Hydrogen—When Free Isn’t Cheap Enough
Charles Botsford, P.E., May 6, 2021
If you’re an electric utility executive, government policy maker, or environmentalist, what do
you do with power generated from wind, solar, nuclear, or hydro? [1-4]
Make electricity. Don’t buy into the expensive idea that hydrogen can serve as the global energy
storage medium of the future. Hydrogen is great...for hydrocracking, hydro-desulfurization,
hydrogenation, making ammonia for fertilizer, and a few niche industrial applications [5].
Transportation isn’t one of those applications, and neither is the use of hydrogen as a
replacement for natural gas combustion in turbines—Even If Hydrogen Is Free.
First up is the case against hydrogen for transportation. Then on to power generation.
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Figure 1. Hydrogen Vehicles Require 3 Times the Energy Per Mile as Electrified Transportation

Why Hydrogen is Such a Bad Idea for Cars and Trucks
The thermodynamic costs, costs to make it usable (compression is needed due to its low energy
density), operations and maintenance costs, and capital costs make it too expensive. The easiest
way to demonstrate the business case killing cost of hydrogen is to list the immutable
thermodynamic losses associated with transportation.

The Thermodynamic Losses
Losses from Making Hydrogen – To use hydrogen, it must first be manufactured by: (1)
electrolysis of water, or (2) fossil fuel reforming. The conversion efficiency of alkaline
electrolysis, the most common and cheapest type of electrolyzer technology, is 70-80% on a
lower heating value basis [6]. Nearly all hydrogen today, approximately 95%, is manufactured
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by reforming natural gas, oil, or coal. However, this results in carbon emissions and also results
in a major efficiency loss similar to that of electrolysis of water (i.e., using electricity to extract
the H from H2O). Figure 2 shows the CO2 emissions per equivalent kilometer traveled for a
gasoline vehicle versus a variety of ways to produce hydrogen via electrolysis. Using 100%
renewable power results in the lowest emissions (zero). However, this is not projected to occur at
scale for the foreseeable future [7].
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Figure 2. CO2 Emissions from Gasoline Vehicles, Renewable Electrolysis, and Reforming

Losses from Compressing Hydrogen – To use hydrogen in fuel cell vehicles, it must be
compressed to 3,000 pounds per square inch gauge (psig) or more onboard the vehicle, and
upwards of 12,000 to 14,000 psig in filling station tanks using a complex series of specialized
compression equipment and tanks (Figure 3). Losses associated with compression (and cooling)
to 5,000 to 10,000 psig, typical of fuel cell vehicle tanks is approximately 30% (i.e., 70%
compressor efficiency) [8].

source: M. Zerega

Figure 3. Typical Hydrogen Compressor and Fueling Station

Losses from Converting Hydrogen to Electricity Via Fuel Cells – Hydrogen is combined with
air, via fuel cell, into electricity and water. This process, using proton exchange membrane
(PEM) fuel cell technology is about 40% efficient. The power electronics conversion to
condition electricity for the drive train results in further losses of 5-10%, which is typical of
electric drive trains.
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Figure 4, from Transport & Environment (T&E), shows that the efficiency for hydrogen is little
better than using diesel or gasoline in a combustion engine, but the comparison excludes the
energy required for compression. This would make things worse for hydrogen. An EV is a factor
of three more efficient. This means that three times more renewable power would have to be
generated for a fuel cell vehicle to travel the same distance as an EV. [9]

source: Transport&Environment

Figure 4. EV Efficiency versus Hydrogen Fuel Cell Vehicles and ICEs

Hydrogen – The O&M, CAPEX and Other Losses
Economic Losses – As if production, compression/cooling, and conversion losses aren’t enough,
these processes require capital expenditures (CAPEX) for equipment, and operations and
maintenance (OPEX) to keep the equipment running. The manufacturer of hydrogen must buy,
operate, and maintain the electrolyzers, compressors, and other equipment necessary to condition
the hydrogen for use in a fuel cell vehicle or gas-fired power plant (also known as balance-ofplant). In the case of fuel cell vehicles, a fuel cell fueling station is also needed (bought,
installed, operated, and maintained) at a typical initial cost of $2M. [10, 11]
This isn’t to say that electric charging infrastructure is free. However, EVs don’t start with
hydrogen’s low energy density, and corresponding fuel transportation challenges, and large

3

thermodynamic losses. EV charging infrastructure O&M costs are relatively minor compared to
that of hydrogen.
Water Losses – Electrolysis requires water to produce hydrogen. The amount of water required
can be significant, especially for regions that are challenged for water resources, which includes
many parts of the world. Instead of using limited water resources to make hydrogen, a more
appropriate application in water-constrained regions might be to produce potable water via
desalination, instead of using limited water resources to make hydrogen.

What About Trucks and Buses?
Years ago, hydrogen was thought to be a great option for zero emission heavy-duty trucks and
buses. Since then, batteries have continued to improve, and the business case for electrification
for almost all on-road transportation has only become more compelling. The best case for fuel
cell heavy duty trucks was the long-haul case study. Surely, if an electric Class 8 heavy-duty
truck had to carry all those batteries, it would take forever to recharge, and the weight of the
batteries would displace valuable cargo. However, most heavy-duty trucks, and buses for that
matter, operate short haul routes. This allows overnight charging and opportunity fast charging to
service the daily routes. [12]
Yes, but what about the long-haul trucker who makes a living driving across the US? Hyzon and
Nikola are developing fuel cell heavy-duty trucks [13]. However, Nikola is hedging its bet by
also developing an electric heavy-duty truck. Long haul electric trucks will reportedly use 300to 500-mile range batteries that can be recharged in one to two hours.
Figure 5 shows an analysis of the additional cost of energy infrastructure, truck vehicle purchase,
and total cost for electric, for power conversion-to-methane and power conversion-to-hydrogen,
versus the base case of power-to-liquid combustion. The hydrogen case is almost three times the
total cost of electric for the long-haul heavy-duty freight transport sector in Germany.

source: ICCT

Figure 5. Additional cost for four different greenhouse gas reduction scenarios [14]
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In January 2020, the Society of Automotive Engineers (SAE) issued J3105, the standard for
heavy-duty EV charging. This standard allows for charging of up to 1.2 MW (1,000 VDC,
1,200A). If that isn’t enough power, the group CharIN, in conjunction with Daimler and other
organizations is developing charging technology called the Megawatt Charging System (MCS)
that allows for charging up to 3 MW.
Figure 5 shows a chart from Transport & Environment similar to Figure 4, but for trucks [9].
Lawrence Berkeley National Labs released a report that detailed the benefits of electrifying
regional and long-haul heavy duty trucks [15]. Has the last potential hydrogen use case for
transportation evaporated?

source: Transport & Environment

Figure 5. Electrified Truck Efficiency versus Hydrogen Fuel Cell Vehicles and ICEs

What About Ships and Airplanes?
Battery-powered cruise ships may not be around the corner, but battery-powered tugs and ferries
are. But then, fuel cell-powered cruise ships may not be practical, either. Possibly, the most
carbon-neutral solution might be renewable fuel-powered cruise ships and passenger jets.
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However, Asahi Tanker has ordered two ship tankers fitted with 3.5 MWh batteries.
Electrification of small aircraft is also attracting a lot of attention. [16, 17]

What About Combustion?
Couldn’t electric utilities produce green hydrogen from wind and solar (hydrogen via
renewables) and burn it in gas-fired turbines and displace natural gas for free?
No.
First, we consider the purely financial reason against using green hydrogen in power plants.
Almost no green hydrogen is produced today [18, 19]. In the interim twenty to thirty years
required to get to a meaningful production scale (c.2040), we will continue to produce black
(coal), brown (natural gas), and possibly blue hydrogen (natural gas with carbon capture). Still,
green hydrogen is projected to be more expensive than the other varieties. A suspicious person
might wonder who would benefit from this phased timeline. [20-26]
Next, we consider the technical reasons hydrogen is a bad idea. Existing natural gas pipelines
and compressors aren’t designed for hydrogen [27]. Neither are the combustion turbines. Pure,
pressurized, hydrogen causes embrittlement and blistering in carbon steel tanks and pipelines.
New pipelines, compressors, and other equipment would be required to make this transition [28].
Plus, hydrogen has a higher flame temperature than natural gas, which causes higher NOx
emissions. [29]
Hydrogen could be blended in low percentages of 15-30% in an effort to minimize such
materials issues [30]. While this could contribute to CO2 emissions reduction if it were green
hydrogen, that won’t be the case in the near-term. In the long-term, the 100% green hydrogen
costs appear to be a non-starter.
Mitsubishi and others point to hydrogen-produced ammonia as the path forward. Mitsubishi
plans to design a 40 MW gas turbine fueled by ammonia [31]. Ammonia could also be used as a
shipping fuel. However, producing ammonia requires an additional step in an already expensive
process. While this works for fertilizer, which has a relatively high commercial value, the
ammonia combustion business case, which would be a pure commodity, may be doubtful.
Another problem with ammonia is safety. Ammonia is typically stored in tanks in its anhydrous
form, which is classified as an acutely hazardous material. Traditional industries that use
anhydrous ammonia undergo process hazard assessments and risk management plans to ensure
it’s handled properly. Staff in industries new to ammonia would require extensive training,
which could introduce a paradigm shift for those without a historical safety culture in place.
However, even if combustion turbines could operate efficiently with hydrogen or ammonia, what
would be the point?
The Rocky Mountain Institute and others have projected that natural gas powered generation will
result in stranded assets by the mid-2030s, meaning the power plants won’t be economical to
operate by that time frame, which is what’s happening to today’s coal-fired power plants [32-34].
New natural gas power generation is already less economical (on a levelized cost of ownership –
LCOE basis) than wind and solar—and this is with natural gas at historic lows in cost per million
BTUs. If natural gas combustion turbines (including O&M costs) are not economical, replacing
natural gas with green hydrogen or green ammonia, which is more expensive, won’t be
economical, either. Why prolong the agony of stranded assets further?
6

Conclusion
Do you believe in hydrogen? Well, yes. It’s number one on the periodic chart. It’s abundant. It
powers suns. And without it, we wouldn’t have water.
The real question is: which applications would benefit from the use of hydrogen, and which
won’t? In business and technology, just because you can do something doesn’t mean you should.
If the economics, thermodynamics, and safety aspects say green hydrogen is not appropriate for
the vast majority of transportation and power generation applications, then this is a special
interests distraction the world cannot afford. [35, 36]
No breakthrough in technology will do away with the conversion losses associated with
electrolysis, compression, or electrical conversion. These are fundamental physical processes.
For transportation and power generation, even if hydrogen is free, it’s not cheap enough.
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