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Hydrogen
Offers Solutions
Hydrogen is a carbonless fuel that perfectly

adopt it as a solution? The answer is cost. Having yet to
achieve meaningful scale or market applications in the
industrial or power generation sectors, clean hydrogen
is presently not competitive with other forms of fuel
without additional incentives.

complements—and even accelerates—
the integration of renewables and the
electrification of end-users to mitigate the
effects of greenhouse gases (GHG). As a result,
hydrogen increasingly is viewed as a critical
element in the decarbonization of energy
production and as an exportable means of
energy storage.
The global energy industry is looking to clean hydrogen,
generated with renewable energy or using carbon
capture technologies, as an essential element on the
road towards decarbonization and climate neutrality.
Lauded for its utility across numerous energy-intensive
applications, hydrogen provides technologically and
financially viable pathways as a zero-carbon fuel,
feedstock and energy carrier, and as a method of energy
storage for surplus renewable energy. Additionally,
hydrogen can leverage existing fossil gas infrastructure,
in that it can be shipped, stored and used as fuel, all
without major impacts to the existing value chain.
But with hydrogen boasting such clear potential
advantages as global temperatures rise, why isn’t the
energy industry implementing sweeping changes to

Although the future is becoming clearer, given the
scale of the investments required to harness hydrogen’s
potential, there is still ambiguity when it comes to
navigating the financial pathways that will put hydrogen
on a profitable path forward.
To help move hydrogen along its course, Black & Veatch’s
2021: Market Dynamics of Hydrogen eBook examines the
market forces and cost considerations surrounding this
technology. Understanding these market dynamics will
help energy producers and consumers alike take an
active role in making hydrogen a viable low- to no-carbon
energy solution in the future.

Essential elements on the road towards
decarbonization and climate neutrality.
Clean
Hydrogen
Generation
Renewable
Energy

Carbon Capture
Technologies

The Many Colors
of Hydrogen
The main goal of implementing hydrogen solutions
into the energy mix is to lower carbon intensity in an
economical and equitable way, while boosting overall
access to clean energy. There are multiple options when
it comes to making hydrogen prices more attractive;
it doesn’t have to just be “green.” Clean hydrogen can
also be produced using multiple pathways with carbon
mitigation—in fact, many of these alternative pathways
currently have better economics than the green option.
Capitalizing on the multiple options to produce
hydrogen with a low-carbon intensity at the best cost
will only help accelerate economies of scale that
make hydrogen usage more economical.
Some production pathways don’t cleanly fit into these
categories. As an example, capturing and generating
hydrogen from wastewater byproducts is a viable lowcarbon intensity pathway.

the byproduct of
industrial processes
such as chlor-alkali
electrolysis
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The Expansive Hydrogen
Ecosystem
So where does hydrogen play? Everywhere energy
production or use requires reductions in GHG.
The most recognized end uses for hydrogen are for use
directly as a fuel for transportation (e.g., in fuel cell electric
vehicles), for process heat and for power generation.
Yet the uses of hydrogen extend well beyond simply
using hydrogen directly as a fuel. Clean hydrogen can be
converted to ammonia (typically referred to as “green”
or “blue” ammonia) for use as a chemical feedstock,
fertilizer or even as an energy carrier.
Hydrogen can be used to hydrogenate toluene
into the liquid organic hydrogen carrier (LOHC)
methylcyclohexane, another energy carrier. Hydrogen
also can be used to create multiple synthetic fuels,
typically referred to as e-fuels when generated using
green hydrogen, ranging from methanol to gasoline and
sustainable aviation fuel.

Typically, the most economically beneficial projects
consider the broader hydrogen value chain or ecosystem,
coupling sectors in the generation, storage or conversion,
and use of hydrogen and downstream projects.

Sector Coupling
Recognizing its versatility, hydrogen has been
nicknamed the “Swiss Army knife of fuels.” Sector
coupling seeks to take advantage of this versatility to
improve the overall economics of utilizing hydrogen.
The economics are now coming into play for mediumand heavy-duty fuel cell electric vehicles, which are
complementing battery-enabled EVs for light-duty
vehicles that represent a growing share of the everyday
passenger vehicle market.

Hydrogen
Value Chain

Source: Black & Veatch
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Constant innovation and economies of scale are
expected to drive clean hydrogen costs below USD$2
per kilogram and potentially to less than USD$1 per
kilogram, which will help open the door for most
applications in the hydrogen ecosystem.
It also can be the low-carbon fuel of choice for the
production of energy-intensive materials such as
steel, cement and certain chemicals, though currently
resulting in higher price points for these products.
However, these energy-intensive industries operate at
enormous scale, so early adoption of clean hydrogen
will only further drive down costs to help additional
applications become economical for hydrogen use.

These social licenses are not self-awarded, as they
require trust and legitimacy on the part of those
affected, and missteps have grave consequences. For
example, Shell lost its social license to operate in the
Niger Delta after claims of environmental pollution,
the Deepwater Horizon oil spill deeply impacted BP’s
operations in the Gulf of Mexico, and the Chinese
corporation CPI ran into trouble when building a dam to
allow for electricity generation in Myanmar.
By offering hydrogen as a cleaner, more sustainable
solution that can help protect communities from
damaging emissions, stakeholders will be able
to guarantee their social license to operate while
accelerating hydrogen’s adoption and long-term viability.

Looking at where hydrogen technology is today,
prevailing wisdom indicates that while it may not
be a direct offset for coal or gas, this may change
in the future. Plus, using hydrogen in these energyintensive markets will help ensure their social license
to operate—a key concept when it comes to businesses
respecting the rights of those in the communities
surrounding their operations.
6

Decarbonizing
Transportation
Through Hydrogen
Many municipalities, states, utilities, public service
providers, businesses and industries are working to
decarbonize their transportation systems as they
pursue, to net-zero emissions between 2030 and 2050.
Zero-emission vehicles (ZEVs) such as EVs and hydrogen
fuel-cell EVs (FCEVs) will be a big part of the strategy.
Transportation and electricity are becoming increasingly
intertwined, which allows fleet operators to decarbonize
their fleets, build their energy resilience and economize
the cost of energy.
By enabling FCEVs, hydrogen will play a key role
in decarbonizing transportation going forward.
Launched earlier this year, Black & Veatch’s eBook, Fleet
Decarbonization: A Guide to Cost-Efficient Zero-Emission
Vehicle Transition, addresses the growing use of electricity
and hydrogen as fuels.
Several trends in hydrogen are helping to increase
market momentum for automakers, domestic regional
supply/maintenance markets, and charging and
hydrogen fueling infrastructure providers:
●

●

Renewable Energy Growth. Electricity supply is the
largest cost factor of green hydrogen and a critical
resource for EV charging. To support EV and FCEV
adoption, the U.S. will need two to eight times the
electricity generated today and adequate distribution
infrastructure to move electricity to the “right” places,
according to the North American Council for Freight
Efficiency.
Renewable Energy Costs. The Hydrogen Council reports
that renewable power increasingly is cheaper than
fossil fuels, which will help scale renewable hydrogen
production, slashing production costs 30 to 60 percent by
2030.

●

Record-Breaking Infrastructure Deployment. Depot,
on-route and corridor networks continue to expand.
Investors are backing FirstElement Fuel to quadruple
their retail capacity, while on the charging side, the Wall
Street Journal found that regulators in 24 states approved
$2.6 billion for utility investment in transportation
electrification.

“Use of hydrogen in the U.S.
transportation sector alone could reduce

70

%

of carbon emissions,

41

%

38

%

of nitrogen oxide
emissions,

of hydrocarbon
emissions, and

30%

of human-generated
carbon dioxide (CO2)
emissions.”
Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001
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Which Zero-Emission Vehicles are Best
for Fleet Decarbonization?
Fleet operators are making the switch from diesel to ZEVs and assessing EVs and FCEVs as decarbonization options.
Each technology is viable, so the best decarbonization plan may be the one that provides flexibility for both EVs and
FCEVs, optimized for different duty cycles, uses and locations. As battery technology advances, some use cases may
be serviceable by both EVs and FCEVs.
Oil companies and international energy companies have entered the ZEV space, and their expertise could advance
green hydrogen networks and make them available for fleet use.
Hydrogen Fuel-Cell Electric Vehicles

Electric Vehicles

Excel on long-distance routes or routes with
frequent stops and heavy payload

Excel on shorter routes
with fewer stops

Require less electric power than EVs unless onsite hydrogen production is planned

Require power infrastructure and utility
interconnection with adequate capacity

Can climb hilly terrain, steep grades, and can
traverse variable terrains depending on fleet
profile, road conditions and route length

Perform best on flat roads
Can traverse variable terrains depending on
fleet profile, road conditions and route length

Perform best with variable routes, payload,
harsh weather

Perform best with
predictable duty cycles

Can handle all types of weather,
hot or cold

Warm to moderate temperatures are ideal
because batteries drain more quickly
in cold climates

Range

Power

Terrain

Predictability

Climate

Operational
Efficiency
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Fast refill times,
which increase operation uptime

Cost-efficiency increases when charging times
and duty cycles are repetitive and predictable
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Hard-to-Abate
Industries
Perhaps the greatest hope for hydrogen comes
from its potential to help decarbonize hard-toabate applications and industries. Not only can it
help decarbonize fleets, as discussed in Chapter 4,
Decarbonizing Transportation Through Hydrogen, but
it can be used in several other applications, from
serving as the low-carbon fuel of choice in the
production of energy-intensive materials such as
cement, steel and chemical production; to playing
a role in heavy industries such as mining; to
creating synthetic fuels ranging from methanol to
gasoline to sustainable aviation fuel (i.e., “e-fuels”).
Granted, hydrogen today operates at a higher
price point than other applications, but because
these energy-intensive industries operate at
enormous scale, the early adoption of clean
hydrogen will help drive down costs, eventually
making it the more economical option.

Cement and Steel
Cement and steel—two foundational materials
in building and construction—are notoriously
difficult to decarbonize. Both materials require
extremely high temperatures to produce, resulting

in enormous levels of CO2 emissions. Steel can be
recycled, but even recycling requires enormous
amounts of energy. Carbon capture, utilization and
storage can offer a solution by first preventing this
CO2 from being released, but hydrogen offers a
solution at the ground level.
Hydrogen can serve as a feedstock, used to
replace coal and natural gas. Because hydrogen
serves as a source of heat, it speaks to these
energy-intensive industries; simply put, there is no
other way to get that type of heat in a sustainable
manner. To make steel, carbon and iron are mixed
and heated to more than 2,600°F, while cement
kilns heat the ingredients to about 2,700°F.
When burning in air, hydrogen can hit 2,000°F,
same as natural gas. When mixed with oxygen
to create oxyhydrogen, maximum temperatures
can reach 5,100°F with an exact stoichiometric
mixture while the adiabatic flame temperature
(e.g., constant pressure) of hydrogen can remain
around 4,089°F. This broad operating temperature
range makes hydrogen an attractive fuel option for
many high-temperature processes.
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Mining
The mining industry relies on incredible amounts of
energy to find, extract and process raw minerals from
the earth, and it looks to fuel oil, electricity (purchased
and produced on-site), coal and natural gas to do
so. Hydrogen can be used in several applications:
generating high-temperature heat, serving as an energy
source, replacing fossil fuel feedstocks, and in energy
storage.
According to the U.S. National Renewable Energy Laboratory,
the industry also is exploring using battery-powered and
biodiesel trucks and load-haul-dumps and hydrogenpowered haulage, noting that underground mines are
leading the way in this regard because of the need
to comply with diesel particulate matter emissions
standards.

Aviation
Air travel contributes to 2.5 percent of the world’s
carbon emissions. Given their strength to weight ratio,
renewable energy batteries will never be able to power
an airplane, so the aviation industry is exploring more
sustainable fuel sources from biomass, municipal solid
waste, direct air capture (DAC), and from sources of
low-carbon hydrogen, all of which will help lower net
emissions from flying.

2.5

%

Today, sustainable aviation fuels primarily are produced
from waste oils, which offer the most economical
choice, given that hydrogen is still running at a
30-percent higher price point. But as lower-cost, lowcarbon hydrogen becomes available, expect to see a
convergence as hydrogen is used to generate synthetic
aviation fuel and upgrade those oils into drop-in fuels,
e.g., Jet A, ASTMD1655.
Across all these industries, the adoption of hydrogen
would have a direct impact on emissions by providing
carbon reduction benefits, from improving air quality
by removing pollutants such as particulate matter and
sulfur oxides, to offering fuel efficiency benefits through
cleaner combustion. Plus, hydrogen can utilize the
existing fossil fuel infrastructure for distribution and
delivery.
Black & Veatch’s team of experts are working with
various industries to identify when the inflection point
between cost and price will occur, based on market
circumstances, to help optimize entry into the hydrogen
space and help hydrogen become a fundamental part of
their business.

Biomass

Municipal
Solid Waste

of air travel contributes to the world’s
carbon emissions
Sustainable fuel
sources will help
lower net emissions
from flying.
Renewable
Energy Battery
Direct Air
Capture

Low–carbon
Hydrogen
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Power Generation
Using hydrogen as a direct replacement for natural gas
in power generation holds much appeal and remains
a hot topic. The question is often, “At what price point
does hydrogen replace natural gas like natural gas
replaced coal?”

However, the gap is closing rapidly when it comes to
considering hydrogen as a replacement fuel source
for liquefied natural gas (LNG). In fact, in the future
hydrogen can be a direct competitor with LNG even
without considering carbon capture.

The answer is hydrogen may never replace natural gas
for power generation without a large carbon incentive
or penalty. Even if costs fell to USD$1/kg, hydrogen does
not directly compete with low-cost natural gas, wind and
utility-scale solar.

Adding the cost of carbon capture will help close the gap
with natural gas for power generation, though in many
applications natural gas with carbon capture may be the
more economical choice. So if hydrogen may remain
costly for power generation, how is it going to play a role
in the in power sector? The answer is as energy storage.

Figure 1

Levelized Cost of Energy for Hydrogen

Source: Black & Veatch
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Energy Storage: Batteries and
Hydrogen Are Complements,
Not Competitors
More storage will be needed as renewables continue
to grow and become the leading contributor to energy
generation. The intermittency of renewables means that
there are times—days or even weeks—when there won’t
be the appropriate amount of generation throughout
the day to satisfy load needs.
Energy storage will be a critical component to
decarbonization. At first glance, it may appear that
battery energy storage systems (BESS) and hydrogen are
in competition, however the practical narrative focuses
on the complementary relationship between the two,
particularly when addressing day shifting and seasonal
shifting of energy supplies. The two can be used in
tandem to maximize the value of electrons from green
energy.

Long-Duration and Long-Term
Energy Storage

It’s become apparent that hydrogen and batteries are
destined to be friends, not foes. Low-cost lithium-ion
batteries have achieved dominance in daily cycling
scenarios where charging and discharging rates provide
four to eight hours of backup. Beyond eight hours, the

physical limitations of lithium-ion chemistry are obvious,
as are the yet perfected chemistries of other battery
technologies. Hydrogen, on the other hand, can provide
essentially infinite duration storage and backup power
(Figure 2) limited only by storage capacity. In tandem
with batteries, hydrogen can be there when it’s needed,
much like the natural gas or diesel backups in use today.

Figure 2

Energy Storage Capacity of Hydrogen
4 HOUR
8 HOUR
Flow
Hydrogen

Hydrogen can store
months’ worth of
dispatchable energy

Hours
Source: Black & Veatch
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With the prevalence of renewables on the grid,
intermittency issues are a constant threat, but bringing
batteries and hydrogen together can solve that problem
in a fast, economical manner. Hydrogen can serve as a
reliable, low-cost alternative to batteries, particularly when
considering the forecasted costs, with hydrogen prices
becoming more competitive going forward (Figure 3).
Figure 3

Making hydrogen from renewable electricity that would
otherwise be wasted would allow us to shift supply for
weeks or even months. For example, in the summer,
excess energy from solar may be more readily available
compared to winter. That energy can be stored for when
it’s needed most. Batteries don’t offer the same option—
to really be economical, they need to be charged and
discharged on a daily cycle.

Levelized Cost of Storage for Hydrogen

Source: Black & Veatch
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Ammonia is a
Key Player in
the Hydrogen
Revolution
Ammonia can help facilitate the widespread use of
hydrogen. It can be decomposed to produce hydrogen
and nitrogen, “green ammonia” produced from
renewable energy can serve as an energy storage
medium, and liquified ammonia can serve as a desirable
hydrogen carrier.

Plus, its more energy-dense than hydrogen. The
volumetric hydrogen density of liquid ammonia is
about 45-percent higher than that of liquid hydrogen,
which means that more hydrogen can be stored in
liquid ammonia compared to liquid hydrogen with
the same volume. Black & Veatch’s eBook, Hybrid LNG
& Ammonia Infrastructure: Key to a Green Economy,
discusses the relationship between ammonia and
hydrogen in greater depth.
Additionally, proven methods of large-scale storage
and transportation already exist as the world’s
extensive network of existing LNG infrastructure can
be made ammonia-ready, helping to facilitate the safe,
efficient transport of hydrogen.

The chemical properties of hydrogen make it technically
and economically challenging to develop infrastructure
for large-scale storage and transportation. But liquefied
ammonia is a desirable hydrogen carrier, given that
ammonia can be liquefied under mild conditions.
Whereas hydrogen has an extremely low boiling point of
-423.2°F, the boiling point of ammonia at atmospheric
pressure is -28°F, similar to propane.
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LNG Infrastructure Offers Opportunity
Liquefied natural gas has been used as an energy source
for more than 50 years, due to its reputation as the
cleanest fossil fuel as well as its ability to balance
out the power generation mix. This has led to
widespread investment in LNG storage and
transportation infrastructure.
According to the 2020 International Gas Union
(IGU) World LNG Report, the global supply chain
for LNG has matured with LNG receiving terminals
(global nominal regasification capacity of 826 metric
tons per annum [MTPA]), LNG liquefaction terminals
(global liquefaction capacity of 430 MTPA), and LNG
tankers (global fleet of 541 active vessels).

As of February 2020, the worldwide storage tank
capacity for LNG has grown to 65 million cubic meters,
with nearly two-thirds of that capacity housed in Japan,
Korea and China.
With this extensive global infrastructure in place,
LNG-receiving terminals and storage facilities can be
modified to facilitate the safe and efficient transport of
ammonia in the global energy trade. As such, LNG and
gas power plant owners and developers would be wellserved to begin preparing now for their LNG-receiving
terminals to become ammonia-ready, and to receive
liquefied ammonia when needed as renewable energy
production continues to increase.
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Conclusion
As the world continues to deal with the growing impacts
of climate change, there is a growing sense of urgency to
decarbonize the energy sector and downstream users.
While electrification and advancing renewables play
a huge role in decarbonizing, hydrogen is needed to
accelerate these changes and to decarbonize emission
sources that cannot be reasonably abated through
electrification. Accelerating the large-scale adoption of
hydrogen will improve the economics of electrification,
renewables and hydrogen-based solutions.
Another area of investment will be focused on
electrolyzers, particularly for those entities interested in
only producing hydrogen. There are currently 320 green
hydrogen production pilots globally, totaling 200 MW of
electrolyzer capacity, according to Power Magazine. The
International Energy Agency (IEA) reports that in the U.S.,
renewable hydrogen projects are underway in California,
Utah and Washington State.
The price of electrolyzers are expected to decrease.
Electrolyzers enable green hydrogen and are used to
meet a variety of smaller quantity needs. Electrolysis
technology is expected to be the fastest-growing market

from 2020 to 2025; by 2030, electrolyzer technology
improvements will contribute to a 60-percent reduction
in the cost of green hydrogen production, according to
PV Magazine.
As a versatile solution, hydrogen offers clear advantages
when it comes to decarbonizing the world’s carbonreliant diet, particularly in hard-to-abate sectors such as
agriculture, cement, refining and steel. Understanding
the market dynamics to make hydrogen viable will
be critical when it comes to pursuing hydrogen as a
profitable path forward.
As discussed in Black & Veatch’s second hydrogen
eBook, Hydrogen 2021: A Roadmap to NetZero, technology
is at the leading edge of the energy transition to net
zero. A decarbonization strategic roadmap that lacks
a detailed technology core will be insufficient, so
organizations should work diligently to build strategic
decarbonization roadmaps that combine business goals
with net-zero technologies and quality market and
regulatory analysis.
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