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Abstract— Decarbonizing heavy industry—including steel manufacturing, cement production,
and chemical synthesis—remains the most significant challenge in the global energy transition.
While battery electrification is suitable for light transport and residential loads, the energy density
and high-temperature requirements of heavy industry necessitate a molecular energy carrier. This
paper evaluates the engineering feasibility of hydrogen as a primary industrial fuel. We provide a
technical breakdown of Proton Exchange Membrane (PEM) electrolysis, analyze the
thermodynamic properties of hydrogen relative to natural gas, and investigate the materials science
of hydrogen embrittlement. Furthermore, we evaluate storage logistics (Liquid Hydrogen vs.
Ammonia) and the economic frameworks required to bridge the "Green Premium" through federal
intervention.

I l. Introduction: The "Hard-to-Abate" Challenge

While the decarbonization of the electrical grid and light-duty transportation is well underway, heavy
industry represents a '"hard-to-abate" sector. Industries such as primary steelmaking and heavy-duty
maritime shipping require energy densities and heat grades that current Lithium-ion battery technologies
cannot provide. For instance, the blast furnace-basic oxygen furnace (BF-BOF) route in steel production
relies on coke as both a fuel and a reducing agent. To eliminate carbon emissions in these processes, we
require a zero-carbon chemical equivalent. Hydrogen ($H_2$) is the only viable candidate capable of
fulfilling the dual role of high-grade thermal fuel and chemical reductant [1].

I Il. The PEM Advantage: Dynamics of Electrolysis

Green hydrogen production relies on water electrolysis powered by renewable energy. While Alkaline
Electrolyzers (AEL) have been the industrial standard for decades, Proton Exchange Membrane (PEM)

electrolyzers offer superior performance for dynamic renewable loads (wind and solar).
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A. Electrochemical Reactions

In a PEM electrolyzer, the split occurs via an acidic solid polymer electrolyte. The electrochemical
reactions are as follows:

Anode: 2H 2O - O2 +4H" +4e” (Oxygen Evolution Reaction)

Cathode: 4H" +4e” — 2H P (Hydrogen Evolution Reaction)

The PEM architecture allows for higher current densities and rapid response times to fluctuating power
inputs, preventing the degradation issues associated with the corrosive liquid electrolytes used in alkaline
systems [2].

I lll. Thermodynamics and Material Science

B. Energy Content: HHV vs. Natural Gas

From a process engineering perspective, the transition from natural gas (methane, $CH_4$) to hydrogen
requires a reassessment of combustion thermodynamics. Hydrogen has a significantly higher Higher
Heating Value (HHV) by mass—approximately 141.8 MJ/kg compared to methane's 55.5 MJ/kg.
However, due to its low density, its energy per unit volume is much lower. This necessitates higher flow
rates and specialized burner geometries to prevent "flashback" due to hydrogen's high flame speed [3], [4].

C. Hydrogen Embrittlement in Steel Pipelines

A critical barrier to utilizing existing natural gas infrastructure is Hydrogen Embrittlement. In high-
pressure steel pipelines, atomic hydrogen diffuses into the crystalline lattice of the metal. This leads to
sub-critical crack growth and a drastic reduction in the material's fracture toughness and ductility.
Engineering solutions involve the use of specialized coatings, internal liners, or the transition to high-
strength alloys specifically designed to inhibit hydrogen diffusion [5], [6].

I IV. Infrastructure & Storage: The Density Problem

Hydrogen's low volumetric density at STP makes storage a logistics bottleneck. We compare two primary

carriers:

* Liquid Hydrogen (SLH_2$): Requires cryogenic cooling to -253°C. While energy-intensive to
produce, it offers high purity for fuel cell applications.

* Ammonia ($NH_3$): Ammonia is easier to liquefy (-33°C) and boasts a higher volumetric
hydrogen density than liquid hydrogen itself. It serves as an excellent carrier for long-distance

maritime transport, though it requires a "cracking" step to retrieve the $H_2$ at the destination [7].
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I V. Economic Viability and the Green Premium

The "Green Premium"—the cost difference between carbon-intensive "Grey" hydrogen (from steam
methane reforming) and "Green" hydrogen—is currently the primary hurdle for industrial adoption.
Federal tax credits, such as Canada's Clean Hydrogen Investment Tax Credit, are essential to bridge this

gap, incentivizing the CAPEX required for large-scale electrolyzer deployment [8].

I VI. Conclusion

This inaugural issue of the *Canadian Journal of Science, Technology & Innovation (CJSTI)* underscores
the necessity of cross-disciplinary innovation. Solving the hydrogen economy is not merely a task for
chemists or economists; it requires a concerted effort across process engineering, material science, and
policy. By leveraging PEM technology and addressing the fundamental material challenges of
embrittlement, Canada can lead the global transition toward a truly decarbonized industrial base.
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