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Introduction
Climate activists have established, as their objective, the creation of a net zero carbon world by
2050. Hydrogen, as an energy carrier, has become a critical component for achieving their objective.
While organizations are charging over $1,000 to attend conferences on hydrogen, this free report
will provide Americans with 99% of the information they will need to see how efforts to force
hydrogen into the energy mix will affect their lives. Can it be done safely, and at what cost?
The report is organized as follows:
1. How hydrogen is produced
2. Cost of producing hydrogen
3. Quantity of hydrogen needed
4. Water requirements
5. Reasons for including hydrogen in the energy mix
6. Transporting hydrogen
7. Storing hydrogen
8. Alternative strategies
9. Other considerations
10. Conclusion
11. Appendix A, Carbon Capture and Sequestration
12. Appendix B, The Making of Steel
13. Appendix C, Cement
14. Notes
15. About the Author
Abbreviations
CCS Carbon Capture and Sequestration
CO2: Carbon dioxide
CH4: Methane, (Natural gas in pipelines is 99% Methane.)
DOE: Department of Energy
H2: Hydrogen
H2O: Water
kg: kilogram
PEM: Polymer Electrolyte Membrane
SMR: Steam Methane Reforming
tcf: Trillion Cubic Feet
The term carbon is very misleading even though it is widely used by the media, climate
activists and the government. Carbon is a solid, such as is found in pencils and soot.
The correct terminology would be to say carbon dioxide, i.e., CO2, emissions, not carbon
emissions. CO2 is a gas, not a solid.
The term carbon is used within this report to be consistent with government usage, while
recognizing it is inaccurate.

How hydrogen is produced
Hydrogen is rarely found in a free state, and is nearly always found in nature combined with
some other element. The most common compound is water, H2O.
The three primary methods for producing hydrogen are:
•

Methane reforming from natural gas. Nearly all hydrogen is currently made with methane
reforming which results in the release of CO2.

•

Electrolysis, which requires large quantities of electricity, is the method receiving the
most attention from climate activists.

•

A third method is the in-situ burning of coal, underground, to release hydrogen, methane
and CO2, where the CO2, and any other unwanted gasses, can be separated from the
hydrogen. The method has been used in Australia and China to obtain natural gas.
It is highly unlikely climate activists will pursue the in-situ alternative.

New developments could improve on the production of hydrogen. One such process is
Electrochemical-Thermally Activated Chemical (E-TAC), a type of electrolysis that reduces the
amount of electricity that’s needed, being developed by an Israeli company.
There are other theoretical processes, such as fermentation and pyrolysis, but methane reforming
and electrolysis are currently the most likely methods for producing hydrogen.
Since methane gas is an anathema to those who believe there is a catastrophic threat from climate
change, they insist on using electrolysis with the electricity sourced from renewables.
Nuclear power could also be used in place of renewables, but the use of nuclear power is
opposed by important environmental groups such as Greenpeace.
The various methods for producing hydrogen has given rise to a tier of hydrogens, described as:
•
•
•
•

Grey hydrogen, made from methane using steam methane reforming (SMR).
Brown hydrogen, made from coal gas.
Blue hydrogen, made from methane gas using SMR with CO2 capture and sequestration.
Green hydrogen, produced from water using electrolysis where the electricity is
generated by renewables, such as wind and solar.

Hydrogen is a gas at room temperatures and pressures, but can be converted to a super cooled
liquid at -453 degrees F. Converting hydrogen to a liquid results in a loss of around 30% of its
energy content.
Hydrogen has primarily been used in the refining industry. It’s also been used in fuel cells, and
this could become an important use as fuel cell technology evolves. Especially if fuel cells become a
large factor in powering automobiles or trucks.
At one time, it was used in lighter-than-air vehicles, but was replaced with helium after the
Hindenburg disaster.

Cost of producing hydrogen
Current cost of grey hydrogen, using SMR without CCS: $2.08 /kg = $0.95/pound.1
Current cost of green hydrogen, using electrolysis: $6.00/kg = $2.73/pound.2
The cost of green hydrogen when using electricity produced by wind and solar will vary
depending on such things as capacity factor, capital cost, and insolation levels.
In addition, the cost will also vary based on the capital cost of the PEM electrolyzer.
The Department of Energy’s target for green hydrogen is $2.00/kg or $0.91/pound.3
It is difficult to reconcile DOE’s optimistic cost forecast with the very large recurring investment,
as described in the next section, that’s required to produce the electricity needed to produce the
hydrogen.
While the cost of producing green hydrogen will vary considerably depending on where and how
it is produced, for example Michigan or Arizona, wind or PV solar, the subsequent cost calculations
will be based on DOE’s targeted cost.

Quantity of hydrogen needed
The quantity of hydrogen that will be needed to achieve the goal of zero net carbon will depend
on the strategy for achieving the net zero goal.
This report will focus on a 100% hydrogen strategy first, and then look at alternative strategies
toward the end of the report.
Hydrogen needed to replace natural gas
The United States consumed 31.1 tcf of natural gas in 2019.4
Consumption by sector:
•
•
•
•

Generation of electricity = 11.31 tcf
Residential = 5.00 tcf
Commercial = 3.52 tcf
Transportation = 0.94 tcf

Total natural gas usage by these four sectors = 20.77 tcf
The industrial sector consumed the remaining 10.24 tcf. Industrial uses were for feedstocks in
chemical operations, for combined heat and power, and for industrial processes. Some of this natural
gas can be replaced with hydrogen, such as for heat and power, and for industrial processes,
including the making of cement and steel, but not for feedstocks.
The amount used for feedstocks is hard to quantify. Therefore, industrial use will initially be
omitted from the calculation. Omitting industrial use results in 20.77 tcf of natural gas having to be
replaced by hydrogen.
The heat contents of natural gas and hydrogen are:
NG = 1,037 BTU / cu ft vs

H2 = 325 BTU / cu ft

As a result, it will require 66.3 tcf of hydrogen to replace 20.77 tcf of natural gas.
This is equivalent to 345.2 billion pounds.
This disparity in energy content is very important. It affects the amount of generating
capacity needed to produce the electricity for electrolysis, as well as how much space is
required for storing hydrogen.
Using DOE’s target cost for hydrogen, it will cost $314 billion annually for the hydrogen needed
to replace the natural gas used by the United States for all purposes other than industrial uses.
DOE’s target cost for hydrogen is based on cheap electricity from wind or PV solar.
Regardless of whether DOE’s cost estimate is accurate, we need to determine how much
electricity will be needed each year, and what it will cost to build the necessary capacity to generate
the electricity without using fossil fuels.
It requires between 50 and 55 kWh of electricity to produce 1 kg, or 2.2 pounds of hydrogen.
Assuming it requires 53 kWh to produce 2.2 pounds of hydrogen, it will require 8,315 billion
kWh of electricity to produce the hydrogen needed to replace the natural gas used by the United
States annually for all purposes other than industrial uses.
This is 5.1 times the amount of electricity produced, i.e., 1,617 billion kWh, from existing
natural gas combined cycle power plants in the US during 2020.5
It will require approximately 2,900,000 MW of land based wind turbine capacity to generate
the required amount of electricity to produce the needed hydrogen, and these wind turbines will
cost $3.5 trillion.6 This investment will be required every twenty years based on the expected
lifetime of wind turbines.
To have a complete picture, we should include an estimate for how much industrial natural gas
will need to be replaced.
It’s very difficult to determine exactly how much natural gas is used as feedstocks for such things
as plastics and fertilizer. Oil is also a source of feedstocks and any reference to feedstocks often
includes feedstocks from both oil and natural gas.
This paper will assume that half the natural gas used by industry, i.e., half of 10.24 cu ft, will be
used for feedstocks.
Therefore, conservatively, the total natural gas that must be replaced with hydrogen is 20.77 tcf
plus 5.12 tcf, or 25.89 tcf.
This results in the need for 82.61 tcf of hydrogen, or 430 billion pounds of hydrogen.
As a result, it will require 3,600,000 MW of land based wind turbine capacity to generate the
required amount of electricity to produce the needed hydrogen, and these wind turbines will cost
$4.4 trillion.7 This investment will be required every twenty years or so, based on the expected
lifetime of wind turbines. The repetitive investment is also required if solar is used rather than wind
turbines.

Water Requirements
Fresh water is needed for electrolysis using polymer electrolyte membrane (PEM) or alkaline
electrolyzers. NREL studied these systems and determined that, on average, 2.6 gallons of water
were needed to produce 1 kg, i.e., 2.2 pounds, of hydrogen.8
From the preceding section, it was shown that 430 billion pounds of hydrogen are needed to
replace the natural gas, not used for feedstocks, consumed by the United States. Using electrolysis,
1,500,000 acre feet of water are required to produce 430 billion pounds of hydrogen.
To put this in perspective, we can compare Phoenix, Arizona’s water use, and the amount of
water carried by the Central Arizona Project to deliver fresh water to 80% of Arizona’s population,
to the 1,500,000 acre feet of water required for producing hydrogen.
•
•

Phoenix water use, not including farming, is 1,380,000 acre feet.9
The CAP transports 1,500,000 acre feet of water each year.10

The 1,500,000 acre feet of water required for producing hydrogen in the United States each year,
overwhelms the availability of water in the southwestern and many western states. This water is
actually consumed, as it is turned into oxygen and hydrogen. It is unlike power plants, where 90% of
the water is returned to its source.
Water requirements are a mis-match with solar generated electricity in America’s southwest.
Areas conducive to generating electricity from the sun, generally lack the necessary supplies of
water.
Producing hydrogen using electrolysis would need to be done in areas where there is an
abundance of fresh water. These areas, east of the Mississippi and in the Northwest, would seem to
favor the use of wind turbines for generating the required green electricity, except where hydro was
also available.

Central Arizona Project

Reasons for Including Hydrogen in the Energy Mix
Basically, all the reasons revolve around eliminating CO2 and CH4 emissions by using hydrogen
in place of natural gas.
Natural gas has the following uses where CO2 is emitted to the atmosphere.
•
•
•
•
•
•
•
•
•
•
•
•

Generating electricity
Heating of homes and commercial properties, including hospitals
Combined heat and power
The production of steel and cement
Industrial processes such as providing steam
Industrial processes such as heat treating
Gas turbines for pumping and for pipeline compressors
Reciprocating compressors and generators
Transportation, primarily for large trucks
Water heaters
Producing hydrogen, i.e., methane reforming, primarily for refineries
Miscellaneous uses, such as clothes drying, cooking, outdoor lighting

Methane, CH4, is leaked to the atmosphere through faulty joints and valves on pipelines, and
from gas wells.
Gas turbines that use natural gas can be retrofitted to use hydrogen. Hydrogen burns ten-times
more rapidly than natural gas, and, as a result, the hydrogen flame can extend back to the fuel nozzle
causing damage to the equipment. The combustor, or combustion chamber, can be modified during
the retrofitting to accommodate hydrogen

Gas turbine installation

Transportation
Natural gas is transported by pipelines around the continental United States to bring it to local
communities where local gas companies distribute the gas through service lines to residences and
businesses.
There are over 305,000 miles of interstate and intrastate pipelines, with 1,400 compressor
stations to maintain pressure.11

U.S. natural gas pipeline network in 2009 (EIA 2012)12

The accompanying map demonstrates the ubiquitous nature of natural gas power plants around
the US.
If hydrogen is to be used in place of natural gas, it must be able to reach these power plants.
Hydrogen must also be able to be transported to local communities if it is to be used for heating
purposes.

Map from EIA13
Some publications touting the use of hydrogen say that the existing natural gas pipeline system
can be used for transporting hydrogen.
But this is very misleading.
The National Renewable Energy Laboratory (NREL) published a report, Blending Hydrogen into
Natural Gas Pipeline Networks: A Review of Key Issues, that determined the maximum amount of
hydrogen that can be transported by pipeline is a mixture of 20% hydrogen and 80% natural gas.14
It is not safe to transport 100% hydrogen in existing pipelines.
Hydrogen is more likely than natural gas to react chemically with other materials. The hydrogen
molecule is also smaller than the methane molecule which allows hydrogen to penetrate materials
more readily.
Another important safety consideration is whether end use appliances, e.g., stoves and gas
furnaces, can safely use a blend of hydrogen and natural gas. The report said some appliances in
Europe would have to be replaced with blends as low as 3% hydrogen. American appliances were
not mentioned, but the question remains, what is a safe level for hydrogen when blended with natural
gas? The report also said, “For poorly adjusted appliances, no hydrogen blends would be
acceptable.”

Other safety problems include:
•
•
•

Pipelines made from steel can degrade, e.g., hydrogen embrittlement, when exposed to
hydrogen, which can create leaks or other failures.
Plastic pipes, i.e., in distribution or service lines, can allow hydrogen to leak through pipe
walls.
Hydrogen is several times more likely than natural gas to leak through seals.

The report repeatedly emphasizes, “a detailed investigation for every case is mandatory.”

Diagram of natural gas supply chain from NREL report.
If the objective is to eliminate, not just reduce the use of natural gas, any transport of hydrogen
using blending of any amount is inappropriate. Where will the natural gas in the 20/80 blend be
used?
The next diagram taken from the NREL report, shows the types of materials used in the different
types of pipelines. Note the high percentage pf polyethylene pipe in distribution and service lines.
Transporting liquified hydrogen by truck, rail, ship, or barge, is possible. This requires cooling
the hydrogen to -453 degrees F. Converting hydrogen to a liquid results in a loss of around 30% of
its energy content.
Obviously a loss of 30% of its energy makes transporting hydrogen by truck, etc., a bad choice in
most situations.
The inability to use the existing natural gas pipeline system for transporting hydrogen is a
huge obstacle for using hydrogen as a replacement for natural gas.
Hydrogen can also be transported as a component of one of the following compounds.15
•
•
•

Ammonia
Methanol
Toluene

Transportation of these materials would be by rail, truck, ship, or barge, and would not be
suitable for distributing hydrogen across the United States to the many geographically dispersed
points of usage.
These compounds are discussed in the section on alternative strategies.

Pipeline material as a percentage of miles for gathering lines, transmission lines, distribution mains,
and distribution service lines (PHMSA 2012)16

Storage
While it’s possible to store limited quantities of hydrogen above ground in pressure or cryogenic
vessels, large scale storage will be essential.
Storing hydrogen in salt caverns is being done now, so this storage method can be taken for
granted.
Storing hydrogen safely in other geologic formations is not a certainty. (See Appendix A, Aliso
Canyon, CA, and Hutchison, KS.) In some instances, geologic caverns can be lined to prevent
hydrogen leakage.
The permeability of hydrogen is such that it can leak into spaces natural gas cannot. While
natural gas has been safely stored in exhausted oil reservoirs and in other geologic formations, it is
not proof that hydrogen can be stored in the same formations.
Since the production of hydrogen is to be from wind and solar, it will be subject to the
intermittencies, i.e., no wind, no sunshine, associated with wind and solar. Seasonality of demand
will also require storage.
Currently, the United States has three hydrogen storage sites in salt caverns where the hydrogen
is used for petroleum processing.17
•
•
•

Clemens Texas (Conoco Phillips)
Moss Bluff Texas (Praxair)
Spindletop Texas. (Air Liquide)

According to data from the Netherlands Enterprise Agency, the combined capacity of these three
storage installations is 14.300 tons, or 5 to 6 billion cubic feet at 1,000 to 2,000 psi.18
Salt caverns can be 3,000 feet or more below the surface, and be nearly 2,000 feet in depth and
250 feet in diameter.
The accompanying diagram illustrates how they are constructed.19

Salt domes appear to be primarily located along the Gulf Coast, with a large formation
discovered in Utah. There are areas of rock salt where it might be possible to construct caverns for
storing hydrogen.
Presumably, the purpose of this storage is to provide a buffer, similar to a surge tank, to ensure a
steady supply of hydrogen.
If this assumption is correct, there should be sufficient salt domes for creating hydrogen storage.

Map of salt deposits20

Alternative Strategies
Safely transporting hydrogen using the pipeline network is not possible, so there will be attempts
by climate activists to create an alternative strategy for using hydrogen to achieve zero carbon by
2050.
A. Transporting hydrogen in a mixture
Since hydrogen and natural gas can be transported by pipeline as a mixture, an alternative
strategy could be to transport a mixture of 20% hydrogen and 80% natural gas, and separating the
hydrogen from the mixture at the point of use.
The NREL report provides detailed information in using a blend of hydrogen and natural gas to
transport hydrogen and then extracting the hydrogen from the blend where it is to be distributed and
used. Costs are significant, but aren’t included in this report since a blending strategy is not workable
if the use natural gas is to be eliminated.
The three methods for extracting hydrogen from the mix of gases described in the NREL report
are:
•
•
•

Pressure Swing Adsorption (PSA)
Membrane Separation
Electrochemical Hydrogen Separation (Hydrogen Pumping

The fundamental problem with this strategy is that the natural gas that’s transporting the
hydrogen has to be used. And it can’t be used if natural gas is to be eliminated.
Another problem is that without the availability of hydrogen or natural gas, wind and solar would
have to generate the electricity that would otherwise have been produced by natural gas combined
cycle power plants. Replacing natural gas for the generation of electricity requires 176,000, 3 MW
wind turbines, at a cost of $686 billion.21
B. Local production of hydrogen
Integrated steel mills with blast furnaces, of which there appear to be nine in operation, and
cement plants, of which there are reportedly 99 in 34 states, are scattered across the United States.
We know that the making of steel and cement release 9% and 5% of worldwide CO2 emissions,
and that hydrogen can be used to eliminate most of these emissions.
There is also a difference in how the hydrogen is used. In steel making, it would replace the blast
furnaces and coking ovens by using a direct reduction of iron (DRI) process. In cement production,
hydrogen would be used to provide the heat, and thereby replace natural gas. The limestone will still
emit CO2. (Coking ovens heat coal that has a high carbon content and few impurities, in the absence
of air to produce coke used in blast furnaces.)
See Appendix A, and B for comments on the making of steel and cement.
With a limited number of locations requiring hydrogen, an attempt could be made to produce
hydrogen regionally or locally using electrolysis, with above ground storage, building special
pipelines to transport the hydrogen to where it is used. Transport could also be done as a liquid, at
-423 degrees F, but with a 30% loss of energy.

Transport is also possible using compounds containing hydrogen, such as ammonia, but these
require extraction locations to obtain the hydrogen from the compound. It’s far more likely that these
compounds would be used as an alternative method for transporting hydrogen internationally instead
of cryogenic tankers.
If airplanes are to use hydrogen in place of jet fuel, hydrogen would have to be available at
airports. There are approximately 5,000 public airports and 13,000 private airports across the United
States.
Airplanes account for 2.5% of worldwide CO2 emissions, with international travel accounting
for a large percentage of these emissions. Hydrogen can be used directly in existing jet engines, or
used in fuel cells in smaller planes where the plane could accommodate the weight.
Obviously, airports would not fit the regional or local production model, and would be best
served by the nations’ system of pipelines.

Other Considerations
Large trucks
There is the view that large trucks, such as eighteen wheelers, will need to use fuel-cells with
hydrogen, rather than batteries.
Daimler, for example, has formed a joint venture with Volvo to focus on trucks driven by fuel
cells. “The partnership plans to launch a fuel cell truck in the second half of the decade”.22
If fuel-cell powered trucks were adopted in the United States, it would require the establishment
of hydrogen fueling stations across the country.
Military aircraft
Military aircraft, such as fighters, are designed to operate with jet fuel. Other military equipment,
such a tanks, run on diesel fuel.
While there have been attempts to use blends of bio-fuels with jet fuel, there is considerable
concern over supply and costs.
Thus far, no one has suggested that the oil industry isn’t needed to support the military.
Railroads
There are approximately 38,000 locomotives in the United States that are powered by diesel
engine generators. Electricity is used to power traction motors that actually drive the train. It’s
theoretically possible to replace diesel generators with reciprocating-engine generators using
hydrogen, retrofitting diesel generators, or using fuel-cells, in conjunction with a hydrogen supply
car, similar to the coal-car tender of old. The vast majority of these locomotives are for hauling
freight where multiple locomotives are used in tandem. Passenger trains and light rail, where
distances are shorter, are more amenable to the use of hydrogen.

Airplanes
Airbus is already designing hydrogen powered concept planes.
The liquid hydrogen would be stored in the sealed compartment behind the passenger section.
As noted elsewhere, storing hydrogen as a liquid requires extremely cold temperatures and
results in a 30% loss of energy.
Airports would require cryogenic capabilities.
Is international air travel across the oceans possible with hydrogen?

Airbus ZEROe Turbofan Concept from Airbus website

Conclusion
Pure, i.e., 100%, hydrogen cannot be safely transported by the nation’s natural gas pipeline
network. Using the natural gas pipeline network to transport pure hydrogen would place American
lives at risk.
As a result, it is impossible to safely replace all of the natural gas, used by the United States, with
hydrogen. Or for any other purpose, such as replacing jet fuel with hydrogen.
While hydrogen could conceivably be used in local or regional settings to eliminate CO2
emissions in the steel industry, and to reduce CO2 emissions from the making of cement, the cost
and complexity of doing so makes little sense.
A local or regional strategy makes absolute no sense for distributing hydrogen when airports are
included, since airports are widely dispersed and large in number.
The nation’s pipeline network is bound to become an issue as climate activists pursue the
elimination of fossil fuels, because it is the only way to distribute hydrogen to the widely
dispersed locations where hydrogen is needed.
There is the possibility that new studies will be undertaken to demonstrate that the natural gas
pipeline network is safe for distributing pure hydrogen.
While any study can make assumptions, it cannot change the physical properties of steel or
plastic pipes, or the size of the hydrogen molecule.
The fact is, pure hydrogen should not be transported in the nation’s natural gas pipeline
network.
Water consumption is also an important issue. Using water to produce hydrogen transforms
water into oxygen and hydrogen, consuming it in the process. It is entirely different from using water
in a power plant where 90% of the water is returned to its source.
Western states, especially in the Southwest, are already stressed for adequate supplies of water.
They are in no position to use solar generated electricity for use in electrolyzers to produce
hydrogen.
Storage of hydrogen in natural geologic formations is also questionable, since it has been shown
that natural gas has leaked out of or between formations thought to be secure.
Since adopting hydrogen to achieve a zero carbon economy would have a huge impact on all
Americans, we should be certain such an effort is actually needed, and that developing countries,
such as China, have actually implemented policies to also achieve net zero economies. In essence:
Are the unilateral costs justified?

Appendix A
Carbon Capture and Sequestration
(A portion of this material is taken from Green Nightmare for Americans.)
Theoretically there are four ways to effect removal of CO2 from the atmosphere, or for
preventing it to reach the atmosphere.
•
•
•
•
•

Capturing CO2 from where it is produced, i.e., carbon capture
Using CO2 in the process, such as in the making of steel
Sequestering CO2 underground
Sequestering CO2 in plant growth
Geo-engineering, such as fertilizing the oceans to increase plankton growth to absorb
CO2 from the atmosphere

Each of these is either unproven, or has serious limitations.
The concept is a distraction because the breadth of the proposal is unlimited and leads to
conjecture rather than facts.
There can be no assurance that CO2 sequestered underground will remain there for thousands of
years. Only two Class VI wells have been approved for sequestering CO2 underground in the United
States, primarily because of the risks involved.
There are examples of where the geologic storage of natural gas was considered safe, yet leaks
occurred. Two examples are easily identified.
•

Aliso Canyon, California
The leak was discovered on October 23, 2015. It required over four thousand people in a
nearby community to move to temporary quarters. Senators Boxer and Feinstein
immediately declared the need for a federal investigation, similar to the Macondo
investigation, to determine whether the nationwide network of 400 natural gas storage
sites are safe.23

•

Hutchison, Kansas
The explosion from the leak occurred on Jan. 17, 2001. The leak was determined to have
come from underground geologic storage of natural gas, in a layer of salt called the
Hutchinson Salt Member of the Wellington Formation.24

Another leak from an above ground valve shows that the piping and control of underground
storage is also critical.
•

Liberty County, Texas
A storage facility in Liberty County, Texas, 16 miles north of Houston, had a well control
incident and natural gas fire that took over six days to extinguish in 2004. The incident
was caused by a valve controlling the salt dome storage facility.25

These incidents involved natural gas.

But safe storage of hydrogen is also critical if it is to be used for achieving zero carbon emissions
by 2050. Smaller hydrogen molecules are more prone to leaks.
The EPA has recognized the need for specific criteria for storing CO2 due to the importance of
keeping it sequestered.
Quoting the Competitive Enterprise Institute26,
“The EPA bases the regulation of CO2 injection as a separate class of wells on several
unique risk factors:
•
•
•
•
•

the large volumes of CO2 expected to be injected through wells;
the relative buoyancy of CO2 in underground geologic formations;
the mobility of CO2 within subsurface formations;
the corrosive properties of CO2 in the presence of water that can effect well
materials; and
the potential presence of impurities in the injected CO2 stream.”

It’s very likely that these regulations are insufficiently stringent for storing hydrogen,
recognizing the physical properties of hydrogen.
As for sequestering CO2 in plants, such as trees, there is the question of what happens when the
trees or plants are cut down? Or die? Can sequestration, such as planting trees in Mongolia or the
Amazon, be honestly certified? And by whom?
The issues surrounding CCS regarding capturing CO2, and then safely storing it for thousands of
years, are never ending.

Appendix B
The Making of Steel
(The following is extracted form an earlier article on the subject.27)
Currently, there are two predominant methods for producing steel.
• The first uses a basic oxygen furnace (BOF) where pig iron from a blast furnace is
converted to molten steel by removing carbon with oxygen. Approximately 80% of the CO2
emissions are from the blast furnaces, 20% from coking ovens, and a small amount from the
BOF.
• The second method uses an electric arc furnace (EAF), where scrap steel is melted using
an arc created using an electric arc furnace transformer. This process is nearly free of CO2
emissions.
Approximately 75% of the world’s steel is made using blast furnaces and the BOF process, while
25% is made using EAFs. A small amount of steel has been made using the direct reduction of iron
(DRI) process with natural gas. A tiny amount has been made by replacing coking-coal with
charcoal.
The steel industry is pursuing two approaches for eliminating these CO2 emissions.
• The first relies on carbon capture and sequestration (CCS), while continuing to use blast
furnaces and BOFs.
• The second uses the Direct Reduction of Iron (DRI-H) process with hydrogen, rather than
natural gas, as the reducing agent.
Steel using CCS
There are several proposals for reducing the amount of CO2 produced during the steel making
process, and then capturing the remaining CO2 and sequestering it underground.
This list may not be all-inclusive, but is probably representative. A description of each process is
in the report, Decarbonization options for the Dutch steel industry, which is available from the
Internet. Essentially, they all try to use as much of the emitted CO2 as possible during the steel
making process, and then use carbon capture and sequestration (CCS) to dispose of whatever CO2
remains.
•
•
•
•

Top gas recycling blast furnace (TGR-BF)
HIsarna
ULCORED
ULCOWIN and ULCOLYSID

Sequestering CO2 underground in huge quantities, annually, without leakage for centuries, is
problematic. Liquifying and transporting liquid CO2 under high pressure to where it can be pumped
underground results in large additional costs.
Crude steel is produced in 40 countries, so the CCS option depends on whether it’s possible to
locate places around the world where CO2 can be securely sequestered.

DRI - Hydrogen
The best way to introduce this subject is to quote a report from Sweden’s, SSAB, LKAB and
Vattenfall corporations on their joint venture to produce steel using hydrogen with their HYBRIT
process for fossil-free steel.

“The HYBRIT system uses hydrogen – produced using fossil-free electricity instead of fossil
coal – and releases water instead of carbon dioxide. If realized on an industrial scale, the technology
could make Sweden the world’s first country to produce fossil-free ore-based steel.”
Two supporting comments from the HYBRIT report, as related to the accompanying diagram,
help explain the process:
3. The existing direct reduction method needs to be adapted to reduction with hydrogen to
eliminate carbon dioxide emissions. The off-gas of the reduction process would be water,
according to the simplified reaction: iron ore + hydrogen => iron + water. The result is a
solid porous sponge iron, suitable for steelmaking.
4. The Electric Arc Furnace (EAF) is used for heating and melting charged materials by means
of electric current. The use of EAFs allows steel to be made from up to 100% scrap metal, or
as in the HYBRIT concept, from a mix of direct reduced iron and scrap. Similar to the
reference process, the liquid steel is tapped into a ladle where the final chemical composition
and the temperature of the steel is adjusted, before it is cast into crude steel slabs in the
continuous caster.
Overview
Bottom line, the DRI-Hydrogen (DRI-H) process eliminates blast furnaces and coking coal.
Converting a traditional steel mill to DRI-H requires a huge investment, possibly billions of
dollars. The precise amount is not known as only experimental work on DRI-H has been done thus
far.
Referring to a process similar to HYBRIT’s, the CEO of Salzgitter steelworks in Germany said it
has developed a “technically feasible but not economically viable concept to replace fossil fuels.”
ThyssenKrupp, also in Germany, has announced it will invest $10 billion in converting its steelmaking process over the next decade.
At this time, it appears as though DRI-H investment is around 30% higher than for a greenfield
traditional steel-making plant.

Appendix C
Cement
When making cement, much of the CO2 is from the material itself, while some of it comes from
the fuel needed to create the heat that’s required to convert limestone to cement.
Quoting from an article on Cement:
“The primary component of cement is limestone. To produce cement, limestone and other
clay-like materials are heated in a kiln at 1400°C and then ground to form a lumpy, solid
substance called clinker; which is then combined with gypsum to form cement.”
Heating limestone releases CO2 directly, while the burning of fossil fuels to heat the kiln also
results in CO2 emissions.
Roughly 50% of the overall emissions of CO2 from the making of cement are from the
limestone, and these emissions must be captured and sequestered underground to achieve a net zero
carbon future.
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