Study Guide: Understanding Hydrogen as the Next Clean Fuel

This study guide explores the potential of hydrogen as a clean energy source, detailing its
different types, production methods, challenges, and future applications based on the provided
source material.

1. The Promise of Hydrogen as a Fuel

o Abundance and Clean Combustion: Hydrogen is the most abundant element in the
universe and the first on the periodic table. When burned, it only produces water,
making it highly appealing to clean energy advocates as a replacement for fossil fuels.

e Versatility: Startups envision hydrogen being used for a variety of applications,
including power plants, cars, trucks, and trains, much like fossil fuels today. Green
hydrogen, in particular, could provide a clean fuel source for making electricity,
powering heavy industry, and replacing fossil fuels in some of the most polluting forms
of transportation.

o Importance of CO2 Reduction: Hydrogen becomes "pretty interesting" when the world
starts to care about CO2 emissions.

2. The Hydrogen Rainbow: Types of Hydrogen

Not all hydrogen is created equal, and its environmental impact is defined by its production
method, categorized by "colors".

e Grey Hydrogen: Produced by converting natural gas into hydrogen, which creates CO2
emissions in the process. Most hydrogen produced today falls into this category.

e Blue Hydrogen: Similar to grey hydrogen, but includes carbon capture, meaning CO2
emissions are captured and buried deep underground instead of released into the
atmosphere.

e Pink Hydrogen: Hydrogen produced using nuclear power.

e Green Hydrogen: The most desired type, created by using renewable electricity to split
water into hydrogen and oxygen. This is the hydrogen "everybody wants" due to its
clean production.

e Turquoise Hydrogen: A newer approach, described as a combination of blue and green,
aiming for low cost and low emissions.

o Achieved by removing solid carbon from natural gas, rather than producing CO2.

o There are no direct CO2 emissions because any potential CO2 is converted into
solid carbon.

o This solid carbon can be sequestered, similar to pre-combustion carbon capture.

3. Hydrogen Production Methods

Producing hydrogen, especially clean hydrogen, is a complex process with different technologies
emerging.



o Water Splitting (Electrolysis):

o Basic Principle: Known for over 200 years, involving putting two electrodes in
water with some salt and applying power to generate hydrogen and oxygen
bubbles.

o Inefficiency: While simple to demonstrate (e.g., with a 9-volt battery), this basic
method is "very, very inefficient, and therefore very, very costly'". The
challenge is to make it efficient and low-cost.

o H2Pro's Innovation for Green Hydrogen:

= H2Pro's technology aims to be more efficient and cheaper to
manufacture, leading to cheaper green hydrogen.

= Their "fancy engineering trick" is to separate oxygen using heat instead
of electricity. Oxygen is released by raising the temperature, without
applying power, significantly increasing efficiency.

= Currently, electrolysis makes up only 2% of hydrogen production.

= H2Pro has scaled production significantly (500,000 times more hydrogen
than three years ago) but still has "a ways to go".

= The current cost for green hydrogen is in the $3 to $5 per kilogram
range, with a long-term goal of $1 to $2 per kilogram for viability.
H2Pro anticipates reaching about $1 per kilogram by the end of this
decade.

o Natural Gas Carbon Removal (Turquoise Hydrogen - C-Zero's Method):

o Process: C-Zero's technology involves bubbling natural gas through a
chamber of molten salts heated to a very high temperature (around 1000 degrees
Celsius).

o Outcome: This process leaves behind solid carbon in its elemental form and
produces hydrogen gas that can be trapped and sold.

o Energy Efficiency: It takes seven and a half times less energy to pull hydrogen
off of carbon through this process than to split water to pull hydrogen off of
oxygen.

o Carbon Sequestration: The resulting piles of black carbon can be sequestered
back into the ground. This is considered "pre-combustion carbon capture" because
it removes solid carbon, which is denser and easier to handle than concentrating
and burying CO2 gas.

o Cost Target: C-Zero's target for large-scale turquoise hydrogen production
is $1.50 per kilogram, aiming for $2 per kilogram or less with very low to zero
CO2 emissions, which would be a "game changer".

4. Applications and Industry Adoption

« Existing Versatility: Hydrogen is envisioned for a wide array of applications including
power plants, cars, trucks, and trains.
e Decarbonizing Heavy Industry: Some industrial companies are already making the
switch to hydrogen, even before the economics are perfect.
o SSAB Steel Company Example: SSAB, a steel company accounting for 10% of
Sweden's total CO2 emissions, is replacing coal with hydrogen in their
steelmaking process.



o Process Change: Traditionally, coal is used to remove oxygen from iron ore,
forming CO2. SSAB's new method uses green hydrogen to take the oxygen
away, which only produces water.

o Goal: To decarbonize the entire value chain from mining to iron and steel
making, and deliver final products without using fossil fuels. This technology
could also be adopted by other companies.

5. Challenges and Future Outlook
Despite its promise, the widespread adoption of hydrogen faces significant hurdles.

e Cost: Reaching the target costs of $1 to $2 per kilogram for green hydrogen or $1.50 to
$2 per kilogram for turquoise hydrogen is a major economic challenge.

e Scaling Production: Companies like H2Pro and C-Zero need to produce hydrogen
at "vastly larger scales' to significantly impact fossil fuel consumption. Initial funding
was difficult for H2Pro due to investors not seeing growth potential in electrolysis.

o Storage and Transportation: Hydrogen is difficult to store and transport, which is
described as "something of a nightmare".

o Safety: Hydrogen is extremely flammable, making safety a constant concern, as seen
with early 20th-century hydrogen zeppelins.

e Transition Complexity: The transition to a low-carbon future "is not going to happen
overnight" and requires realistic transition options and technologies to decarbonize
existing applications.

e Long-Term Vision: If these economic and engineering challenges can be overcome,
hydrogen, as the most abundant element, could provide the abundant energy needed for a
decarbonized future.



