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Introduction

This past October, the Biden administration announced $7 billion in subsidies to create seven
Regional Clean Hydrogen Hubs. In addition, under the 2022 Inflation Reduction Act (IRA), green
hydrogen—hydrogen manufactured with no carbon emissions—will be eligible for a production
tax credit of up to $3 per kilogram (kg) produced. These subsidies are part of the administration’s
Clean Hydrogen Strategy, which calls for manufacturing 10 million metric tons of green hydrogen
per year by 2030 that will be used to reduce carbon dioxide (CO,) emissions from “hard-to-
decarbonize” industries by 25 million metric tons annually.! The administration’s Hydrogen
“Earthshot” program,? launched in 2021, calls for producing green hydrogen at an average cost of
just $1 per kg by 2030, via two distinct processes: electrolysis, using “surplus” wind and solar power;
and reforming methane and capturing the resulting CO, (both processes are explained below).

As this Issue Brief will explain, the Clean Hydrogen Strategy and the accompanying tax credits are
amultibillion-dollar energy boondoggle that is unlikely to be achieved and, even if it is achieved,
will have no measurable impact on climate. The high cost of the production tax credit—$3/kg
is equivalent to $91 per megawatt-hour (MWh), based on the energy content of hydrogen—
is far greater than wholesale electricity prices in the U.S., which in 2023 averaged between
$30/MWh and $50/MWh.

The key problem with using hydrogen as an “energy carrier” is that, unlike coal or natural gas,
hydrogen cannot be extracted directly in elemental form and then used. Instead, hydrogen, like
electricity, must be manufactured. And in contrast to crude oil that must be refined into usable
products like gasoline and diesel fuel, more energy is required to manufacture hydrogen than that
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hydrogen contains. No technology can change this immutable thermodynamic fact. Consequently, and
in contrast to fossil fuels and nuclear power, hydrogen’s “energy return on investment” (EROI),
i.e., the ratio of energy output to energy input, is less than one. Coupled with the additional lost
energy from combusting (burning) hydrogen directly or using it in a fuel cell, hydrogen’s overall

energy efficiency is dismal, making its use as a primary energy carrier self-defeating.

There are two potential reasons to use hydrogen as an energy resource: (1) it is carbon-
free when combusted in pure oxygen (burning hydrogen in air produces oxides of nitrogen
[NOx}); and (2) it can be used as an energy storage medium (such as a battery or hydroelectric
dam). However, in terms of mitigating climate change, the administration’s goal of reducing
CO, emissions by 25 million metric tons per year represents less than two days’ of total
energy-related U.S. CO, emissions in 2022 and less than six hours of world CO, emissions in 2022.
Hence, the Clean Hydrogen Strategy will have no measurable impact on world climate. Moreover,
the costs of manufacturing green hydrogen relative to the resulting CO, reductions from the use
of fossil fuels result in an avoided cost far greater than current values for the so-called social cost of
carbon (SCC)—i.e., the dollar estimate of the economic damage resulting from the emission of a ton
of carbon dioxide into the atmosphere.

Hydrogen may be useful for long-term energy storage as an alternative to batteries. However, the
increased need for stored energy to ensure reliable supplies of electricity is itself an artifact of
government mandates to electrify fossil-fuel end uses, especially vehicles, and replace the generation
of electricity by fossil fuels primarily with intermittent wind and solar electricity.

For those concerned about increasing the availability of zero-emissions energy, nuclear power—
especially, small, modular reactors—represents a more fruitful and potentially cost-effective source,
if some of the existing barriers would be removed.? Moreover, an increased reliance on nuclear
power would avoid the need to increase energy storage.

Ultimately, the announced subsidies for clean hydrogen hubs and the hydrogen production tax
credits in IRA are just the latest in almost a half-century of giveaways for ill-conceived energy
projects that benefit favored constituents at the expense of economic rationality.

The Quest for an Energy
“Holy Grail”

The search to find a virtually unlimited supply of clean, low-cost, and reliable energy is nothing new.
In the 1950s, some claimed that nuclear fission would be the answer. More recently, proponents
of nuclear fusion claim that it will fulfill the promise, although it remains decades away from
commercialization and has remained so for decades.

The current holy grail of energy is hydrogen, the most abundant element in the known universe.
When burned in the presence of pure oxygen, hydrogen’s only by-product is water. Moreover,
the supply of hydrogen supplies is virtually limitless if it is extracted from seawater. So in their
pursuit to reduce carbon emissions, politicians and policymakers are increasingly looking to
“green” hydrogen—hydrogen whose production does not release any carbon emissions. The
intent is to use green hydrogen instead of fossil fuels in industrial applications, as a replacement
for transportation fuels and to generate emissions-free electricity whenever it is needed, using
Dispatchable Emissions-Free Resources (DEFRs)—i.e., electricity that is not intermittent (such
as wind or solar power) but always available on demand. Practically speaking, this will mean
electricity-generating turbines that burn hydrogen rather than natural gas or petroleum.*
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The fundamental problem with using hydrogen as an energy resource, “green” or otherwise, is that
it cannot be extracted directly in elemental form.> Today, almost all hydrogen is manufactured by
“steam methane reforming,”® which uses high-temperature steam in the presence of a methane
source, such as natural gas, to release hydrogen. The problem? This process releases far more CO,
than simply burning natural gas directly.” However, the hydrogen produced today is used almost
exclusively not as an energy carrier but as a feedstock—as a raw material to fuel petroleum refining
and the manufacture of ammonia.?

The other current method to manufacture hydrogen is electrolysis.” This involves running an
electric current through water.!? Today, little hydrogen is manufactured via electrolysis because
it is far more costly to do so than by reforming natural gas. Moreover, unless the electricity used
is generated from zero-emissions resources, electrolysis is not emissions-free.

To encourage the production of green hydrogen and further the U.S. toward a zero-carbon future,
the Biden administration has established several programs. Crucially, the 2021 Hydrogen “Earthshot”
program aims to reduce the cost of manufacturing green hydrogen via methane reforming with
carbon capture, or electrolysis, to just $1 per kilogram by 2030. But $1/kg is about 80% less than the
$5/kg current cost of hydrogen produced by electrolysis.!! By contrast, it costs $1.00-$1.50/kg to
manufacture hydrogen by reforming natural gas without carbon capture, depending, of course,
on the cost of the natural gas itself.

The administration also introduced a production tax credit to subsidize green hydrogen production
as part of the 2022 Inflation Reduction Act (IRA). Under IRA, green hydrogen is eligible for a tax
credit of up to $3/kg.!> Most recently, in October 2023, the administration announced $7 billion
earmarked to create seven green hydrogen manufacturing hubs throughout the country, with a
goal of producing 10 million metric tons of green hydrogen annually by 2030.'3 Several of the
hubs will manufacture hydrogen via electrolysis using wind and solar electricity, while others
will do so by methane reforming using natural gas but supposedly will capture and sequester the
resulting CO, emissions.'*

As the remainder of this Issue Brief discusses, the prospects for manufacturing low-cost,
emissions-free hydrogen by 2030 are unrealistic, barring major technological breakthroughs
and their commercialization.!> Even if such breakthroughs do occur, the physical realities—and
cost—to produce, transport, and store hydrogen make it inherently uneconomic as an energy carrier.

Hydrogen Is a Net-Energy Loser

A fundamental reality of harnessing energy for productive uses—such as transportation, heating and
cooling, and lighting—is that doing so requires energy. For example, petroleum must be extracted,
refined, and transported, which requires energy. Nuclear power requires mining uranium and
processing it into usable fuel. Then there is the energy needed to manufacture furnaces, motors,
and turbines that generate electricity. Next, there is the energy lost when fossil-fuel plants (and
nuclear reactors) generate electricity and losses when electricity is transmitted and distributed
to its final end use.

Absent environmental concerns, the most desirable sources of energy are those that produce the
most energy output for the least amount of energy input.'® (Dispatchability—the availability of
an energy resource when it is needed—is another important attribute.) The ratio between the
amount of energy required to create a usable energy resource and the amount of energy that the
resource provides is called the “energy return on investment” (EROI). EROI is similar in concept
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to a financial return on investment, except that instead of measuring returns in dollars, one uses
measures of energy, such as joules or British thermal units (Btus). (Those measures also can be
converted into kilowatt-hour {kWh} equivalents.)!”

One kilogram of hydrogen (approximately 2.2 pounds) contains the equivalent energy of just
under 40 kWh of electricity, although some of that energy is lost when hydrogen is combusted.
This is known as the “higher heating value” (HHV),!® and it measures the maximum theoretical
amount of energy that can be captured when hydrogen is combusted. However, manufacturing
hydrogen entails additional energy losses. Hydrogen proponents claim that electrolyzers, which
split water molecules into hydrogen and oxygen atoms, will use electricity supplied by surplus
wind and solar generation to produce zero-emissions hydrogen. But electrolyzers are, at most,
80% efficient, meaning that at least 20% of the energy, i.e., the electricity, used is lost in the
manufacturing process.!’

At 80% efficiency, it takes at least 49 kWh of delivered electricity to produce 1 kg of hydrogen.?® (At
70% efficiency, an electrolyzer would require 57 kWh/kg.) Electric transmission and distribution
system losses, such as from distant wind and solar facilities to hydrogen manufacturing facilities,
mean that another 3%-5% more electricity must be generated, depending on transmission distance.
After hydrogen is manufactured, it must be compressed, so that it can be stored and transported.
Typically, hydrogen is pressurized to 350 or 700 bar (a metric measure of pressure; 1 bar is slightly
less than normal atmospheric pressure) or liquefied. Compression to 700 bar, for example, requires
between 5% and 15% of hydrogen’s HHV, or between 2 kWh/kg and 6 kWh/kg.?!

Hence—ignoring the energy required to manufacture the materials needed for an electrolyzer
plant itself; as well as the energy used to construct and maintain an electrolysis facility, including
compressors—a simple and conservative EROI value can be derived (Table 1).

Table 1

Derivation of Direct EROI for Hydrogen (H,) Production by Electrolysis

Energy Input per
Line No. kg of H, in kWh

1 Transmission and Distribution of Electricty 1.5-2.5
from Electric Generating Resource

2 Electrolysis per kg of H, Manufactured 49-57
3 Compression per kg of H, 2-6
4 Total Energy Input per kg of H, 52.5-65.5
5 Useful Energy Output per kg of 33.4
H, (Lower Heating Value)*
6 EROI (5) / (4) 0.51-0.64

*The lower heating value refers to recovered energy from combustion that excludes
any energy recovered from condensation (see n. 18).
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As shown in Table 1, the useful energy contained in hydrogen that is produced via electrolysis is, at
best, just over 60% of the energy required to manufacture it. This contrasts with other dispatchable
fossil fuels and nuclear power, which all have EROIs greater than one, even after including the
energy consumed to manufacture the materials and construct the facilities (Figure 1).2? (The
hydrogen produced by electrolysis also has a much lower EROI than the electricity generated by
non-dispatchable wind and solar energy.)

Figure 1

EROI Values of Hydrogen by Electrolysis vs. Other Generation Sources
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Source: Author calculations of H,; Weissbach et al., “Energy Intensities, EROIs (Energy Returned
on Invested), and Energy Payback Times of Electricity Generating Power Plants,” Energy 52 (April
2013): 210-21; World Nuclear Association, “Energy Return on Investment,” March 2020

Ignoring the potential economic value (discussed next) of energy storage—such as pumped
hydroelectric plants that use cheap electricity produced when demand is low to fill a reservoir
that can then generate high-value electricity when demand peaks—energy resources with EROI
values of less than one have no economic value. Just as no one would agree to spend $100 on an
investment with a negative return, it is foolish for society to invest in any energy resource that
inherently requires more energy to produce than it can provide.??


http://dx.doi.org/10.1016/j.energy.2013.01.029
http://dx.doi.org/10.1016/j.energy.2013.01.029
https://world-nuclear.org/information-library/energy-and-the-environment/energy-return-on-investment.aspx
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Hydrogen as an Energy
Storage Medium

In addition to its value as a carbon-free resource, there is another potential counterargument to
evaluating the economics of green hydrogen that is based solely on its EROI: hydrogen can be used
as an energy storage medium, similar to a battery. Thus, intermittent wind and solar energy could
be used to manufacture hydrogen, which could then be used when and where needed, much as
batteries are envisioned to store wind- and solar-generated electricity. This is not the stated purpose
of the administration’s plan to build hydrogen hubs and use the hydrogen manufactured as a
substitute fuel in industrial applications; nevertheless, using hydrogen to store and release energy
similar to a pumped storage facility (like a hydroelectric dam) might have positive economic value
if the cost of manufacturing and storing the hydrogen is less than its economic value when it is used.

This raises two questions. First, is green hydrogen a more efficient and less costly way to store
energy for future use than a battery or other energy storage technology? Second, is the value of
energy stored using green hydrogen greater than the cost?

The answers to these questions are complex, particularly because there are different types of
batteries and different purposes for storing energy. A similar concept to EROI is called energy
stored on invested energy (ESOI), which compares the amount of energy required to store a given
quantity of energy. Unlike EROI values, ESOI values are always less than one, because not all
stored energy can be recovered. Consequently, stored energy is often called “net energy.” One net-
energy analysis found that the ESOI for hydrogen was higher than that of a lithium-ion battery.?4
Another analysis found that hydrogen storage and batteries should be viewed as complements,
rather than substitutes, with hydrogen better suited for long-term storage but batteries better
suited for small and short-term applications, such as mobile phones.?’

Fossil fuels, water behind hydroelectric storage dams, and uranium all store energy. Fossil fuels
are easily transported and can be used directly or used to generate electricity. Water and uranium
can be converted to electricity. The need for storing vast quantities of hydrogen or electricity in
batteries is a consequence of policies to promote and subsidize intermittent wind and solar power,
along with policies to promote and subsidize electrification of the U.S. economy. Today, the U.S.
still relies primarily on fossil fuels and nuclear power, which obviates the need for battery storage
systems and stored hydrogen to provide energy and electricity.

A broader policy question is whether creating an underlying need for storing energy needed to
compensate for increased reliance on intermittent wind and solar power is economically rational.?®
A complete discussion of that topic is beyond the scope of this Issue Brief. To address the issue,
one would need to perform a benefit-cost analysis that compared the costs of storage (batteries,
hydrogen, etc.) needed to compensate for wind and solar power’s inherent intermittency against
the cost of low- or zero-carbon electricity from generating resources—such as natural gas and
nuclear power—that can be dispatched when needed.
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Green Hydrogen Production Costs
and the Feasibility of the Energy
Department’s “Earthshot” Goal

The U.S. Department of Energy’s Hydrogen Earthshot program is pursuing two paths for low-
cost hydrogen: (1) manufacturing hydrogen with natural gas and capturing the resulting CO,
emissions; and (2) manufacturing hydrogen using electrolysis and surplus electricity generated
from zero-carbon wind and solar generation. Barring the invention and commercialization of
a new technology by 2030 that fundamentally alters how hydrogen is produced, this Issue Brief
concludes that manufacturing 10 million metric tons of green hydrogen for $1/kg is unrealistic,
regardless of the path. Here are the numbers:

Green Hydrogen Production: Natural Gas Reforming

A December 2023 report by the National Energy Technology Laboratory (NETL 2023) discusses
pathways toward $1/kg hydrogen using steam methane reforming (SMR) and advanced methane
reforming (AMR) technologies.?” The report begins with an assumed 2023 baseline levelized cost
for the two technologies,?® including carbon capture, storage, and transport of $1.69/kg of hydrogen
for SMR and $1.64/kg for AMR. Importantly, these costs do not appear to be based on existing
facilities because, in the U.S., there is only one operating SMR plant with carbon capture. That
plant is operated by Air Products and Chemicals, Inc. and is located within an oil refinery in Port
Arthur, Louisiana. However, no cost data are publicly available for that plant.?’

Of these values, about half represents the cost of the natural gas used: $0.85/kg for the former
and $0.80/kg for the latter.3 A breakdown of the remaining costs shows a levelized capital cost
for the assumed SMR plant as $0.34/kg (2020$), $0.40/kg for fixed and variable operating costs,
and $0.10/kg levelized cost to capture, transport, and store the carbon produced. Almost half the
capital costs, 46%, are for carbon capture. Although carbon capture proponents claim that those
costs will decline by 75%,3! a more recent analysis by the International Institute for Sustainable
Development suggests that such predictions are far too optimistic.32

Moreover, a review of the assumptions used in NETL 2023 to calculate levelized costs shows them
to be unrealistic.>® For example, the report assumes a cost of debt of 7.25%, a cost of equity of
5.16%, and a weighted average cost of capital (WACC) of 5.96%. The WACC value is a fundamental
input to levelized cost calculations. However, a review of the 2019 source document# for NETL
2023’ assumptions shows that the authors have made a significant error. Specifically, the source
document, which was prepared before the subsequent increase in interest rates, uses a cost of debt
value of 5.0% and a cost of equity of 10.0%, with an overall WACC of 7.25%.

Because debt holders have a senior claim to a firm’s assets over equity investors, equity investors
will always demand a higher expected return that reflects the higher risk of nonpayment. Moreover,
for a new technology, a cost of equity of 10% is likely far too low, as that rate is more in line with
current allowed equity returns for regulated electric utilities.

The NETL 2023 report also assumes a 30-year lifetime for SMR and AMR plants. However, other
recent studies assume a 20-year lifetime for an SMR plant, with or without carbon capture.®> Using
the 7.5% WACC in the 2019 source document and 20-year assumed life increases the reported
levelized cost by 33%. Using a WACC of 10% increases the levelized capital cost by 62%.
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The NETL “pathways” to $1/kg hydrogen assume that improved technology can reduce capital and
operating costs by about one-third by 2030. For SMR plants, the single largest cost reduction is the
assumed sale of captured carbon, most of which today is (perhaps ironically) used for enhanced
oil recovery. For AMR plants, the largest cost reduction that the NETL assumes is from the sale
of argon, which is produced as a by-product.

Nevertheless, given the erroneous levelized cost calculations, even these assumed costreducing
factors will not achieve the $1/kg goal. Of course, it is possible that financing costs could decrease
significantly, although increasing U.S. deficits render that unlikely. It is also possible that technological
breakthroughs could reduce SMR and AMR costs more than projected. But it is unlikely that
such breakthroughs will be discovered—and, more importantly, commercialized—in the next six
years. Not only are new technologies not developed on a made-to-order, legislative timetable, but
efforts to commercialize technologies typically take many years.

Green Hydrogen Production: Electrolysis

Carbon capture cannot remove 100% of the CO, produced by reforming natural gas; therefore
electrolysis, using emissions-free wind- and solar-generated electricity, is the more touted technology.
But if all the relevant costs are included—the cost of the electrolysis facilities themselves; the
cost of the electricity from wind and solar generators needed to produce hydrogen; the cost of
transmitting that electricity to electrolysis facilities from those wind and solar generators; the
cost of backup battery storage to compensate for the intermittency of wind and solar energy; and
the cost to compress the hydrogen that is manufactured—the Earthshot goal of producing green
hydrogen at $1/kg cannot be achieved. Here are the components:

Plant Costs

If all electrolysis facilities operated around the clock, the total installed electric capacity needed
to produce and compress 10 million metric tons of hydrogen per year, assuming an electric
requirement of 51 kWh/kg of hydrogen (the sum of the low electrolysis and compression values
in Table 1), would be more than 58,000 MW.3¢ Currently, the average cost of an electrolysis facility
is estimated to be $1,000-$1,500 per kW of capacity.>” Even if this cost range decreases by 80%,
to between $200/kW and $300/kW, despite inflation, the resulting capital cost would be $11.6
billion-$17.4 billion, excluding financing costs. Assuming an electrolysis facility lifetime of 27
years, which would include replacing the “stack” —basically a membrane separating an anode and
a cathode that is electrically charged, which causes a chemical reaction that splits water into its
components used to produce the hydrogen twice38—the resulting levelized capital cost, including
financing, would be approximately $0.11/kg of hydrogen produced.?’

Ongoing maintenance costs for electrolysis facilities have been estimated to be about
$40/kW-year or $2.44 billion annually.*° For 10 million metric tons of hydrogen, this is equivalent to
$0.23/kg. If we assume that advances in production technology reduce maintenance costs by half,
a reasonable lower-bound maintenance cost is about $0.12/kg. Thus, electrolysis plant capital and
maintenance costs will total at least $0.23/kg.

Other costs for hydrogen manufactured by electrolysis include:
Electricity Generation
As experience in California demonstrates, the market price of electricity can fall below zero in some

hours when the quantity of electricity supplied is greater than demand. Nevertheless, the costs to
build and maintain the wind and solar generating capacity still exist and must be accounted for.
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Thus, even if] as assumed previously, sufficient additional wind- and solar-power capacity is
constructed—such that the output is devoted solely to hydrogen production—the owners of those
facilities must recover the costs of constructing and operating them. They may sell the electricity
generated into wholesale power markets at the contemporaneous market price, called the “spot”
market price. They may, instead, sign long-term contracts with buyers. But in the long run, they
cannot sell electricity at prices that fail to recover the capital and operating costs of the facilities.

According to the U.S. Energy Information Administration (EIA), the levelized costs of solar and
wind generation, excluding federal tax credits, are about $35/MWh and $40/MWh, or $0.035/kWh
and $0.04/kWh, respectively, in 2022$.4! Consequently, the cost of the electricity needed to produce
and compress green hydrogen at electrolysis plants will be about $2.00/kg.4? Given the increasing
costs of materials needed to manufacture wind turbines and solar cells, it seems unlikely that these
costs will decrease. Moreover, financing costs have increased because interest rates have returned
to more normal levels, rather than the low rates that had persisted since the 2008 financial crisis.

Electricity Storage

No electrolysis facility could be expected to operate only when intermittent supplies of “surplus”
electricity were available. Given the average availability of wind and solar power facilities in the
U.S.,*3 such a facility would be expected to operate only about one-third of the year. Moreover, it
would be impractical and uneconomic to require employees to be “on call” whenever sufficient
wind and solar generation were available and to be idle when there was not enough generation.

To ensure reliable supplies of electricity to electrolysis facilities when wind and solar generation is
not available, electrolysis facilities would require backup capacity, using either battery storage or
DEFRs burning that same green hydrogen. The latter would be an obvious net-energy loser, as it
would require far more hydrogen to fuel the DEFRs than would be produced by the electrolysis
facilities themselves. Hence, facilities to manufacture green hydrogen by electrolysis would require
battery storage to operate continuously. Typical utility-scale battery storage facilities are designed
to provide four hours of backup for each unit of capacity. For example, a 100 MW battery storage
facility is designed to provide up to 400 MWh of electricity. In practical use, battery storage is never
drained below 20% capacity, as this reduces battery life, which implies that a 400 MWh storage
facility would supply only 320 MWh.

In 2022, the average cost of a typical, four-hour battery storage system was estimated to be
$446/MWh (2021$), based on a 60 MW battery capacity.** According to EIA, the levelized cost of
battery storage placed into service in 2028 will average about $130/MWHh, or $0.13/kWh.%> Even
if technological advancements reduce the 2028 EIA estimate by half; the levelized battery storage
costs per kg of green hydrogen would be about $3.50 for 48 hours of battery storage capability
and $0.875 for 12 hours.*®

In addition, the electricity generated by wind and solar power will need to be transported to the
electrolysis facilities themselves. According to EIA, the average cost of electricity transmission
alone (ignoring local distribution costs) ranges between $0.01 and $0.04/kWh.#” Thus, simply
transmitting the necessary electricity would cost between $0.54/kg and $2.16/kg. Furthermore,
accommodating the increase in wind and solar generation needed to provide electricity for green
hydrogen production will require doubling the transmission grid, which will increase electric
transmission costs.

The transmission costs do not include the costs associated with electric utilities’local distribution
networks. Those costs are higher still, between $0.04/kWh and $0.06/kWh.#8 Presumably, therefore,
no electrolysis plants would be connected to any local utility distribution network. Instead,
the plants would need to be connected directly to the high-voltage transmission grid, much as
aluminum smelters in the Pacific Northwest were decades ago.
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Compression and Storage

Because hydrogen’s density is so low, it must be compressed to be usable. (It must also be compressed
to be transported economically.) Alternatively, hydrogen can be liquefied for transport. In either
case, the largest cost is for the compressors themselves, plus the electricity required to operate the
compressors and maintain cooling in storage containers. Compression is a mature technology,
and the energy required to compress hydrogen is a function of hydrogen’s density. Hence, it is
unlikely that there will be major technological advances that significantly improve compressor
efficiency and reduce costs.

Based on 2 kWh-6 kWh of electricity needed to compress each kg of hydrogen and the estimated
levelized cost of wind and solar power, compression costs range between $0.08/kg and $0.24/kg.

Summary of Green Hydrogen
Production Costs

In total, even under highly optimistic assumptions, the actual cost to produce green hydrogen is
unlikely to fall much below $3/kg, even when needed battery storage costs to overcome wind and
solar intermittency are excluded. When that cost is included, the cost to produce green hydrogen
increases to $3.62/kg—$8.85/kg (Table 2).

Table 2

Summary of Green Hydrogen Production Costs

Cost
Line No. Item $/kgof H,
Low High

1 Electrolysis Facility Capital Cost $0.11 $0.55
($200/kW-$1,000/KkW)

2 Fixed Operation and $0.12 $0.24
Maintenance Costs ($/kg)

3 Wind and Solar Cost ($0.04/ $1.89 $2.16
kWh, unsubsidized)

4 Transmission Cost ($0.01/ $0.54 $2.16
kWh-$0.04/kWh)

5 Hydrogen Compression $0.08 $0.24
Cost (2 kWh-6 kWh)

6 Subtotal (Lines 1-5), Assuming $2.74 $5.35
No Battery Storage Costs

7 Battery Storage Cost ($0.13/kWh, $0.88 $3.50
unsubsidized, 12-48 hours)

8 Total with Battery Storage $3.62 $8.85

Source: Author’s calculations

10
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The low-end values for the electrolysis facility capital and maintenance costs, plus the costs
to transmit electricity to those facilities (lines 1, 2, and 4) total $0.77/kg. Hence, to meet the
$1/kg goal, the cost of the electricity needed would need to be, at most, $0.23/kg (excluding
the costs for any battery storage and all compression costs). Even assuming a technological
advance in electrolysis efficiency to 95% from 80%, which would reduce the electricity needed to
42 kWh/kg of hydrogen from 49 kWh, the average cost of electricity would have to be about one-
half of one cent per kWh ($5.00/MWh). However, that is about 20% of the unsubsidized levelized
cost of wind and solar power. Operation and maintenance costs alone for onshore wind turbines
are about $0.011/kWh ($11/MWh).4® Even maintenance costs for solar photovoltaic systems
are higher than the maximum electricity cost needed to meet the U.S. Department of Energy’s
Earthshot goal—$1/kg production.>®

Finally, the hydrogen produced must be transported to facilities where it will be used. This will
entail yet more costs unless those facilities are co-located with electrolysis plants. Current estimates
are $2.3 million—$4.5 million per kilometer (km) to build a hydrogen pipeline, depending on
its size.>! For example, the planned 53,000 km European hydrogen “backbone,” which calls for
repurposing 30,000 km of existing natural gas pipelines and building over 20,000 km of new
hydrogen pipelines, has an estimated cost of $80 billion—$140 billion.>? One estimate for the
cost of transporting hydrogen in a 1,000 km pipeline is about $0.50/kg.>3 (The government’s
$1/kg goal ignores transportation costs.)

Green Hydrogen’s Negligible
Impact on Carbon Emissions

As a result of these expenditures and government subsidies, the administration hopes to reduce
CO, emissions by 25 million metric tons annually by 2030. By comparison, in 2022, U.S. energy-
related CO, emissions totaled just over 4.8 billion metric tons, and world energy-related CO,
emissions totaled about 34.4 billion metric tons.>* Thus, the administration’s goal represents less than
two days’ of this country’s 2022 CO, emissions and just six hours of world emissions. Such a reduction
would have no measurable impact on world climate, especially as emissions from China and India continue
to increase rapidly.

The implied costs of CO, emissions reductions associated with the Clean Hydrogen Strategy, which
calls for manufacturing 10 million metric tons of green hydrogen per year by 2030—also are much
greater than estimates of the social cost of carbon (SCC). In other words, the cost to achieve the
projected CO, reductions from substituting green hydrogen in industrial applications is greater
than the estimated value using the SCC.

Green hydrogen is most likely to replace natural gas as a feedstock for industrial manufacturing
applications (e.g., cement) because coal is rarely used as an energy resource in those applications.
In 2022, non-electricity-producing industrial plants consumed about 42 million tons of coal, less
than 10% of total U.S. coal consumption. The energy content of the coal consumed was about 845
trillion Btus (TBtus).>> By contrast, the industrial-sector consumption of natural gas, excluding
consumption in industrial cogeneration facilities that produce electricity, was 8,537 TBtus, 10
times larger.>®

11


https://www.hydrogen.energy.gov/clean-hydrogen-strategy-roadmap.html?utm_medium=print&utm_source=hydrogen-doe&utm_campaign=strategy
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Consider: 1 kg of natural gas produces 2.75 kg of CO, when burned. However, the heat content
of natural gas per kg is about 35% that of hydrogen. In other words, burning 1 kg of hydrogen
produces as much energy as burning just under 3 kg of natural gas. Thus, burning 1 kg of green
hydrogen manufactured using only emissions-free electricity (i.e., generated from wind and solar
power) would avoid about 7.9 kg of CO,>”

The $3/kg subsidy for green hydrogen offered under IRA is thus equivalent to a price of
$375/metric ton of COZ,58 whereas the current SCC value is $51/metric ton. (The administration
has proposed raising that value to $191/metric ton.)>® Thus, the green hydrogen subsidy substantially
overvalues CO, reductions.

The effective CO, reduction cost also can be estimated based on the difference between the
average market price of natural gas and the estimated production cost of green hydrogen,
excluding the costs of transportation to industrial end-use locations. The average market price of
natural gas at Henry Hub in southern Louisiana, which is the most common pricing point for
natural gas, was $2.53 per million Btus (MMBtus) in 2023. Based on an average heat content for
natural gas of approximately 40,000 Btus/kg, the average price is equivalent to about $0.10/kg.

Using the optimistic estimate of green hydrogen production cost of $2.74/kg from Table 2 (excluding
all battery storage costs that would enable an electrolysis plant to operate on a regular schedule),
the difference in costs between natural gas and green hydrogen is $2.64/kg. Hence, if 1 kg of green
hydrogen avoids 7.86 kg of CO, from natural gas, the avoided CO, cost is about $340 per metric
ton.®% If minimal battery storage costs are included, raising the cost of green hydrogen to the
$3.62/kg value shown in Table 2, the cost difference between natural gas and green hydrogen
increases to $3.51/kg and the resulting avoided CO, cost increases to $447 per metric ton, more
than double the $191 SCC price proposed by the Biden administration and 800% higher than
the current $51 per metric ton price.

Since 2000, the highest average annual Henry Hub price for natural gas was $8.86/MMBtus (in
2008). Even at that historically high price, which is equivalent to about $0.35/kg, the difference
in costs between natural gas and hydrogen would be at least $2.39/kg, and the avoided CO, cost
would be about $305/metric ton. To reach the current SCC value of $51/metric ton, the average
price of natural gas would have to increase to $2.36/kg or $59/MMBtu.

Conclusion

As this Issue Brief has shown, the stated goal of producing green hydrogen at a cost of just $1/kg
is unrealistic, even assuming large gains in the efficiency and reductions in costs of electrolyzers.
The claim that surplus wind and solar energy will be available to produce this hydrogen ignores
basic economic principles. Not only would huge quantities of new wind and solar capacity have to
be built, but the increased demand for electricity—caused by the amount of hydrogen production
envisioned by the Biden administration’s Clean Hydrogen Project—would raise wholesale electricity
prices. Including the costs of transmitting electricity to electrolysis facilities, as well as the costs
of compressing and storing the hydrogen that is produced, raises the costs still further. Unless
electrolysis facilities were operated only when surplus wind and solar power was available, and
sat idle otherwise, large quantities of battery storage will be needed to enable those facilities to
operate, if not around the clock, at least on a regular schedule.

12
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More fundamentally, hydrogen, green or otherwise, is not a useful dispatchable energy resource
because it requires more energy to produce than it can provide. That is an immutable thermodynamic
fact. Barring the discovery of large quantities of elemental hydrogen on earth that can be extracted
at low cost, it simply makes no sense to develop such net-energy sinks, whether or not they are
“emissions-free”

The contribution of hydrogen to the reduction of CO, emissions will be negligible and have
no measurable impact on world climate. Moreover, the cost per ton of reduced CO, far exceeds
estimates of the social cost of carbon, meaning that the cost of carbon reductions exceeds the
value of those reductions. Hence, pursuing green hydrogen production, regardless of its EROI, to
reduce CO, emissions makes no economic sense.

Given these facts, the ineluctable conclusion is that all hydrogen-related subsidies are best
abandoned. Instead, the focus should be on streamlining the process for licensing new nuclear
plants—especially, small, modular ones—and investing in research and development efforts to
reduce the cost of those nuclear plants. These plants will be scalable, will not require costly backup
and storage, and can be sited near load centers, thus avoiding costly transmission system upgrades.
Finally, in addition to producing emissions-free electricity, nuclear plants have the highest EROI
values of any existing energy resource, a critical factor if the world’s increasing demand for energy
is to be met cost-effectively.

13
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Endnotes

See “U.S. National Clean Hydrogen Strategy and Roadmap,” Energy.gov, June 2023; “Biden-
Harris Administration Announces $7 Billion for America’s First Clean Hydrogen Hubs,
Driving Clean Manufacturing and Delivering New Economic Opportunities Nationwide,”
Energy.gov, Oct. 13, 2023.

“Hydrogen,” Energy Earthshots, U.S. Dept. of Energy, Office of Energy Efficiency & Renewable
Energy, June 7,2021.

One regulatory barrier is the Nuclear Regulatory Commission’s multiyear process for
approving new reactor designs and licensing new plants.

DEFRs do not exist today. The most common assumption is that they will be the equivalent
of today’s gas turbine generators, except that they will burn pure hydrogen. See, e.g., Jonathan
Lesser, “An Economically Rational Energy Policy for the United States,” Manhattan Institute,
Mar. 30, 2023. The New York Independent System Operator projects that it will need up
to 45,000 megawatts of DEFRs by 2040 to ensure that the lights stay on. See “2021-2040
System & Resource Outlook (The Outlook),” Report from the New York Independent System
Operator, Sept. 22, 2022.

There are claims that large quantities of elemental hydrogen exist in the Earth’s crust.
However, no commercial extraction efforts have been made. See Eric Hand, “Hidden
Hydrogen,” Science, Feb. 16, 2023.

For a description of the chemical process, see U.S. Dept. of Energy, “Hydrogen Production:
Natural Gas Reforming?”

Producing 1 kg of hydrogen using steam reforming of natural gas (methane) produces
8-10 kg of CO.. See “GH2 Facts: CO2 Emissions per kg of Hydrogen Depending on the
Method of Production,” Hydrogen Newsletter, Jan. 17, 2023. Direct combustion of 1 kg of
natural gas [by methane reforming] produces 2.75 kg of CO:. See “Combustion of Fuels—
Carbon Dioxide Emission,” EngineeringToolbox.com.

A small quantity of hydrogen is used in hydrogen-powered vehicles. In the U.S., virtually
all these vehicles, about 12,000, are located in California.

Additional technologies, such as autothermal reforming, have been developed, as well
as technologies that are being researched; see Shannon McNaul et al., “Hydrogen Shot
Technology Assessment: Thermal Conversion Approaches,” National Energy Technological
Laboratory, Dec. 5,2023 (hereinafter, NETL 2023). The report shows pathways to a potential
$1/kg production cost with carbon capture, based on assumed technology improvements
and the single largest source of cost reductions: the sale of captured CO:. The largest current
application of captured CO: is injection into wells to enhance crude oil recovery.

For a description, see U.S. Dept. of Energy, “Hydrogen Production: Electrolysis.” See also
Muhammet Kayfeci, Ali Kegebas, and Mutlucan Bayat, “Hydrogen Production,” in Solar
Hydrogen Production: Processes, Systems, and Technologies, ed. Fransisco Calise et al. (New York:

Academic Press, 2019), 45-83.

U.S. Dept. of Energy, Office of Energy Efficiency & Renewable Energy, “Hydrogen Shot.”
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Under IRA, the amount of the tax credit depends on the amount of CO: produced per kg
of hydrogen. The full $3/kg credit applies if the amount of CO: produced is less than 0.45
kg. No tax credit is available for any method that results in more than 4.0 kg of CO:per kg
of hydrogen.

Scott Patterson and Amrith Ramkumar, “Hydrogen Subsidy Spree Kicks Off with $7 Billion
in Federal Grants,” Wall Street Journal, Oct. 13, 2023.

Sequestering carbon means storing it, rather than having it be emitted into the atmosphere.
Although planting trees is one way to sequester carbon, the amounts that advocates seek
to sequester will require permanent storage underground.

For example, MIT researchers have invented a process whereby heat from the sun is used
to produce hydrogen in a process called “artificial photosynthesis.” See Jennifer Chu, “MIT
Design Would Harness 40% of the Sun’s Heat to Produce Clean Hydrogen Fuel,” MIT News,
Oct. 16, 2023. But to capture the sun’s heat would require using concentrated solar power
systems, such as the 329 MW Ivanpah facility in southern California, which have proved
to be high-cost and plagued by operational failures. See Sarah Zhang, “A Huge Solar Plant
Caught on Fire, and That’s the Least of Its Problems,” Wired, May 23, 2016.

Typically, EROI measures ignore issues associated with intermittency and the economic
value of the energy produced.

One kWh has 3.6 million joules (3.6 MJ) or 3,412 Btus.

The actual HHV is 39.4 kWh/kg. The HHV assumes that all the energy from the hot water
that results when hydrogen is burned is recovered through condensation. The “lower heating
value” (LHV) excludes this energy and is approximately 33.4 kWh/kg. Many natural gas
furnaces do not capture the heat from condensation, so their efficiency is based on the
LHV. For additional discussion as it relates to hydrogen fuel cells, see K. W. Harrison et al.,
“Hydrogen Production: Fundamentals and Case Study Summaries,” National Renewable
Energy Laboratory, January 2010.

International Energy Agency (IEA), “Electrolysers,” July 10, 2023. One manufacturer, Hysata,
claims to have developed a technology that is 95% efficient. See Loz Blain, “Record-Breaking
Hydrogen Electrolyzer Claims 95% Efficiency,” New Atlas, Mar. 16, 2022. The company is
supposed to build a small facility to test the technology at a commercial scale sometime in
2024.

Calculated as: 39.4 kWh /0.80 = 49.25 kWh.

Ahmed Elberry et al., “Large-Scale Compressed Hydrogen Storage as Part of Renewable
Electricity Storage Systems,” International Journal of Hydrogen Energy 46, no. 20 (April 2021):
15671-690. The theoretical minimum amount of energy required to compress hydrogen
to 700 bar is 1.36 kWh/kg. The theoretical minimum to liquefy hydrogen is 3.9 kWh/kg,
but the actual energy requirement is between 7 kWh/kg and 12 kWh/kg. See Monterey
Gardiner, “Energy Requirements for Hydrogen Gas Compression and Liquefaction as Related
to Vehicle Storage Needs,” Hydrogen and Fuel Cells Program Record, U.S. Dept. of Energy,
July 7, 2009.

There are numerous studies of EROI values. Depending on the assumptions made, those
values can differ widely. For a discussion, see D. Weissbach et al.,“Energy Intensities, EROIs
(Energy Returned on Invested), and Energy Payback Times of Electricity Generating Power
Plants,” Energy 52 (April 2013): 210-21. They estimated an EROI of about 30 for a mine-mouth
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coal plant and an EROI of 75 for a nuclear plant. The World Nuclear Association cited
studies of EROI (including Weissbach et al.) showing nuclear EROIs between 29 and 81
and natural gas EROI values between 5 and 28. See the association’s “Energy Return on
Investment,” updated March 2020.

This does not negate hydrogen’s importance in petroleum refining and in the production of
ammonia used to manufacture fertilizer, which currently account for almost all hydrogen
use. In those cases, however, hydrogen’s function is not to provide useful energy, much as
cement is important in constructing buildings.

Matthew Pellow et al., “Hydrogen or Batteries for Grid Storage? A Net Energy Analysis,”
Energy & Environmental Science 8 (2015): 1938-52.

José Manuel Andujar et al., “Batteries and Hydrogen Storage: Technical Analysis and
Commercial Revision to Select the Best Option,” Energies 15, no. 17 (2022): 6196.

In economic terms, this can be viewed as a problem of the “second best.” If we assume
that the U.S. economy will be “electrified” and that the needed electricity will be supplied
primarily by wind and solar generation, some form of storing electricity will be needed to
have a well-functioning economy. The issue then would be to determine what mix of short-
and long-term energy storage would be the most efficient.

NETL 2023.

Levelized cost is an economic concept. It refers to equal payments over time, in nominal
dollars, such as a typical fixed mortgage payment, or in real, inflation-adjusted dollars. The
reported values in the NETL 2023 report are real levelized costs. Hence, the nominal cost
increases at the assumed rate of inflation, which the analysis assumes will be 2.01%, based
on the average inflation rate from 2001 to 2018.

The company has announced that it is investing $4.5 billion in a new SMR plant, slated for
completion in 2026, that will produce about 1.8 million kg of hydrogen per day and capture
90% of the carbon emissions. It is also building a $1.6 billion plant in Alberta (Canada) that
will capture 95% of carbon emissions; it is supposed to be operational sometime in 2024.

NETL 2023, p. 13, exhibit 7.

DNV GL Energy, “Potential for Reduced Costs for Carbon Capture, Transport and Storage
Value Chains (CCS),” Feb. 28, 2020.

Katrin Sievert, Laura Cameron, and Angela Carter, “Why the Cost of Carbon Capture and
Storage Remains Persistently High,” International Institute for Sustainable Development,
Sept. 7,2023.

NETL 2023, p. 61, exhibit A-40.

The source for these assumptions is listed as a 2019 report, “QGESS: Cost Estimation
Methodology for NETL Assessments of Power Plant Performance.”

Mary Katebah, Ma'moun Al-Rawashdeh, and Patrick Linke, “Analysis of Hydrogen Production

Costs in Steam-Methane Reforming Considering Integration with Electrolysis and CO:
Capture,” Cleaner Engineering and Technology 10 (October 2022): 100552.

16


https://world-nuclear.org/information-library/energy-and-the-environment/energy-return-on-investment.aspx
https://world-nuclear.org/information-library/energy-and-the-environment/energy-return-on-investment.aspx
https://world-nuclear.org/information-library/energy-and-the-environment/energy-return-on-investment.aspx
https://pubs.rsc.org/en/content/articlelanding/2015/ee/c4ee04041d
https://doi.org/10.3390/en15176196
https://doi.org/10.3390/en15176196
https://www.netl.doe.gov/projects/files/HydrogenShotTechnologyAssessmentThermalConversionApproaches_120523.pdf
https://ccsnorway.com/app/uploads/sites/6/2020/07/Report-Cost-reduction-curves-for-CCS-Gassnova-version-2b-1.pdf
https://ccsnorway.com/app/uploads/sites/6/2020/07/Report-Cost-reduction-curves-for-CCS-Gassnova-version-2b-1.pdf
https://www.iisd.org/system/files/2023-09/bottom-line-why-carbon-capture-storage-cost-remains-high.pdf
https://www.iisd.org/system/files/2023-09/bottom-line-why-carbon-capture-storage-cost-remains-high.pdf
https://www.netl.doe.gov/projects/files/QGESSCostEstMethodforNETLAssessmentsofPowerPlantPerformance_022621.pdf
https://www.netl.doe.gov/projects/files/QGESSCostEstMethodforNETLAssessmentsofPowerPlantPerformance_022621.pdf
https://doi.org/10.1016/j.clet.2022.100552
https://doi.org/10.1016/j.clet.2022.100552
https://doi.org/10.1016/j.clet.2022.100552

17

Green Hydrogen: A Multibillion-Dollar Energy Boondoggle

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Calculated as: {(49 kWh production + 2 kWh compression)/kg} x (1010 kg) / 8,760 hours =
58,219 MW. If plant efficiency could be boosted to 95%, then each kg would require 43 kWh
of electricity (41 kWh for electrolysis and 2 kWh for compression) and the needed capacity
would be 49,086 MW.

James Vickers, David Peterson, and Katie Randolph, “Cost of Electrolytic Hydrogen Production
with Existing Technology,” U.S. Dept. of Energy, Sept. 22, 2020.

The U.S. Dept. of Energy shows an ultimate target of an 80,000-hour lifetime for a membrane
stack, or about nine years if operated continually. See “Technical Targets for Proton Exchange
Membrane Electrolysis.”

This assumes no performance degradation over the stack lifetime. The levelized cost is
calculated as the annualized payment for a $14.5 billion investment (based on an average
of the low and high capital costs above) for 27 years, using a 7% cost of capital, and divided
by annual production of 10 billion kg of hydrogen.

Adam Christensen, “Assessment of Hydrogen Production Costs from Electrolysis: United
States and Europe,”a report prepared for the International Council on Clean Transportation,
June 18,2020 (58 million kW x $40/kW-year = $2.32 billion/year).

U.S. Energy Information Administration (ETA), “Levelized Costs of New Generation
Resources in the Annual Energy Outlook 2023,” March 2023. The EIA levelized cost analysis
underestimates these costs by assuming that solar and wind facilities have a 30-year economic
lifetime. This is likely an overestimate, as wind turbine life is generally considered to be
20 years. See Lisa Ziegler et al., “Lifetime Extension of Onshore Wind Turbines: A Review
Covering Germany, Spain, Denmark, and the UK,” Renewable and Sustainable Energy Reviews
82 (February 2018): 1261-71; and Gordon Hughes, “Wind Power Economics: Rhetoric and
Reality,” Renewable Energy Foundation, Nov. 30, 2020.

Assuming 53.5 kWh/kg for production and compression, the resulting cost range is
$1.89/kg—$2.16/kg.

See, e.g., Lee Miller and David Keith, “Corrigendum: Observation-Based Solar and Wind
Power Capacity Factors and Power Densities,” Environmental Research Letters 14, no. 7 (July
2019). Annual capacity factors also can be calculated using electricity generation and installed

capacity data published by EIA.

National Renewable Energy Laboratory, 2023 Energy Technology Baseline, “Utility Scale
Battery Storage,” July 15, 2023.

EIA, “Levelized Costs of New Generation Resources in the Annual Energy Outlook 2023,
April 2023.

Calculated as: (($0.13/kWh) /2) x 53.5 kWh/kg = $3.48/kg.

EIA, Annual Energy Outlook 2023, table 54, March 2023.

Ibid.

Ryan Wiser, Mark Bolinger, and Eric Lantz, “Assessing Wind Power Operating Costs in the

United States: Results from a Survey of Wind Industry Experts,” Renewable Energy Focus 30
(September 2019): 46-57.
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Ryan Wiser, Mark Bolinger, and Joachim Seel, “Benchmarking Utility-Scale PV Operational
Expenses and Project Lifetimes: Results from a Survey of U.S. Solar Industry Professionals,”
Lawrence Berkeley Laboratory, June 2020.

Statista, “Estimated Capital Spending for New and Retrofitted Pipelines for Hydrogen Use
Worldwide in 2021, by Pipeline Type,” June 22, 2021.

European Hydrogen Backbone, “Estimated Investment and Cost,” 2023.

G.Di Lullo et al., “Large-Scale Long-Distance Land-Based Hydrogen Transportation Systems:
A Comparative Techno-Economic and Greenhouse Gas Emission Assessment,” International
Journal of Hydrogen Energy 47, no. 83 (October 2022): 35293-319. This paper shows that a
lower-cost alternative is to produce ammonia, transport it, and then recover hydrogen from
the ammonia. Of course, the conversion process requires additional energy. Moreover, it
releases CO2, which would be inconsistent with producing emissions-free green hydrogen.

Energy Institute, Statistical Review of World Energy 2023.

According to EIA, “What Is the Heat Content of U.S. Coal?” Nov. 29,2023, 1 ton of coal has
a heat content of 20.1 million Btus.

EIA, “Natural Gas Consumption by End Use,” Nov. 30, 2023.

The energy value of hydrogen is 120 million joules (M]) per kg (~114,000 Btus) and the
energy value of methane is 42 MJ/kg (~40,000 Btus). Hence, 1 kg of hydrogen has the
same energy as 2.86 kg of methane. At 2.75 kg of CO: per kg of methane, the result is
2.75 x 2.86 = 7.86 kg CO: avoided per kg of hydrogen.

Calculated as: ($3,000 / metric ton of hydrogen) / (7.86 metric tons avoided CO-) = $375/
metric ton.

U.S. Environmental Protection Agency, “EPA External Review Draft of Report on the
Social Cost of Greenhouse Gases: Estimates Incorporating Recent Scientific Advances,”

September 2022.

Calculated as: ($2.64 / $7.86) x 1,000 = $336 per metric ton.
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