incentivize contracting and
development of zero-carbon power supplies and avoid lock-in of green hydrogen supplied by
carbon-intense grid power (e.g., below 200 kg CO2/MWh and reducing over time).

Recommendation 3: Local, regional, and national governments
interested in green hydrogen development should prioritize the
construction of necessary infrastructure.
Under all scenarios, major new infrastructure and infrastructure transformation (e.g., gas
grid transformation for transporting and storing green hydrogen) is required for electricity
transmission, hydrogen production, hydrogen storage, hydrogen transmission, and fueling
for mobility applications (both hydrogen and ammonia). In particular, ports represent an
opportunity and an urgent necessity to scale production, distribution, and use. In some OECD
nations, issues associated with permitting, rights of way, and resilience must be resolved
through policy or contract completion with equal priority.

Recommendation 4: Governments pursuing green hydrogen should
increase investments in innovation, including RD&D.
With notable exceptions (e.g., Japan, Germany), investment levels in green hydrogen
production and use today are a relatively small fraction of innovation commitments. Earlystage research should focus on approaches that improve the commercial readiness of
products at the low technology readiness level (TRL), ranging from photolytic and biological
pathways to solid oxide fuel cells and electrolyzers. Specific targeted innovation investment
could focus on improvements in seals, coatings, catalysts, and other enabling components of
electrolyzers and fuel cells. Applied science and pilots could focus on manufacturing chains,
automation, balance-of-system cost reduction, and mixed-fuel combustion applications.
These innovation investments would likely reduce the cost of market policies and accelerate
adoption by providing key information to investors and users. Finally, continued investment in
novel technologies to improve the cost and capacity factor of zero-carbon electricity would
help all aspects of the green hydrogen ecosystem.
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Recommendation 5: Policymakers should appreciate and account for
green hydrogen benefits outside of carbon abatement when crafting
policies.
The analyses presented here focus on hydrogen’s role in the decarbonization of hard-toabate sectors. Additional benefits can include reduction of criteria pollutants (e.g., sulfur,
particulates, and nitrogen oxides) and grid reliability and resilience, especially in combination
with fuel cell use to convert hydrogen back to electricity and heat without pollution. Valuation
of these benefits should factor into the design of policies that support decarbonization to
result in deployment at the speed and scale needed to capture green hydrogen benefits in full.
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APPENDIX
Monte Carlo Simulation Methodology
The authors conducted a Monte Carlo simulation to estimate the LCOH and emissions
intensity of hydrogen production in 2030. To do so, probability density functions were
assigned based on a truncated normal distribution to the emissions intensity of electricity,
electrolyzer efficiency, electricity price, electrolyzer capital cost, and capacity factor in
each scenario. The means of the truncated normal distributions were determined based
on projections to 2030 for each metric in the literature and are listed in Table A.1. For each
normal distribution, a standard deviation equivalent to 40 percent of the mean value was
used and distribution was truncated at +/– one standard deviation from the mean. The
authors ran 20,000 simulations that randomly selected values for these two parameters from
their probability density functions and used the selected values to calculate the resulting
LCOH and emissions intensity of hydrogen production. The LCOH calculation used the same
discrete formula (see below) used for the present cost calculation. To determine the emissions
intensity, emissions intensity of electricity was multiplied by the energy density of hydrogen
HHV (39.4 kWh/kg) divided by the electrolyzer efficiency. The Monte Carlo simulation
produced distributions of 20,000 LCOH and emissions intensity of hydrogen values, and
the mean of each distribution was plotted along with the 5th and 95th percentiles of the
distribution. The histogram plots in this study show the probability density distribution of the
Monte Carlo results, with the distribution grouped into 50 bins of equal width. The vertical
axis values for the histograms were found by dividing the number of entries in each bin by the
total number of entries (20,000) and then dividing by the bin width.

LCOH =

Total lifetime costs
Total lifetime H2 production

Mass (H2) =
CAPEX =

=

CAPEX+OPEX+O&M
mass(H2)

electrolyzer lifespan * electrolyzer capacity * electrolyzer efficiency
H2 specific energy

electrolyzer capacity*unit CAPEX

OPEX+O&M =

electricity price*electrolyzer efficiency
H2 specific energy

O&M = 3.2%*CAPEX*electrolyzer life span
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Table A1: Input assumptions for 2030 projections in Monte Carlo simulation

Scenario name

Electricity
price ($/kWh)

Capacity
factor

Unit CAPEX
($/kW)

Carbon
intensity of
electricity
(kgCO2/kWh)

US-grid-alkaline

0.066

0.9

770

0.302

0.78

US-grid-PEM

0.066

0.9

1010

0.302

0.83

US-renew-alkaline

0.05

0.4102

770

0.025

0.78

US-renew-PEM

0.05

0.4102

1010

0.025

0.83

Europe-grid-alkaline

0.1035

0.9

770

0.1346

0.78

Europe-grid-PEM

0.1035

0.9

1010

0.1346

0.83

Europe-renew-alkaline

0.0752

0.3955

770

0.025

0.78

Europe-renew-PEM

0.0752

0.3955

1010

0.025

0.83

CIJ-grid-alkaline

0.124

0.9

770

0.5

0.78

CIJ-grid-PEM

0.124

0.9

1010

0.5

0.83

CIJ-renew-alkaline

0.1024

0.378

770

0.025

0.78

CIJ-renew-PEM

0.1024

0.378

1010

0.025

0.83

Electrolyzer
efficiency

Note: Listed values were used as the mean of the probability density function defined for each variable.
Source: Electricity prices, capacity factor, and carbon intensity from IEA and IRENA; electrolyzer CAPEX
and efficiency combined Table 1 data and cost/efficiency learning rate from IEA and IRENA.
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Table A2: Sample green hydrogen cost calculation based on formula
Inputs
CAPEX
Per capacity electrolyzer cost

300

$/kW

Electrolyzer life span

175,200

hr

Electrolyzer capacity factor

80%

N/A

Electricity cost

15

$/MWh

Hydrogen specific energy

143

MJ/kg

Electrolyzer conversion efficiency

78%

N/A

Per capacity life span energy con-sumption

140,160

kWh/kW

Per capacity life span hydrogen pro-duction

2,752.23

kg/kW

Per kg-H2 CAPEX

0.11

$/kg

Per kg H2 electricity consumption

50.93

kWh/kg

Per kg H2 OPEX (electricity cost)

0.76

$/kg

O&M (annual), % of CAPEX

3.20%

N/A

Lifetime O&M

192.00

$/kW

Per kg H2 O&M

0.07

$/kg

OPEX

Calculations
CAPEX

OPEX

Other cost component

Source: Authors’ analysis.
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Figure A1: Histograms of 2030 emissions intensity forecast distributions from Monte Carlo
simulations for all 12 scenarios
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Note: All values are emissions intensity of H2 production (kgCO2/kgH2).
Source: Authors’ analysis.
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Glossary of Abbreviations and Terms
Abbreviation

Terms

AE

alkaline electrolyzer

CAPEX

capital expenditure

CCS

carbon capture and storage

CH3OH

methanol

CO2

carbon dioxide

GHG

greenhouse gas

H2

hydrogen (molecular)

HHV

higher heating value

LCOH

levelized cost of hydrogen

LNG

liquified natural gas

Mtpa

million tons per annum

NGOs

nongovernmental organizations

NH3

ammonia

O&M

operations and maintenance

OECD

Organisation for Economic Co-operation and Development

OPEC

Organization of the Petroleum Exporting Countries

PEM

polymer electrolyte membrane

PV

photovoltaic

SOEC

solid oxide electrolysis cell

ton

metric ton = 1,000 kg

TRL

technology readiness level

WACC

weighted average cost of capital
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NOTES
1.

An electrolyzer contains a cathode (negative charge), an anode (positive charge), and a
separator. Alkaline systems use an alkaline liquid electrolyte solution to create the ideal
water splitting environment.

2. There are some successful practices for development and use of ammonia fuel cells but
still many challenges to overcome. Source: Georgina Jeerh, Mengfei Zhang, and Shanwen
Tao, “Recent Progress in Ammonia Fuel Cells and their Potential Applications,” Journal of
Materials Chemistry A no. 9 (2021): 727–752, https://doi.org/10.1039/D0TA08810B.
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