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Executive Summary
As the world moves toward a clean energy future, every clean technology tool in the toolbox will be 
needed. One new area of innovation that has gained popularity in recent years is hydrogen. As many 
countries begin to include hydrogen in their decarbonization efforts, a global race to supply clean 
hydrogen has begun. This report considers the role the United States could play in meeting global 
clean hydrogen demand through exports, as well as the rapidly developing American infrastructure 
and policy environment for hydrogen. The analysis includes several key findings:

1. EU and Japan Will Face Clean Hydrogen Supply Gaps 
Global demand for hydrogen could increase rapidly; however, the largest markets are likely 
to face supply gaps. The European Union and Japan have the most ambitious plans to 
utilize clean hydrogen for decarbonization, but their domestic production plans fall short of 
potential demand.

2. Global Competitors Are Poised to Fill these Gaps 
Russia, the Middle East, and Australia are positioning themselves to meet this potential 
demand by creating strong, export-oriented strategies and are already signing export contracts.

3. The USA Can be a Highly Competitive Clean Hydrogen Exporter 
In addition to meeting its own projected demand growth, the United States can be a highly 
competitive exporter of clean hydrogen to meet supply gaps in both the European Union and 
Japan. In particular, the U.S. has a cost advantage when exporting hydrogen produced from 
natural gas with a high rate of carbon capture. This is due to both the low cost of natural gas 
and the existing carbon capture tax credit, 45Q, which can lower the cost of production by up 
to 30 percent.

4. Emerging U.S. Hydrogen Hubs Could Meet International Demand 
A number of U.S. regions are well-suited to capitalize on this opportunity and become “hydrogen 
hubs,” as they already have significant hydrogen production capacity, which could be converted to 
clean production. The federal government can help lay the groundwork for these hubs to succeed 
in a competitive future hydrogen market.
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Main Takeaways

1. The European Union and Japan Will Face Clean Hydrogen Supply Gaps
The International Energy Agency (IEA) predicts that global demand for hydrogen could increase another 
two to six times by 2050 if hydrogen is adopted as a decarbonization tool that cuts across many sectors.1   
Europe and Japan have the most ambitious plans to utilize clean hydrogen for decarbonization, especially 
in their industrial and transportation sectors. The European Union’s annual demand for hydrogen is 
predicted to increase anywhere from 11 million to 48 million metric tons (MMt) by 2050 compared to 2015 
levels.2 Japan is considering a similar level of growth, where annual consumption is predicted to increase 
to 10-20 MMt per year by 2050.3 

While the EU’s and Japan’s demand for hydrogen could increase rapidly, their production plans are lagging 
behind. In the EU, where annual demand is expected to grow to between 12.2-16.9 MMt by 2030, only 
around 10 MMt of new clean hydrogen capacity is planned; this is only enough to decarbonize today’s level 
of hydrogen consumption.4 In Japan, companies like Kawasaki are already preparing to build ships for 
import capacity of up to 99 MMt per year.5 The scale of clean hydrogen procurement is compounded by 
the need to reduce emissions from existing facilities. These gaps in clean hydrogen production present an 
opportunity for imports from other regions.

2. Russia, the Middle East, and Australia Plan to Fill Clean Hydrogen Gaps
The growing European and Japanese hydrogen import opportunity has led several countries to develop 
comprehensive clean hydrogen export strategies. These include Russia, Saudi Arabia, the United Arab 
Emirates, and Australia.

The Russian government views hydrogen as a significant export opportunity and has begun to increase 
hydrogen production capacity with an eventual export goal of 2 MMt of hydrogen by 2030.6 Russia is 
positioned to supply hydrogen to Europe and Japan through both its existing pipeline network and a blue 
hydrogen hub in development on the Yamal Peninsula in Siberia.7  

Some Middle Eastern countries have already worked to secure footholds in emerging hydrogen markets. 
The United Arab Emirates and the Abu Dhabi National Oil Company, for example, recently signed 
agreements with Malaysia and South Korea to develop international hydrogen supply chains.8 In 2020, 
Saudi Arabia sent the world’s first shipment of blue ammonia (a variation of hydrogen that is cheaper to 
transport) to Japan, signaling both their ability and intent to become a global leader in clean ammonia 
production and export.9

A number of hydrogen initiatives are underway in Australia, with a focus on developing multiple hydrogen 
export hubs.10 The government has begun fostering hydrogen exports to Japan, beginning with a coal 
gasification pilot plant that will supply liquefied hydrogen.11 Production plans include both large-scale blue 
hydrogen projects and green hydrogen projects, including a green hydrogen hub, which is anticipated to 
send 3 MMt of hydrogen to Japan by 2030.
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3. The United States Can Be a Highly Competitive Clean Hydrogen Exporter
The United States has a big role to play in filling the potential clean hydrogen supply gaps in the EU and 
Japan. Clean hydrogen produced in the United States can be highly competitive with other export options. 
Figure 1 demonstrates the EU’s average total costs in 2020 for hydrogen from various countries and 
sources.A Ammonia is included in this analysis, as it is a well understood and widely traded hydrogen 
carrier that can be manufactured and reverse-manufactured to either store or extract hydrogen.

It’s clear that compared to other import options, American clean hydrogen can be highly competitive, 
particularly hydrogen or ammonia produced from natural gas with a carbon capture rate of at least 
90 percent (hydrogen and ammonia produced with carbon capture is called “blue”). This is due to the 
low cost of natural gas and the carbon capture tax credit that lowers the cost of production by up to 
30 percent.B  

A Assumptions regarding numbers can be found on page 16. 
B Costs here are based on 90 percent carbon capture. For the U.S. to be highly competitive against the EU and Russia, 
90 percent capture is essential to take full advantage of the 45Q tax credit. U.S. production costs for blue hydrogen and 
ammonia are reduced by the expected value of 45Q.

Figure 1: Cost per Kilogram (kg) of Hydrogen Shipped to EU
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4. Emerging American Hydrogen Hubs Could Meet International Demand
In addition to providing a general cost advantage over some other nations, several U.S. regions are poised 
to benefit from hydrogen exports. These “hydrogen hubs” typically have some hydrogen or ammonia 
production capacity, access to geologic storage for carbon dioxide, and transportation infrastructure. These 
regions, highlighted in the map below, are most likely to benefit from hydrogen exports in the near term.12

The Ohio River Valley, the Gulf Coast, and California are well positioned to export hydrogen and ammonia. 
Funding to develop American hydrogen hubs is in the bipartisan infrastructure bill, with a total of $8 billion 
dollars allocated across four regions. If the legislation moves forward it could soon provide funding for 
these ideal regions. 

Figure 2: Potential U.S. Hydrogen Hubs and Geologic CO2 Storage Regions
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Recommendations

While the U.S. is a strong competitor in the global hydrogen market, future energy leadership  is not guaranteed. 
Australia, Russia, and the Middle East are quickly positioning themselves as major clean hydrogen exporters and 
developing their own regional hubs and trade relationships; the first hydrogen export shipments to Japan are 
happening this year. If the United States does not capitalize on its current advantage, these other countries will 
likely have lower costs than the United States over time. Unlike Russia, Australia, Japan, Saudi Arabia, and the 
European Union, the United States has no formally articulated strategy or policy initiative to develop large-scale 
hydrogen infrastructure. Without establishing a strategy and appropriate policy such as extending tax credit 
support, this competitive advantage could shrink by 2030. To cement the United States’ pole position in clean 
hydrogen exports, the federal government should consider the following steps.

1. The Department of Energy and Department of Commerce should initiate a joint strategy on 
federal policies to enable the scale-up of American clean hydrogen exports. This strategy 
should, at minimum, consider near-term needs for scaling domestic hydrogen production 
and consumption, export financing opportunities, and any legal challenges facing large-scale 
hydrogen and ammonia exports.

2. The Department of Commerce, Department of Energy, and the Department of State should 
look to establish hydrogen-related trade relationships. Countries looking to increase 
their hydrogen consumption should be targeted for joint development of consistent 
methodologies and protocols to track embedded greenhouse gas emissions throughout the 
hydrogen life cycle.

3. Enact the Senate-passed bipartisan Infrastructure Jobs and Investment Act. The bill 
includes funding to develop four regional hydrogen hubs, modernizes the hydrogen research 
and development program at the Department of Energy, and includes significant funding for 
electrolyzer research and development. All told, the bill includes $10 billion in direct hydrogen 
funding. The bill also includes funding to enable carbon capture infrastructure, including 
more funding to the Environmental Protection Agency to permit carbon storage wells and a 
new Carbon Infrastructure Financing Agency to support carbon pipeline buildout.

4. Extend the 45Q carbon capture tax credit through 2030, and enact a hydrogen production 
tax credit. These credits would reduce the cost of clean hydrogen over the long term, ensuring that 
American hydrogen remains competitive in the face of cost declines in other countries. 
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Introduction
As countries around the world reduce their greenhouse gas emissions, hydrogen is emerging as a low-
carbon energy carrier that could be used nearly as universally as electricity. Due to its high energy density; 
zero carbon emissions from utilization; high temperature potential; and multi-sector use cases, interest in 
hydrogen has steadily increased. In recent years Hydrogen can be used in a variety of end-use sectors, including 
transportation, industry, and electricity generation.13 For some of these sectors, particularly industry, clean 
hydrogen could be one of the most cost-effective ways to reduce carbon emissions because it can be used as 
a clean feedstock for chemical processes and as a source of high-temperature heat.14 There are a number of 
countries and regions taking the lead on hydrogen research, supply chain, and production opportunities, such as 
the U.S., Japan, the EU, and the Middle East. Countries like Malaysia and South Korea are looking into hydrogen’s 
potential in their own energy systems. This report analyzes the role of U.S.-produced hydrogen in meeting other 
countries’ rapidly growing hydrogen demands.

Hydrogen and Hydrogen Carrier Options

In the U.S., there are two main methods of hydrogen production.C These include natural gas pathways, in 
which natural gas is combined with steam to produce hydrogen and CO2, and electrolysis, which utilizes 
electricity to split water into hydrogen and oxygen. Both production pathways can either be clean or 
produce significant emissions. Clean natural gas pathways yield what is commonly referred to as “blue 
hydrogen,” while clean electrolysis pathways yield “green hydrogen.”

Around 95 percent of hydrogen in the U.S. is produced through a natural gas pathway known as steam 
methane reformation (SMR), in which natural gas is combined with steam at a high temperature to produce 
hydrogen and CO2. When the resulting CO2 is vented rather than captured, this process produces “grey 
hydrogen.”15 Autothermal reforming (ATR) is a natural gas pathway similar to SMR, but it’s much more 
efficient and uses pure oxygen rather than air.  Any natural gas production pathway in which the resulting 
CO2 is captured instead of released into the atmosphere is referred to as “blue hydrogen.” Carbon capture 
equipment can be installed on existing SMR facilities, or on new SMR and ATR facilities.

Another hydrogen production method is electrolysis, a process that uses electricity to split water into 
hydrogen and oxygen. Any source of electricity can be used for electrolysis, but if that electricity is supplied 
by unabated fossil sources, it is not considered clean. “Green hydrogen” is produced through electrolysis 
powered by low-carbon energy sources like renewables or nuclear. Both green and blue hydrogen are 
considered clean under the right circumstances because they release far fewer carbon emissions than grey 
hydrogen, but these sources must be analyzed on a life cycle basis.D Only 1 percent of hydrogen is produced 
through clean methods in the United States today.16

C This paper focuses on steam methane reforming and electrolysis for hydrogen production, as they are the most 
common methods of clean hydrogen production. Other methods, such as coal gasification, autothermal reforming, and 
methane pyrolysis, are not considered.
D This paper defines clean hydrogen as less than 2 kg CO2e per kg H2 on a life cycle basis, which is examined in the 
next section.
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A variety of hydrogen carrier molecules can either be used as an energy source directly or as a hydrogen 
conveyor, depending on the need. These carriers allow hydrogen to be moved more affordably and efficiently 
compared to liquid hydrogen, which must be kept at a temperature below -253°C to prevent boiling.17 While 
these carriers would need to undergo additional processing to be converted back into hydrogen, the benefits 
outweigh the costs in many long-distance transportation scenarios. All of the hydrogen carriers aim to 
address the cost and logistics of hydrogen transportation. 

Ammonia, a well understood molecule used to make fertilizer,E could find a new market as a hydrogen 
carrier molecule. Compared to hydrogen, ammonia is far easier to liquefy and transport, which decreases 
long-distance transportation costs. With a liquefaction temperature of -33°C, ammonia requires significantly 
less energy to liquefy than hydrogen, which has a liquefaction temperature of -253°C.18 As a liquid, ammonia 
is around 50 percent more energy dense than hydrogen by volume.19 Increasing the energy content per 
shipment could significantly lower the cost of transportation.

Figure 3: Main Hydrogen Production Methods

E Methanol is another potential hydrogen carrier, but methanol emits carbon unless it is produced from renewable natural 
gas. As the scale-up of renewable methanol is limited, it is not included in this analysis. See: Corbett, James J., and 
James J. Winebrake. 2018. “Life Cycle Analysis of the Use of Methanol for Marine Transportation.” U.S. Department of 
Transportation. https://www.maritime.dot.gov/sites/marad.dot.gov/files/docs/innovation/meta/11056/marine-methanol-
report-20180810final-002.pdf.
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Carriers may need to undergo additional processing to reconvert to hydrogen. If countries plan to 
ship hydrogen using hydrogen carriers such as ammonia, these conversion and deconversion costs 
and associated energy efficiency losses will need to be accounted for in the final cost and emissions 
estimates.F In some cases, these costs can contribute greatly to the final cost of shipped hydrogen, 
which could be a deciding factor in determining U.S. competitiveness in future hydrogen markets. It is 
also possible to directly utilize ammonia as a fuel in turbines or fuel cells, potentially eliminating the need 
for reconversion.

Defining Clean Hydrogen

Recently, there has been significant debate about what level of emissions qualifies hydrogen as a 
clean energy source. These questions matter, as clean hydrogen must represent a significant reduction 
compared to the energy source it is replacing in order to be considered an effective climate technology. 
Direct emissions from various hydrogen production methods are shown in figure 4 below. The figure 
shows the full range of potential direct emissions from hydrogen production, from net-negative emissions, 
such as biomass gasification with carbon capture, to high emissions, such as coal gasification or grid-
based electrolysis in regions with significant coal or gas electricity production.  Some technologies, such 
as green hydrogen, emit no direct carbon at all. 
 

Ultimately, blue hydrogen can be produced cleanly, even including upstream emissions. But the direct 
emissions associated with hydrogen production do not tell the full story. To truly compare the emissions 
of various hydrogen production options, a life cycle approach, from construction through production, 
must be taken. For natural gas-based technologies, upstream methane emissions make up a sizable 
portion of life cycle emissions, while for green hydrogen technologies, sizable emissions result from the 
construction of electricity generation capacity and the electrolyzer. 

Figure 4: Direct Emissions Intensity of Hydrogen Production TechnologiesH

H Figure adapted from Global Carbon Capture and Storage Institute report on Blue Hydrogen, April 2021.
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Figure 5 demonstrates the range of life cycle emissions associated with common methods of hydrogen 
production. Blue hydrogen production has a potential life cycle emissions range of approximately 1.5 to 
7.6 kg CO2e per kg hydrogen, depending on the cleanliness of electricity, carbon capture rate, and the rate 
of leakage.I Reaching blue hydrogen’s lower range requires a capture rate at 90 percent or above, a low 
natural gas leakage rate, and a clean electric grid. At those rates, blue hydrogen can be produced with 
life cycle emissions equivalent to or lower than solar-powered electrolysis, and significantly below the 
emissions of renewable electrolysis firmed by grid electricity.

At existing levels of carbon capture and utilizing existing grid electricity, SMR with carbon capture has a 
higher rate of emissions than pure green hydrogen; however, there are very few green electrolysis projects 
not firmed by grid electricity. Governments and companies must strive to make hydrogen as clean and 
affordable as possible. For the purposes of this report, clean hydrogen is defined as less than 2 kg of CO2 
per kg of hydrogen, inclusive of best-in-class blue hydrogen options. Government policy is likely to push 
new blue hydrogen production facilities toward best-in-class options. As discussed later in the report, the 
45Q carbon capture tax credit provides a strong incentive for reaching higher rates of carbon capture, 
and new tax incentives for hydrogen production all include a life cycle assessment process that provides 
higher credits for cleaner resources. 

Figure 5: Life Cycle Carbon Intensity of Hydrogen Production20

I “High Performance” assumes 90 percent carbon capture, upstream production GHG intensity of 4.83kg CO2e/mmBTU 
of natural gas (5.1 kg CO2e/GJ NG), and zero carbon electricity. Grey H2, ATR average performance, and SMR existing are 
assumed to have upstream production GHG intensity of 7.9 kg CO2e/mmBTU of natural gas (8.4 kg CO2e/GJ NG). SMR 
existing is assumed to have a capture rate of 48%, based on the Quest facility.
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Global Export Competitors

A number of countries are emerging as potential exporters of clean hydrogen, due to low production costs 
or strategic locations. Some of the most likely exporters in the emerging hydrogen economy include the 
U.S., Russia (RU), Middle Eastern energy-producing nations like the United Arab Emirates and Saudi Arabia 
(ME), Australia (AU), and the European Union (EU).

* Note: Japan (JP) cannot currently produce blue hydrogen in significant quantities due to insufficient 
carbon storage capabilities, and has limited capability to produce hydrogen through renewable electrolysis.

United States Production and Export Trends
The United States produces 10 MMt MMt of hydrogen each year. Most is produced through SMR, a method 
that costs only around $1 per kg due to the low cost of natural gas in the U.S.21  The U.S. is also emerging 
as a leader in carbon capture technology with more than 40 projects in development.22 These factors, along 
with ample carbon storage potential, make the U.S. an ideal manufacturer of blue hydrogen. The cost of 

Figure 6: Production Cost per kg Hydrogen in Various CountriesJ

J US: United States; RU: Russia; ME: Middle East; JP: Japan; AU: Australia, EU: European Union. For grey and blue hydrogen, 
natural gas costs per mmBTU were as follows: US $3.3, AU: $5.4, JP: $10.9, EU $7.3, based on International Energy 
Agency’s Future of Hydrogen Technical Annex. 

https://www.iea.org/reports/the-future-of-hydrogen/data-and-assumptions
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production is about $1.50 per kg, an extremely competitive price in the global market.23 This cost is lowered 
to around $1 per kg due to the 45Q tax credit, which provides an effective benefit of $0.35 to $0.50 per kg of 
blue hydrogen produced with high rates of carbon capture.

One disadvantage that American clean hydrogen faces is the long transportation distance to emerging 
hydrogen markets in Europe and Asia. This distance can quickly raise the international price of U.S. hydrogen 
as transportation, conversion, and deconversion costs become increasingly significant, unless a hydrogen 
carrier like ammonia is used.

Russian Production and Export Trends
Unlike many other countries, Russia has not proposed any significant plans to expand domestic clean 
hydrogen consumption.24 However, the Russian government does view hydrogen as a significant export 
opportunity and has begun to increase hydrogen production capacity with an eventual export goal of 2 MMt 
of hydrogen by 2030.25

If produced with carbon capture, the cost of blue hydrogen production would be approximately $1.60 
per kg due to the low cost of Russian natural gas. As no blue hydrogen facilities currently operate in 
Russia, this cost is only an estimate.26 For now, estimates of Russian blue hydrogen production costs 
are comparable to U.S. costs, likely due to the size and maturity of Russia’s natural gas industry.27  
Russia’s natural gas pipeline network is second only to the U.S., further lowering the overall cost of their 
natural gas.28 One concern is the potential for illegal subsidization of exports. Historically the Russian 
government has heavily subsidized the export of ammonium nitrate, which led the U.S. and EU to impose 
countervailing duties. While those duties were recently overturned, Russia could try to undercut fair value 
using export-oriented subsidies.

Middle Eastern Production and Export Trends
A number of countries are producing hydrogen at scale in the Middle East, including Qatar, Saudi Arabia, 
and the UAE.29 If blue hydrogen were developed in the Middle East, it would likely cost around $1.40 per kg, 
making it among the cheapest sources of clean hydrogen available today, on par with the U.S.30 Some Middle 
Eastern countries have already worked to secure footholds in emerging hydrogen markets. The United Arab 
Emirates and the Abu Dhabi National Oil Company, for example, recently signed agreements with Malaysia 
and South Korea to develop international hydrogen supply chains.31 

Due to an immense potential for high quality complementary solar and wind energy, the Middle East is 
uniquely positioned to take advantage of future advances in green hydrogen production.32 While the cost of 
electrolytic hydrogen production using renewable energy is still too high to be competitive with blue and grey 
hydrogen, technology developments that increase electrolyzer efficiency and decrease the cost of electricity 
could quickly change this.

Australian Production and Export Trends
Like many other countries, Australia considers clean hydrogen production and consumption a crucial tool 
for decarbonization, job creation, and energy security. There are a number of hydrogen initiatives underway 
nationwide, with a focus on developing hydrogen export hubs.33  Once these hubs are ready to begin exports, 
Australia will already have established hydrogen-based trading partnerships with Korea, Japan, Singapore, 
and Germany.34
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The Australian government has begun fostering hydrogen exports to Japan, beginning with a coal gasification 
pilot plant that will supply liquefied hydrogen.35 Hydrogen production plans include both large-scale blue 
hydrogen projects and green hydrogen projects. A green hydrogen hub in development in Western Australia 
plans to send 3 MMt of hydrogen to Japan by 2030, at a production cost of $2/kg. 

If Australia did begin producing blue hydrogen, it would likely cost around $2 per kg due to high natural gas 
costs.36  While the blue hydrogen price point does not make Australia competitive on the global market, 
their proximity to and preexisting energy trade relationships with countries such as Japan, China, and South 
Korea position Australia as an attractive source of clean hydrogen for many regions.37 With a wealth of 
carbon storage options available both inland and offshore, Australia has a number of viable locations for blue 
hydrogen production facilities.38 While the current price is too high to be considered competitive, Australia is 
one of the most promising countries for green hydrogen production given its extremely high solar and wind 
energy potential.39

Hydrogen Demand Projections

Worldwide, the current demand for hydrogen is over 70 MMt per year, with the largest end uses being 
petroleum refining (38 MMt) and ammonia production (31 MMt).40 Demand is largest in China, the Middle 
East, and the U.S., with these regions making up over 50 percent of global hydrogen consumption.41 
Global annual hydrogen demand per year is predicted to increase to anywhere between 90-304 MMt by 
2050, with applications in industrial heat and natural gas blending growing the most in this time frame.42 
Two of the largest potential markets are Europe and Japan.

Figure 7: Global Forecasted Hydrogen Demand43



American Clean Hydrogen: A Tremendous Export Opportunity 

14

Today Europe produces a little less than 10 MMt of hydrogen annually, which is primarily used in 
ammonia production (~50 percent) and oil refining (~30 percent).44 Both the European Commission and 
many European countries see clean hydrogen as a critical decarbonization and job creation strategy.45 
As a result, hydrogen demand in Europe is expected to range anywhere from 19.8 MMt to 57 MMt by 
2050 (an increase of 140 percent to 590 percent compared to 2015).45 European countries see hydrogen 
production not only as an important decarbonization pathway for the power, transportation, and industrial 
sectors, but also as a way to utilize existing infrastructure and excess renewable electricity. The EU plans 
to develop 10 MMt of green hydrogen production capacity from renewables by 2030, a development that 
will require significant new solar and wind capacity, as well as electrolyzers, but demand in 2030 could be 
as high as 17 MMt. Achieving these domestic renewable hydrogen plans will pose a significant challenge. 
Limited space prevents the development of renewable energy projects at scale, and high electricity costs 
($0.06 per kWh, 50 percent more than the U.S.) raise the price of hydrogen produced by electrolysis.47 

In Japan, another emerging hydrogen market, hydrogen is viewed as a path toward both decarbonization 
and energy security. The government has announced plans to dramatically increase its hydrogen 
consumption over the next 30 years.48 These plans include increasing the domestic hydrogen vehicle 
fleet size by over 210 times, increasing the number of hydrogen refueling stations by more than 6.5 times, 
and acquiring 1,100 new fuel cell buses by 2030. Japan has a broader goal of consuming 5-10 MMt by 
2030 and ultimately supplying up to 10 percent of its electricity from clean ammonia by 2050.49 If Japan 
achieves its stated hydrogen and climate goals, clean hydrogen consumption could top 20 MMt by 2050.50 

But Japan will likely struggle to produce enough clean hydrogen to meet its targets, unless it restarts 
mothballed nuclear power plants to produce green hydrogen. Japan’s ability to produce hydrogen from 
fossil fuels with carbon capture is limited by its carbon storage capacity. Most potential storage is 
offshore, with only one pilot facility currently in operation.51 

Scaling up green hydrogen production presents a challenge, as 80 percent of Japan's land area is 
mountainous. One of the largest renewable electrolysis facilities in the world is located in the Fukushima 
prefecture and produces up to 107 kg of hydrogen per hour using solar electricity (considering solar 
capacity factor, this facility could produce approximately 122 metric tons per year.52 Replicating this 
facility on the scale required to meet such ambitious hydrogen targets would ultimately require nearly 
30,000 square kilometers of land.K A larger offshore wind facility that could produce 550 metric tons 
of hydrogen per year is under development, but the water depth around Japan requires floating wind at 
scale, which raises the price of domestically generated green hydrogen.53 A more attractive option would 
be to produce hydrogen from electrolysis powered by nuclear energy, which can be produced at scale with 
minimal land use.54 Japan has a number of nuclear reactors in standby mode, neither producing electricity 
nor decommissioned, that could be used to produce hydrogen. However, the restart of nuclear reactors 
in standby mode has been slow, and the Japanese government recently lowered the target for nuclear 
electricity generation in its strategic energy plan.55 The combination of these factors means that Japan 
will face a significant supply gap that will need to be met through imports of either hydrogen or ammonia.

K Assumptions include a solar capacity factor of 13 percent, common in Japan, along with the land use assumption of .18 
square kilometers per hydrogen production facility, which is the same as the Fukushima facility.
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Supplying the European Hydrogen Market

Due to the difficulties of scaling domestic electrolyzer and renewable energy capacity, coupled with the need 
to decarbonize existing hydrogen capacity, the EU is likely to have a clean hydrogen supply gap over the 
next several decades. Leading countries like Germany have begun to include imported hydrogen as part of 
their clean hydrogen economy planning.56  In total, the EU’s import needs could be well over 10 MMt if they 
attempt net-zero decarbonization of the economy.57 

Several countries could help close this supply gap. Historically, the EU has been a major importer of energy 
from nearby Russia and the Middle East, ultimately relying on these two regions for 54 percent of its crude 
oil imports, 47 percent of its solid fuel imports, and 46 percent of its natural gas imports.58 More recently, 
LNG exports to Europe from the U.S. have grown exponentially, and the U.S. has been a longstanding trade 
partner for other energy sources like biomass.59

Not all of these import options are created equal; there are economic, emissions, and security constraints 
to consider. Figure 8 compares the costs for various regions to supply hydrogen to the EU using current 
estimates across the production life cycle. 

Figure 8: Cost per kg of Hydrogen Shipped to EU
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The direct costs, including for production, conversion, and deconversion, were found using sources from the 
International Energy Agency, PricewaterhouseCoopers, and the European Commission's Directorate-General 
for Energy.60 The production cost of grey hydrogen is the cost of SMR based on the local cost of natural gas, 
while the production cost of green hydrogen is the cost of electrolysis utilizing the cheapest local renewable 
energy resource. The cost of production for blue hydrogen and ammonia includes SMR and carbon capture 
equipment. Production costs for blue hydrogen and blue ammonia are identical, as hydrogen production is 
required prior to conversion to ammonia. Conversion costs, where applicable, include all modifications prior 
to transportation. For hydrogen, this is liquefaction, and in the case of ammonia, conversion costs include 
both the conversion from hydrogen to ammonia and the cost of liquefaction for ammonia, which is far 
cheaper than liquefying hydrogen. Deconversion cost is the cost of turning ammonia back into hydrogen.  
The costs of various transportation methods between the below points were found using sources from 
Argonne National Lab and the EU transportation routes.61

Origin Description Method

Providence, RI, U.S.A. Port of Rotterdam Maritime Ship

Abu Dhabi, UAE Port of Rotterdam Maritime Ship

Torzhok, Russia Frankfurt Pipeline

Table 1: Transportation Routes to the EU for All Non-EU Sources

Figure 9: Basic Transportation Paths for EU Imports
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Finally, the carbon emissions associated with the production of hydrogen were priced at $65 per metric 
ton, equivalent to 55 euros per metric ton, the current EU emissions trading scheme price.62 Emissions 
were assumed to be 9 kg of CO2 emitted per kg of hydrogen produced via SMR, of which 90 percent 
is assumed to be captured for blue hydrogen and ammonia.63 While there are other natural gas-based 
hydrogen production methods, SMR was used because it is by far the most common method today. No 
emissions are assumed for green hydrogen, although, as discussed above, on a life cycle basis, green 
hydrogen’s emissions are similar to blue hydrogen produced with 90 percent capture and supplied by 
natural gas operations with minimal fugitive emissions. 

The graph makes clear that the EU’s cheapest source of clean hydrogen would be to directly produce 
blue or green hydrogen. However, as previously discussed, the EU may struggle to scale production and 
will likely need to import hydrogen, much as it currently imports LNG, oil, and biomass. Among options 
for imported clean hydrogen for the EU is U.S.-produced blue ammonia. This ammonia would depart in 
tankers from major ports along either the East or Gulf coasts of the U.S. and arrive at one of Europe’s 
major ports, either in the Netherlands, Belgium, or Germany. This cost differential is mainly due to the 
reduced processing and transportation cost for ammonia, even after accounting for conversion and 
deconversion costs.

The U.S. emerged as one of the cheapest sources of blue ammonia imports primarily because of low 
domestic natural gas prices.64 Whereas the U.S. produces most of its natural gas domestically, most of 
Europe imports its natural gas (primarily from Russia).65 The cost of natural gas in Europe is therefore 
more than double than in the U.S., which drives up the cost of hydrogen production.66 

At the time of publication, global natural gas prices, particularly in Europe, are spiking due to unexpected 
levels of demand and lack of natural gas storage. This may call into question the feasibility of natural gas 
pathways to hydrogen production. However, American natural gas production is more elastic than other 
regions and therefore has a more stable price. While the cost of natural gas in Europe has increased by 
six fold since last year, the United States has only increased by half that much, as shown in figure 10. This 
market reliability is also demonstrated in natural gas futures markets. American Henry Hub price futures 
eventually stabilize back at their previous level of $3/mmBTU by 2023, while the Dutch TTF hub ultimately 
stabilizes at nearly twice the level of the U.S. (nearly $7/mmBTU).67
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Another major, unique reason for this American cost advantage is the 45Q carbon capture tax credit. 
45Q provides up to $50 per metric ton of CO2 that is permanently sequestered in deep saline aquifers, 
or $0.35 per metric ton utilized in a manner to prevent reemission into the atmosphere. This effectively 
provides a $0.28 to $0.40 tax credit for each kg of blue hydrogen produced with 90 percent carbon 
capture, leading to a nearly 30 percent reduction in the cost of blue hydrogen compared to competitors. 
This credit makes American blue hydrogen nearly as cheap as grey hydrogen.

These cost differentials make a big difference. If 10 MMt of clean hydrogen were ultimately imported, 
opting for American blue ammonia would save $6 billion dollars over the next cheapest alternative.68 To 
procure the same amount of blue ammonia from all considered regions, either through import or regional 
production, would cost as follows:

Figure 10: Weekly Natural Gas Spot Price in Europe and United States

Region Cost for 10 MMt of Hydrogen

U.S. $36.5 billion

Middle East $42.4 billion

Russia $42.9 billion

Table 2: Annual Cost for EU to Import 10 MMt of Clean Hydrogen from a Given Region
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Importing American hydrogen could also present additional advantages to the EU from a geopolitical 
and energy security perspective. The EU receives approximately 40 percent of its natural gas imports 
from Russia (a percentage likely to increase with the expected approval of the Nordstream 2 pipeline).69  
Depending on Russia for hydrogen, an additional energy resource, could present an energy security 
issue.70  At the time of publication, many European leaders are accusing Russian gas suppliers of 
manipulating supply in order to open a new pipeline.71 By diversifying their import sources, the EU could 
avoid an outsized dependence on a single country (the EU does not get a large portion of its natural gas 
and crude oil imports from the U.S.). 

The U.S. already provides EU member countries with more than a third of their total biomass 
consumption.72 The U.S. could leverage this existing relationship, as well as recent LNG trade with 
Europe, to establish a reliable source of clean hydrogen imports in the near future. 

All of these factors make U.S.-produced blue ammonia one of Europe’s cheapest options for clean 
hydrogen imports. This, along with the fact that Europe is already discussing the national security 
implications of increased reliance on Russian natural gas, means that the U.S. has a significant 
opportunity to export hydrogen to Europe in the near future.73  

Supplying the Japanese Hydrogen Market
In recognition of Japan’s impending supply gap, Kawasaki Heavy Industries in 2019 built the world’s first 
ship designed to transport liquefied hydrogen (LH2).74 Kawasaki has since announced its plan to build 80 
more LH2 carriers by 2050, representing a total annual capacity of 9 MMt of hydrogen.75

A major source of clean hydrogen for Japan will likely be Australia, which already has a strong position 
in the Japanese energy system. Australia provides Japan with around two-thirds of their coal, one-third 
of their natural gas imports, and is currently the largest supplier of hydrogen imports.76 Most hydrogen 
exported to Japan is produced by gasifying brown coal without carbon capture, but Australian producers 
could eventually export up to 1 MMt of green hydrogen per year to Japan by 2030.77 

Other countries have taken note of the emerging Japanese hydrogen market. In 2020, for example, Saudi 
Arabia sent the world’s first shipment of blue ammonia to Japan, signaling both their ability and intent to 
become a global leader in clean ammonia production and export.78 In July 2021, the Abu Dhabi National 
Oil Company signed an agreement with three Japanese energy companies to explore commercial 
pathways for supplying Emirati clean hydrogen to Japan.79 ADNOC plans to further this commitment by 
increasing its hydrogen production from 300,000 metric tons per year to more than 500,000 metric tons 
yearly and establish themselves as a major exporter of hydrogen to Japan in the coming years.80

Russia could also emerge as a supplier of blue ammonia and hydrogen for the Japanese market. Russia’s 
largest independent gas producer, Novatek, recently received financing to develop a low-carbon blue 
ammonia and hydrogen hub near its gas fields on the Yamal Peninsula in western Siberia.81 In September 
2021, Japan’s energy ministry signed a memorandum of cooperation with Novatek on blue hydrogen and 
ammonia, and Novatek also signed a cooperation agreement with Japan Bank to finance future 
low-carbon projects.81
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The U.S. could also supply clean hydrogen to Japan. All states on the western coast of the U.S. have clean 
energy standards requiring 100 percent zero-carbon electricity by 2050, and California is positioning itself 
as a green hydrogen leader.83  A new clean hydrogen production facility outside of Los Angeles will be the 
largest clean hydrogen facility in the world when completed, with an annual production capacity of over 3 
MMt.84 The technology employed by this facility gasifies waste streams, which results in clean hydrogen 
production that is far cheaper than renewable electrolysis and uses significantly less land.

In light of the relative cost of supplying clean hydrogen to Japan, there are a number of strong 
competitors. Using similar methods as above for the EU, the figure below outlines the cost of producing 
and transporting hydrogen to Japan from various likely exporters. Unlike the EU model, the emissions 
costs were left out because there is no carbon price in Japan.

* Note: Japan cannot currently produce blue hydrogen or blue ammonia in significant quantities due to 
insufficient carbon storage capabilities.

Figure 11: Cost per kg of Clean Hydrogen Shipped to Japan
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Transportation distance assumptions are listed in table 3, and a stylized transportation path for each route 
is included in figure 12.

As with the EU imports case, American clean hydrogen emerges as a cost-effective source of hydrogen 
imports for Japan. The lower cost of transportation associated with ammonia, coupled with the 45Q carbon 
capture tax credit, makes it the cheapest source of imported clean hydrogen at approximately $4 per 
kilogram. If the ammonia were used directly for power production, the cost is far lower, as the deconversion 
step is avoided.

Region Destination Method

Seattle, WA, U.S. Kantō Region Maritime Ship

Abu Dhabi, UAE Kantō Region Maritime Ship

Port of Darwin, Australia Kantō Region Maritime Ship

Yamal Peninsula, Russia Kantō Region Maritime Ship

Table 2: Annual Cost for EU to Import 10 MMt of Clean Hydrogen from a Given Region

Figure 12: Basic Transportation Paths for Japanese Imports
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The American Advantage
The U.S. has significant potential to export clean hydrogen to Japan and Europe, thanks to its status 
as a hydrogen and ammonia leader, policies around clean hydrogen production, and growing interest 
in developing large-scale clean hydrogen “hubs.”  The U.S. has a head start on hydrogen production. 
It produces about 10 MMt of hydrogen each year, primarily through steam methane reformation, and 
has 1,600 miles of hydrogen pipelines, mostly on the Gulf Coast.85  In addition, the U.S. has steadily 
increased its domestic ammonia production over the last decade, which is currently at 17 MMt per year.86  
While this ammonia is mainly used domestically rather than exported, a modest increase in ammonia 
production capacity would significantly increase the amount of blue ammonia that could be exported as 
a clean fuel source. The U.S. is poised to establish itself as a global leader in clean hydrogen production 
through blue hydrogen and ammonia.87 

Supportive Policy Environment
  
The United States has a highly supportive policy environment that can aid in the export of clean hydrogen 
and clean hydrogen carriers.
  
Research and Development
The United States has a strong hydrogen and fuel cell research culture. In recent years the United States has 
been tied with the European Union for second place behind Japan in total funding for hydrogen and fuel cell 
research; however, on a cumulative 
basis over the last decade, the United 
States has been the largest funder 
of public R&D in hydrogen and fuel 
cell technology among IEA member 
countries, as shown in figure 13.

The Hydrogen and Fuel Cell 
Technology Office (HFTO) is the 
primary funder of hydrogen R&D 
activities. It operates programs 
regarding hydrogen production, 
delivery, transportation, fuel cells, 
storage, and systems analysis. 
The HFTO program recently kicked 
off the “H2@Scale” initiative, 
designed to target funding toward 
the development of a broader 
hydrogen economy, including many 
industrial applications.89  

Figure 13: Total Hydrogen and Fuel Cell Public 
R&D in IEA Countries 2010-2019 (Millions)88
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HFTO recently partnered with the Office of Nuclear Energy to fund multiple demonstrations of hydrogen 
production from existing nuclear power plants in the United States. This energy generation pathway has the 
potential to provide an additional revenue stream for nuclear plants when electricity prices are very low.90 In 
June 2021, the Department of Energy announced a “Hydrogen Earthshot” initiative to center hydrogen R&D 
around reducing the cost of clean hydrogen to $1 per kilogram by 2030.91

45Q Carbon Capture Tax Credit
The United States currently offers a tax credit for carbon oxides (the most common carbon oxide is 
CO2), either utilized or sequestered, that would have otherwise been emitted into the atmosphere from 
an industrial source in the United States.92 This credit is available to industrial facilities that emit CO2 or 
commence construction on carbon capture equipment prior to January 1, 2026, and the credit is available 
for 12 years after the facility starts operations. The credit level is up to $35 per ton of carbon oxide for 
utilization,M  and up to $50 per ton for geologic storage of carbon oxide. To receive this credit, the captured 
carbon oxide must be utilized or stored so that it is guaranteed not to be reemitted into the atmosphere. 

The 45Q tax credit could significantly benefit hydrogen and ammonia producers. At an emissions rate of 
9 kg CO2 per kg of hydrogen produced at a SMR facility, 45Q would be worth between $0.29 and $0.40 per 
kilogram of hydrogen, depending on whether the captured CO2 is utilized or sequestered. The 45Q credit is 
unique; there are no similar credits currently in place in other countries. At a $3/MMBtu gas price, this credit 
would reduce production costs between 21 and 30 percent.93

Potential Policies
A number of policies on the horizon could support clean hydrogen exports from the United States. Taken 
together, these bills show broad bipartisan support for clean hydrogen technologies. 

The Infrastructure Investment and Jobs Act, a bipartisan infrastructure bill that passed the U.S. Senate 
in August 2021,94 includes significant new programs and funding to support clean hydrogen research, 
development, and deployment. The bill includes the first rewrite and modernization of hydrogen research 
and development programs at the DOE since 2005. It has a total of $10 billion in funding for various clean 
hydrogen activities, including $8 billion to establish four clean hydrogen hubs, with at least one each 
dedicated to hydrogen produced from fossil fuels with carbon capture, renewable electrolysis, and nuclear 
electrolysis. Another $1 billion would fund a new clean electrolysis research and development program, 
while a further $1 billion would go toward a fuel cell recycling research and development program. Beyond 
the hydrogen-specific section, the bill includes billions in funding for broader carbon capture infrastructure, 
which is necessary to expand blue hydrogen.

Congress is also considering the extension and expansion of the 45Q tax credit. Various bills have been 
introduced, but common themes include a direct pay option for the credit, which allows cash payments 
in lieu of the tax credit; an increase in the value of the tax credit to $85 or $90 per metric ton of CO2 
permanently sequestered; and a five- to ten-year extension of the deadline to commence construction. Most 
proposals have multiple Republican and Democratic cosponsors, and have been introduced in both the 
Senate and the House.

M The most common method of carbon utilization currently in the United States is to aid in enhanced oil recovery. 
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Several clean hydrogen-specific production tax credit (PTC) proposals would incentivize hydrogen 
production, as long as it is produced from low-carbon resources that undergo a life cycle assessment. 
The first of these bills is the Energy Sector Innovation Credit (ESIC), a tax credit introduced in the Senate 
by Senators Mike Crapo (R-ID) and Sheldon Whitehouse (D-RI), and introduced in the House by U.S. 
Representatives Reed (R-NY), LaHood (R-IL), and Panetta (D-CA). ESIC would support any new low-
carbon hydrogen production with a production tax credit (PTC), until that production method reaches 
production equivalent to three percent of total electricity generation.N The credit level is initially set at 
1.5 times the average national wholesale hydrogen price and doubles if the production method has a 
carbon intensity of zero or less.95 For example, if the current average hydrogen price is $1 per kilogram 
for grey hydrogen, the ESIC hydrogen credit would initially provide a credit of $1.50 per kilogram for blue 
hydrogen production and $3 per kilogram for green hydrogen production.

The other major hydrogen tax credit proposal is the Clean Hydrogen Production Act, a bill proposed by 
Senator Tom Carper (D-DE) that was marked up in the Senate Finance Committee in May 2021. This 
bill would create a new hydrogen PTC at varying levels of credit, depending on the production method’s 
performance in a life cycle assessment. The credit would be worth up to $3 per kilogram of clean 
hydrogen produced, with lower levels of credit available for hydrogen that is at least 50 percent cleaner 
than grey hydrogen.96 

Hydrogen Hubs Are Under Development

Several U.S. regions produce significant quantities of hydrogen or ammonia and could lead future clean 
hydrogen production efforts. These early movers include the Ohio River Valley, the Gulf of Mexico, and 
California, although there are certainly other regions that could benefit.97 Many companies have already 
recognized this potential and begun investing in various cities in the hopes of getting ahead of the 
quickly developing hydrogen market. Bakken Energy and Mitsubishi Power invested in North Dakotan 
hydrogen (where the only blue ammonia facility in the U.S. is located); Equinor plans a hydrogen and 
CCS hub in the Ohio River Valley; and Los Angeles is retrofitting its natural gas power plants to run on 
hydrogen.98 Many of these areas already have supportive infrastructure, such as CO2 pipelines and 
potential domestic hydrogen offtakers, like steel plants and chemical manufacturing facilities. These 
hubs, particularly California and the Gulf Coast, are coastal regions that already export energy. 

N The tax credit phases out separately for electrolysis and for steam methane reformation based on each method’s market 
penetration level.
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Figure 14 outlines several potential hydrogen hubs and highlights current hydrogen and nitrogen-based 
fertilizer production, as well as geologic formations that could be suitable for long-term CO2 storage.

Several U.S. regions stand ready to benefit from clean hydrogen development and are best suited to develop 
hydrogen and ammonia exports to meet international demand over the next decade.

Figure 14: Potential U.S. Hydrogen Hubs and Geologic CO2 Storage Regions99
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Recommendations
While the U.S. is a strong competitor in the global hydrogen market, future energy dominance is by 
no means assured. Australia and the Middle East are quickly positioning themselves as major clean 
hydrogen exporters and developing their own regional hubs and trade relationships, with the first 
hydrogen exports to Japan happening this year. If the United States does not capitalize on its current 
advantage, these other countries will likely have lower costs than the United States and dominate 
the emerging market. Unlike Russia, Australia, Japan, Saudi Arabia, and the European Union, the 
United States has no formally articulated strategy or policy initiative to develop large-scale hydrogen 
infrastructure. Without establishing a strategy and extending tax credit support, this competitive 
advantage could shrink by 2030. To cement the United States’ pole position in clean hydrogen exports, 
the federal government should consider the following steps. 

1. The Department of Energy and Department of Commerce should initiate a joint strategy on 
federal policies to enable the scale-up of American clean hydrogen exports. This strategy 
should, at minimum, consider near-term needs for scaling domestic hydrogen production 
and consumption, export financing opportunities, and any legal challenges facing large-scale 
hydrogen and ammonia exports.

2. The Department of Commerce, Department of Energy, and the Department of State should 
look to establish hydrogen-related trade relationships. Countries looking to increase 
their hydrogen consumption should be targeted for joint development of consistent 
methodologies and protocols to track embedded greenhouse gas emissions throughout the 
hydrogen life cycle.

3. Enact the Senate-passed bipartisan Infrastructure Jobs and Investment Act. The bill 
includes funding to develop four regional hydrogen hubs, modernizes the hydrogen research 
and development program at the Department of Energy, and includes significant funding for 
electrolyzer research and development. All told, the bill includes $10 billion in direct hydrogen 
funding. The bill also includes funding to enable carbon capture infrastructure, including 
more funding to the Environmental Protection Agency to permit carbon storage wells and a 
new Carbon Infrastructure Financing Agency to support carbon pipeline buildout.

4. Extend the 45Q carbon capture tax credit through 2030, and enact a hydrogen production 
tax credit. These credits would reduce the cost of clean hydrogen over the long term, ensuring that 
American hydrogen remains competitive in the face of cost declines in other countries. 
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Conclusion
As countries around the world look to reduce their greenhouse gas emissions as quickly as 
possible, clean hydrogen has emerged as a supplement for existing natural gas streams.100  
Hydrogen is an energy-dense and zero-emission fuel that, most importantly, has the potential to be 
useful today. With global hydrogen demand projected to grow between two and six times by 2050 
compared to current levels, now is the time to invest.101

The U.S. should consider investing further in cleaning its existing hydrogen production facilities 
while encouraging growth in the many emerging hydrogen hubs around the country. The U.S. should 
also seriously consider fostering hydrogen export relationships with the EU and Japan, some of 
the fastest-growing hydrogen markets. This analysis found that low natural gas prices and the 45Q 
carbon capture credit uniquely position the U.S. to take the lead on blue hydrogen and ammonia 
exports to both the EU and Japan. Policymakers and private industry should take advantage of this 
substantial opportunity, which reduces emissions while promoting economic growth.
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