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Executive Summary

Hydrogen has emerged as one of several clean energy options being explored in
Canada and internationally to support emissions reduction and low-carbon
development. Produced through various processes—most commonly by
electrolysis of water using renewable electricity or by reforming natural gas with
carbon capture—hydrogen can serve as a low-carbon energy carrier for
transportation, heating, and industrial applications.

In British Columbia, hydrogen development has received increasing attention
through the Hydrogen Strategy for Canada (Natural Resources Canada, 2020) and
the BC Hydrogen Strategy (2021). Both frameworks identify hydrogen as one part
of a diversified clean-energy mix that includes wind, solar, hydro, and other
renewable resources. For First Nations, this context introduces new considerations
for land use, environmental stewardship, and participation in emerging clean-fuel
markets.

Hydrogen can be produced through different pathways, each with distinct
environmental and economic characteristics. Green hydrogen, produced using
renewable electricity to power electrolysis, generates no direct greenhouse-gas
emissions at the point of production. Blue hydrogen, derived from natural gas with
carbon capture systems, can significantly reduce emissions compared to
conventional fossil-fuel use, though performance depends on capture rates and
upstream methane management.

Grey hydrogen, produced from natural gas without carbon capture, remains
emissions intensive. Life-cycle assessments show that the total carbon intensity of
hydrogen varies widely depending on feedstock, electricity source, and the
efficiency of production, storage, and transportation systems.

According to Natural Resources Canada, hydrogen could meet up to 30 percent of
national energy demand by 2050, potentially avoiding about 90 million tonnes of
CO:-equivalent emissions annually. However, these projections depend on factors
such as technology costs, renewable-energy availability, infrastructure
development, and long-term market conditions. Current production costs in Canada
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range between approximately $3 and $6 per kilogram, with the potential to decline
over time as renewable-energy costs and electrolyser prices decrease.

Transportation is expected to be one of the first large-scale applications of
hydrogen, particularly in heavy-duty, long-haul, and marine sectors where
electrification remains technically difficult. Demonstration projects in BC—such
as hydrogen-powered transit fleets and refuelling hubs—illustrate early use cases
for low-carbon mobility. Broader adoption will depend on coordinated investments
in production, storage, distribution, refuelling infrastructure, and long-term offtake
agreements with fleet operators and transit authorities, along with supportive
regulatory frameworks and consistent fuel standards.

Once produced, hydrogen can be transported and traded in several forms
depending on distance, infrastructure, and market requirements. The most common
methods include compressed gaseous hydrogen, liquefied hydrogen, and hydrogen
carriers such as ammonia or liquid organic hydrogen carriers (LOHCs).

Compressed gaseous hydrogen is suitable for short distances via pipelines or tube
trailers, while liquefied hydrogen—stored at cryogenic temperatures around —253
°C—is more practical for medium-distance transport and export by ship. Ammonia
and LOHC:s are increasingly studied as safer, higher-density hydrogen carriers for
intercontinental trade, as they can leverage existing port and chemical
infrastructure. Each transport method involves specific technical, safety, and cost
considerations, and international trade in hydrogen or its derivatives will likely
depend on the development of standardized certification systems and global market
frameworks.

For First Nations in British Columbia, hydrogen development intersects with
ongoing work in land stewardship, environmental assessment, and clean-energy
planning. Depending on regional priorities, communities may consider hydrogen in
the context of land-use planning, renewable-energy initiatives, or infrastructure
discussions. Any exploration of hydrogen-related opportunities should be guided
by community values, governance processes, and long-term objectives for their
lands and resources.
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Financing methods for hydrogen initiatives can vary. A balanced approach may
include a combination of debt and equity financing, where external investment is
complemented by community ownership or governance participation. Financial
modeling can help assess the long-term feasibility of projects by considering
capital and operating costs, potential revenues from hydrogen or its derivatives,
and applicable policy incentives. Discounted cash-flow analysis is an important
tool used to assess project viability, incorporating metrics such as internal rate of
return (IRR), payback period, levelized cost of hydrogen (LCOH), and net present
value (NPV), all of which help evaluate the overall financial performance of
proposed projects.

First Nations involvement in the hydrogen supply chain extends beyond project
ownership. It includes opportunities to participate in environmental monitoring,
local service procurement, renewable-power generation, and supporting
infrastructure development. Strengthening Indigenous participation across the
supply chain ensures that economic benefits, employment, and capacity-building
opportunities are distributed more equitably across the value chain and aligned
with community priorities.

Environmental stewardship remains central to any hydrogen initiative undertaken
within or near First Nations territories. Hydrogen development should integrate
community-driven environmental management practices and monitoring systems
that reflect both traditional knowledge and scientific assessment. Life-cycle
evaluations of hydrogen projects—including production, storage, transportation,
and end use—are important to ensure that environmental impacts remain consistent
with Indigenous values and regulatory requirements.

A framework for developing bankable hydrogen projects includes assessing
technical feasibility, identifying potential revenue sources, understanding market
dynamics, and defining appropriate ownership and governance structures. For First
Nations, the development of such frameworks ensures that projects are evaluated
on financial, environmental, and cultural grounds, not just technical or market-
based criteria.

Economic parameters, including land value, local energy resources, and carbon-
reduction credits, form essential components of project planning. Fair valuation of
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Indigenous land, resources, and contributions should be reflected in partnership or
development agreements. Similarly, revenue-sharing arrangements—whether
through equity participation, royalties, or structured payments—can ensure that
economic benefits are distributed in a way that reflects community input and
supports long-term community objectives.
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1.0 Introduction

Global energy systems are undergoing a major transition as countries work to meet
climate-change commitments and shift toward low-carbon economies. Clean
hydrogen has become a central element in this transformation because of its ability
to store, transport, and deliver energy produced from renewable or low-carbon
sources. When used in fuel cells or combustion systems, hydrogen generates power
and heat without emitting carbon dioxide (IEA 2024).

In Canada, hydrogen development is a strategic priority under federal and
provincial clean-energy frameworks aimed at achieving net-zero greenhouse-gas
emissions by 2050. The federal Hydrogen Strategy for Canada sets out a long-term
vision for scaling production, infrastructure, and technology deployment
(Government of Canada 2023). Complementary initiatives such as CleanBC’s
Hydrogen and Low-Carbon Fuels Program, Alberta’s Hydrogen Roadmap, and
regional energy-hub projects continue to expand opportunities across
transportation, industry, and power generation (Government of British Columbia
2024).

Hydrogen plays a critical role in decarbonizing sectors that are difficult to electrify,
including steelmaking, chemical production, and long-haul or heavy-duty
transport. It also supports grid stability by acting as a flexible energy carrier that
can balance variable renewable electricity sources such as wind and solar when
paired with appropriate storage and conversion systems.

According to the International Energy Agency’s Global Hydrogen Review 2024,
worldwide hydrogen demand reached approximately 100 million tonnes in 2024,
with most supplied from natural-gas-based processes. To meet net-zero targets,
production from renewable and low-carbon pathways will need to increase more
than fivefold by 2050 (IEA 2024).

Hydrogen has long been used in refining, ammonia and methanol production, and
food processing, but emerging applications include low-carbon fuels for aviation
and shipping, clean ammonia for fertilizers, and hydrogen-based processes for iron
and steel production.

Page | 5



Hydrogen is generally classified by the carbon intensity of its production method
and feedstock:

o Green hydrogen — produced by water electrolysis using renewable or nuclear
electricity, with near-zero emissions at the point of generation.

o Blue hydrogen — produced from natural gas or renewable methane coupled
with carbon capture, utilization, and storage (CCUS).

o Grey hydrogen — produced from fossil fuels without carbon capture.

Among these pathways, green hydrogen offers a lower-emission option for deep
decarbonization. Advances in electrolysis technologies—including Proton
Exchange Membrane (PEM), Alkaline Electrolyser (AE), and Solid Oxide
Electrolysis Cell (SOEC) systems—are improving efficiency and reducing
production costs (Ozturk and Dincer 2024).

By significantly reducing carbon emissions and enabling low-carbon fuel
production, energy storage, and industrial conversion, hydrogen supports both
Canada’s net-zero objectives and the broader global effort to build resilient,
sustainable, and secure energy systems.

2.0 Physical and Chemical Properties of Hydrogen

Hydrogen is the lightest element on the periodic table, represented by the symbol
H and atomic number 1. Each atom contains a single proton and electron. Under
standard temperature and pressure, hydrogen exists as a diatomic gas (Hz) that is
colourless, odourless, non-toxic, and highly flammable (U.S. Department of
Energy 2023).

Hydrogen has a molecular weight of 2.016 g/mol and a boiling point of —252.9 °C
(—423.2 °F). It liquefies under cryogenic conditions and solidifies at approximately
—259 °C (—434 °F). Owing to its low molecular mass, hydrogen has a density of
0.0899 kg/m? at 0 °C and 1 bar, making it nearly 14 times lighter than air (NREL
2023).

Its specific energy content is among the highest of all known fuels, with a Lower
Heating Value of 33.3 kWh/kg (120 MJ/kg) and a Higher Heating Value of 39.4
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kWh/kg (142 MJ/kg) (Center for Sustainable Systems 2024). Despite this high
energy per unit mass, hydrogen’s volumetric energy density is very low, requiring
compression, liquefaction, or chemical conversion for practical storage and
transport.

Chemically, hydrogen is highly reactive and forms compounds with most elements.
It readily combines with oxygen to produce water vapour (Hz + 202 — H20 +
energy), releasing significant heat. It also reacts with carbon to form hydrocarbons
and with nitrogen to produce ammonia (NHs). Although molecular hydrogen is
stable and non-corrosive under ambient conditions, it can cause hydrogen
embrittlement in certain metals, especially high-strength steels and some nickel
alloys. Proper material selection is therefore critical for pipelines, tanks, and
pressure vessels (DOE 2023).

Hydrogen is stored and transported in several forms. Compressed gas storage
typically uses pressures between 350 and 700 bar in high-strength cylinders or
composite tanks. Cryogenic liquid storage at =253 °C provides higher volumetric
energy density but requires advanced insulation and boil-off management (i.e.,
controlling the vaporization of cryogenic liquids). Solid or chemical storage
methods—such as metal hydrides, liquid-organic hydrogen carriers (LOHCs), or
ammonia—are being developed for stationary and transport applications.
Distribution may occur through pipelines, road tankers (compressed or liquid), or
on-site generation systems. Existing hydrogen pipelines operate in industrial
regions, while new materials and coatings are being evaluated for long-distance
transport and compatibility with hydrogen embrittlement risks (IEA 2024).

Although non-toxic, hydrogen is highly flammable across a wide concentration
range of 4 to 75 percent in air. Its ignition energy is approximately 0.02 mJ or
lower, significantly lower than that of natural gas. Because hydrogen flames are
nearly invisible and emit little radiant heat, leak detection and ventilation are
essential for safe handling. The gas disperses rapidly upward due to its low density,
reducing explosion risk in open areas but increasing the importance of engineered
ventilation and leak detection in enclosed or partially confined spaces.

Modern safety standards specify design measures such as venting, grounding, leak
detection, and pressure-relief systems. Compliance with CSA/ANSI HGV 2, ISO
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19880, and the NFPA 2 Hydrogen Technologies Code is required for hydrogen
production, storage, and refuelling facilities (DOE 2023).

3.0 Hydrogen and Decarbonization

Hydrogen plays a central role in the global pathway toward decarbonization. As a
versatile, transportable, and storable energy carrier, hydrogen provides one of the
most practical solutions for deep emission reduction across multiple sectors. It is
therefore essential to make hydrogen production and conversion processes
economically competitive in order to fully benefit from its potential to support net-
zero objectives (Hydrogen Council 2024).

Countries in the European Union, along with Japan, South Korea, China, the
United States, and Canada, continue to expand policy and financial support for
low-carbon hydrogen development. These include national hydrogen strategies,

clean-fuel standards, investment tax credits, and regional hydrogen-hub programs
(IEA 2024; NRCan 2024).

Across all regions and economies, the decarbonization potential of hydrogen is
widely acknowledged. Evaluating the life-cycle carbon performance of
hydrogen—from feedstock extraction to end use—is essential to ensure that the
pathways chosen truly deliver net emission reductions.

In Canada, the preferred hydrogen production pathway varies by region based on
feedstock availability, energy inputs, infrastructure, and in some areas, the
suitability of sites for carbon capture, utilization, and storage (CCUS). Each
province or territory must assess its overall energy mix before committing to large-
scale hydrogen production.

If properly planned, regional hydrogen strategies can minimize cost and carbon
intensity while maximizing the use of local feedstocks and renewable resources.
Canadian industry, provincial governments, and First Nations will play key roles in
determining which hydrogen production pathways are pursued and in what
sequence.

The federal and provincial governments are responsible for establishing policy and
regulatory frameworks—including emission-reduction targets and incentive
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programs—while industry focuses on identifying the most technically and
economically viable production routes within those limits.

A balanced regional approach is expected to guide Canada’s hydrogen supply mix,
combining fossil-fuel-derived hydrogen with CCUS and clean-electricity-based
hydrogen from electrolysis. This diversification will enable stable production
volumes, support domestic demand, and facilitate the growth of export markets,
particularly to jurisdictions with established clean hydrogen import goals.

Figure 1 illustrates the likely hydrogen production pathways across Canada’s
provinces and territories, reflecting variations in grid composition, renewable-
energy potential, and access to feedstocks (NRCan 2023).

CANADA'S HYDROGEN LEGEND
PRODUCTION POTENTIAL oo d bl ot ol

Hydro/Renewable hydrogen
production potential

. Nuclear hydrogen
production potential

NORTH

Mixed feedstock hydrogen

« Limited grid coverage, 94% hydro QUEBEC . production potential

* Potential role for H2 in mini-grids

* 95% hydro
for remote communities

electricity
* Opportunities

T ——— for electrolysis NEWFOUNDLAND & LABRADOR

Northwest

* Low Cl electricity grid Territories
(91% hydro), 4th largest
electricity producer in —

Canada British Newfoundland
Columbia i ol

* Large excess hydro generation
@®— . potential for electrolysis hydrogen

* Vast natural gas reserves
in Montnay Formation in
NE of Province position Alberta
as 2nd largest NG
producer in Canada

PEI

Qb = - 99% wind
Edu’r':r.d energy with
N\

Saskatchewan

U Island interconnections to
other provinces
ALBERTA Nova
New Scotia
* Predominantly NG Brunswick NOVA SCOTIA
and coal/coke based SASKATCHEWAN
electricity system Fossl s igsed lect MANITOBA ONTARIO \‘_ NEW BRUNSWICK 'M':X;?E/esffflﬂlﬂgﬂd
« Significant fossil * Fossil fuel-based el EC[IICI[y [ with fossil fuels,
fue/grefservesfand system, with 14% wind * 97% hydro *Lorgenycieqh * Mixed electrical grid with hydro & renewables
€0, sequestration « Opportunities for wind, NG electricity :/';Zgy:é;t;;l nuclear, hydro and fossil fuels  Relatively new and
potential, Canada’s reformation as 3rd largest + Opportunities for s;f;ergies * Relatively new and well-integrated
largest NG producer NG producer in Canada for electrolysis with Ha well-integrated NG network NG network

Figure 1. Canada’s Hydrogen Production Potential. Adapted from Natural
Resources Canada, Hydrogen Strategy for Canada — Progress Report (2023).

This map illustrates the potential hydrogen production pathways across Canada
based on regional feedstocks and electricity systems.
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e British Columbia — A strong hydroelectric base (91 percent clean
electricity) and extensive natural-gas reserves support both renewable and
low-carbon hydrogen production.

e Alberta and Saskatchewan — Rich in natural-gas resources and geological
storage formations, these provinces are well suited for hydrogen production
through reforming processes with carbon capture, utilization, and storage
(CCUS).

e Manitoba and Quebec — Predominantly hydro-based grids provide ideal
conditions for renewable-powered electrolysis.

e Ontario and New Brunswick — Opportunities exist for nuclear-assisted
hydrogen generation and integration within mixed electrical grids.

e Atlantic provinces (Prince Edward Island, Nova Scotia, Newfoundland and
Labrador) — Excellent wind and hydro resources enable renewable
hydrogen and ammonia-based fuel production for domestic and export
markets.

e Northern territories — Localized hydrogen systems can support off-grid and
remote communities through small-scale renewable-energy applications.

Different pathways—from production to end use—are expected to be viable within
Canada’s emerging hydrogen economy. Each pathway begins with a feedstock and
an energy source and extends through production technology, storage, transport,
and distribution before reaching final applications such as industry, transportation,
or power generation (Figure 2).

These pathways vary by region according to resource availability, infrastructure,
and policy priorities. In British Columbia, for example, renewable-energy-based
hydrogen and opportunities for geological storage represent a potentially attractive
option. This combination takes advantage of the province’s abundant hydroelectric
power, existing natural-gas infrastructure, and subsurface geological formations
that may have potential for future carbon or hydrogen storage.
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Figure 2. Energy Process Chain of Hydrogen and Its Cross-Sectoral Linkages
Source: National Renewable Energy Laboratory (NREL 2022), U.S. Department of
Energy. NREL is sponsored by the U.S. Department of Energy and operated by the

Alliance for Sustainable Energy, a partnership between Battelle and MRIGlobal.

4.0 Hydrogen: A Paradigm Shift

Hydrogen can be used both as an energy source and as an energy carrier. Its ability
to convert back into electricity through fuel cells, or into heat and power through
combustion or electrochemical processes, makes it one of the few cross-sectoral
energy vectors. Hydrogen has the potential to complement renewable electricity
systems by providing long-duration energy storage, diurnal and seasonal balancing,
and low-carbon fuels for sectors that cannot be directly electrified. Its versatility
enables mobility, storability, and interconnection between energy systems, forming
a bridge between electricity, transport, and industrial processes (IEA 2024).

To become a widely adopted energy carrier, hydrogen must achieve cost levels that
are competitive with conventional fuels while maintaining low carbon intensity.
Green hydrogen—produced via electrolysis using renewable electricity—is
currently one of the lower-emission pathways but remains cost-intensive. Reducing
these costs will require continuous investment in technology innovation, supply-
chain scaling, and supportive public-policy frameworks. Current projections
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suggest that with increased renewable-energy deployment and mass manufacturing
of electrolyzers, the cost of green hydrogen could decline by approximately 50—70
percent by 2035 (NRCan 2024; Hydrogen Council 2024).

Because hydrogen’s life-cycle economics depend on multiple stages—production,
conversion, transport, storage, and use—technology advancement and coordinated
policy must progress together. Effective policy-technology alignment can
accelerate cost reductions, expand infrastructure, and ensure interoperability across
provincial and national systems. Such synergy is already visible in emerging
hydrogen hubs, where co-location of production, distribution, and end-use
infrastructure minimizes logistics costs and enhances overall system efficiency.

Regulatory modernization is another cornerstone of this paradigm shift in energy
systems. Harmonized safety codes, streamlined permitting, and standardized
certification for hydrogen purity and carbon intensity will reduce administrative
barriers and encourage private-sector participation. As Canada positions itself as a
potential hydrogen exporter, developing common standards for low-carbon
certification and cross-border trade will play an important role in supporting
market confidence and international compatibility.

On the economic front, the declining cost of renewable energy remains a critical
driver of affordable hydrogen production. Wind and solar electricity prices have
fallen by more than 80 percent over the past decade, and continued progress in grid
integration will make electrolysis increasingly competitive. At the same time,
advances in carbon capture, utilization, and storage could enhance the viability of
blue hydrogen from natural gas in provinces such as Alberta and Saskatchewan.
Together, these trends contribute to favourable hydrogen economics by improving
efficiency, scalability, and investment confidence.

From a policy perspective, governments play a decisive role in establishing market
incentives and creating conditions that support investment. Carbon pricing
mechanisms, clean-fuel standards, and investment tax credits can narrow the cost
gap between fossil-based and low-carbon hydrogen. Public—private partnerships
will be key to accelerating infrastructure deployment and domestic manufacturing
capacity for components such as electrolyzers, storage tanks, and fuel-cell systems.
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The social dimension of this transformation is equally vital. Public trust and social
acceptability will determine how quickly hydrogen technologies are adopted. The
hydrogen economy can deliver broad social benefits—job creation, skills
development, and new business opportunities—particularly for Indigenous and
remote communities seeking to replace diesel with cleaner, locally produced fuels.
Outreach and education programs that highlight hydrogen’s safety, environmental
benefits, and practical uses will strengthen community engagement and
participation.

Ultimately, integrating innovation, regulation, and inclusivity into national and
regional hydrogen strategies will drive a true paradigm shift. Progress in this area
can be characterized by three interrelated priorities:

o Modernizing and harmonizing regulations to create a stable, innovation-
friendly environment for the hydrogen and fuel-cell industries.

« Unlocking large-scale investment in technology development,
manufacturing, and infrastructure through coordinated public and private
initiatives.

« Establishing clear and transparent market frameworks to guide the growth of
domestic and export-oriented low-carbon hydrogen markets.

If effectively implemented, these measures will allow hydrogen to evolve from a
niche technology into a cornerstone of Canada’s clean-energy transition, reshaping
how energy is produced, stored, and used across all sectors of the economy.

5.0 Hydrogen Production

Hydrogen can be produced through a variety of industrial and emerging processes
(Figures 3 and 4). The energy source and production method determine whether the
resulting hydrogen is classified as grey, blue, or green.

Industrial production methods remain largely location-dependent, influenced by
regional demand, feedstock availability, and access to low-carbon energy resources
(Riester 2022; NRCan 2024). At present, large-scale hydrogen production is
dominated by fossil-based feedstocks, particularly in regions with established
natural-gas or coal infrastructure. The most important industrial processes include:
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« Steam Methane Reforming (SMR) — the principal method worldwide, using
natural gas and steam to produce hydrogen and carbon dioxide;

« Partial Oxidation (POX) of hydrocarbons — where heavy oils or residues
react with oxygen to yield synthesis gas; and

« Gasification of carbon-rich materials such as coal, petroleum coke, or
biomass, followed by gas cleaning and hydrogen separation.

Blue hydrogen combines these established processes with carbon capture,
utilization, and storage to significantly reduce emissions, while green hydrogen is
generated via electrolysis of water using renewable electricity such as hydro, wind,
or solar. Grey hydrogen, by contrast, refers to production from fossil fuels without
carbon capture.

Beyond conventional routes, innovative technologies are being developed to
broaden the hydrogen supply base. These include biological and photobiological
pathways, thermochemical water splitting using nuclear or solar heat, and
photoelectrochemical (PEC) processes that directly use light energy to drive
electrochemical reactions that produce hydrogen. While these technologies have
demonstrated laboratory-scale success, they require significant research,
development, and demonstration before achieving full commercial readiness.

As technology advances and renewable-energy costs continue to fall, diversifying
hydrogen production pathways will be crucial to ensuring both regional self-
sufficiency and global market competitiveness.
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Figure 3. Principle of Water Electrolysis for Hydrogen Production.
Adapted from the U.S. Department of Energy (DOE 2023) and the International
Energy Agency (IEA 2024).

This figure shows the basic operation of a water electrolyzer, which splits water
(H20) into hydrogen and oxygen using electricity. An electric current flows
between two electrodes separated by a membrane that allows proton transfer while
preventing gas mixing. At the anode (positive electrode), water molecules are
oxidized to release oxygen, protons (H*), and electrons according to the reaction:
2H:0 — O:2 +4H" + 4e".

The electrons then travel through the external circuit to the cathode (negative
electrode), where they recombine with protons to form hydrogen gas:
4H* + 4e” — 2Ho.

This process produces high-purity hydrogen and can operate with electricity from
renewable sources, enabling green-hydrogen generation with near-zero emissions.
Electrolyzers are commonly categorized as alkaline (AEL), proton-exchange-
membrane (PEM), or solid-oxide (SOEC) types, each offering different
efficiencies, temperature ranges, and scalability characteristics.
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Figure 4. Alkaline electrolyser — Typical system design and balance of plant.
Source: IRENA (2020).

This process flow diagram illustrates the operation of an alkaline electrolyzer
system for large-scale hydrogen production. Electricity from the grid or renewable
sources is first converted through a transformer and rectifier to supply direct
current (DC) to the electrolyzer unit, where water is split into hydrogen and
oxygen gases. The electrolyte solution, typically potassium hydroxide (KOH),
circulates between the electrodes to facilitate ion conduction and maintain system
stability.

The generated hydrogen and oxygen gases are separated, dried, and purified before
storage or compression. Hydrogen is typically collected in a gas—water separator
and then passed through drying, compression, and buffer storage units to achieve
required purity and pressure levels for industrial or energy applications. Oxygen, a
by-product of the process, may be vented, stored, or utilized in nearby facilities.

Alkaline electrolysis is one of the most mature and cost-effective electrolysis
technologies, widely used in industrial hydrogen production for decades. It
operates at relatively low temperatures (60—80°C), uses inexpensive catalyst
materials, and offers high reliability. Continued integration of renewable electricity
sources and advanced system control technologies is expected to further enhance
its efficiency and reduce lifecycle emissions.
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At the global level, hydrogen production remains predominantly fossil-based, with
approximately 49 percent derived from steam-methane reforming (SMR) of natural
gas, 29 percent from the partial oxidation of oil or naphtha, and 18 percent from
coal gasification, while only about 4 percent originates from water electrolysis
(Riester 2022; IEA 2024).

Green hydrogen is produced by splitting water into its elemental components—
hydrogen and oxygen—using electricity generated from renewable sources such as
hydro, wind, geothermal or solar power.

In a theoretical electrolysis process without energy losses, approximately 39.4
kilowatt-hours (kWh) of electricity are required to produce one kilogram of
hydrogen. However, commercial electrolysers operate at efficiencies of about 70—
80 percent, meaning their actual electricity consumption is typically 48—55 kWh
per kilogram of hydrogen (IEA 2024; DOE 2023).

Hydrogen can also be produced from hydrogen-rich fossil fuels such as methane
(CHa) through processes including steam-methane reforming (SMR), autothermal
reforming (ATR), or partial oxidation (POX). Currently, around 95-96 percent of
global hydrogen production still comes from these carbon-intensive pathways (IEA
2024).

Grey hydrogen refers to hydrogen produced from fossil fuels without any carbon
capture, leading to significant CO: emissions. When the associated CO:s: is captured
and permanently stored or reused through carbon capture, utilization, and storage,
the resulting product is known as “blue hydrogen.”

Low- or zero-emission hydrogen can also be produced when clean-energy inputs
are used or when any process emissions are mitigated through CCUS. As
renewable-electricity generation expands and CCUS deployment scales up, the
share of low-carbon hydrogen in global supply is expected to rise substantially by
2030 and beyond (IEA 2024).

Regulators and industry frameworks commonly classify hydrogen into three main
categories—green, blue, and grey (Figures 5, 6, and 7). The primary distinction
among these types lies in their life-cycle greenhouse-gas emissions.
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Beyond emissions, other sustainability dimensions—such as economic feasibility,
social impact, and long-term resource efficiency—also influence the classification
and desirability of each hydrogen type. As markets evolve, these broader
sustainability factors are expected to shape national standards and certification
systems for low-carbon hydrogen.

Main production routes Characteristics

Intensive CO,
Steam Methane Reforming (SMR) .

Coal Gasification Social acceptance

—0

Low cost

Figure 5. Grey hydrogen — main production routes and characteristics. Source:
World Energy Council (2019), Innovation Insights Brief — “New Hydrogen
Economy: Hype or Hope?”

Main production routes Characteristics
" Low CO,
+ SMR + CCS —il)
Expensive

~" .
@ + Coal gasification + CCS Social acceptance

Figure 6. Blue hydrogen — main production routes and characteristics. Source:
World Energy Council (2019), Innovation Insights Brief — “New Hydrogen
Economy: Hype or Hope?”
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Figure 7. Green hydrogen — main production routes and characteristics. Source:
World Energy Council (2019), Innovation Insights Brief — “New Hydrogen
Economy: Hype or Hope?”

Using a more academic and expanded classification, hydrogen can be grouped into
five shades—grey, blue, green, brown, and black—based on feedstock type and
carbon intensity (Kumar 2022; Kumar and Hankwon 2022; Table 1).

The first three shades—agrey, blue, and green—have been described earlier in this
section, highlighting their production pathways and emission profiles. In addition
to these, brown hydrogen is produced from lignite (brown coal) or methane-rich
feedstocks via gasification, releasing approximately 10—12 tonnes of CO: for every
tonne of hydrogen (Kumar and Hankwon 2022).

Black hydrogen is derived from bituminous or anthracite coal gasification. In this
process, syngas is produced, and hydrogen is separated through absorption or
membrane-based systems, while the remaining gases are vented to the atmosphere
(Kumar and Hankwon 2022). Table 1 below summarizes the five shades of
hydrogen, outlining their feedstocks, production technologies, indicative costs, and
associated CO- emission levels.
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Hydrogen : G Cost CO:
Color Technology Source Products (S kg/Hz) | emissions
Brown A Brown coal .
yasific S5y 124 CO:2 2
Hydrogen Gasification (Lignite) H2+CO 1.2-2.1 High
Black SR Black coal A :
Hydrogen A (Bituminous) st L High
0= i H:+ CO2 :
Grey Hydrogen |  Reforming Natural gas S 1-2.1 Medium
Reforming + Hz+ CO2
carbon capture Natural gas Coiave 1.5-2.9 Low
Electrolysis Water Hz+ O 3.6-5.8 Minimal

Table 1. Classification of hydrogen by colour, production technology, source, and
CO:z emissions. Source: Kumar, S. and Hankwon, L. (2022). An overview of water
electrolysis technologies for green hydrogen production. Renewable and
Sustainable Energy Reviews, 160, 112106.

5.1 Thermochemical Production

There are several hydrogen production processes that are based on thermochemical
(as opposed to electrochemical) principles. The most important thermochemical
process is steam-methane reforming (SMR).

Most of the hydrogen currently produced in Canada, the United States, and
globally is made through SMR. In this process, methane (CHa)—the main
component of natural gas—is reacted with steam at high temperatures in the
presence of a nickel-based catalyst to produce a mixture of carbon monoxide (CO)
and hydrogen (Hz). The output of this process, known as syngas, is widely used in
organic synthesis and as an energy carrier.

The chemical reactions involved are as follows:

Steam—Methane Reforming Reaction:
CHa4 + H20 (+ heat) — CO + 3H2

Water—Gas Shift Reaction:
CO + H20 — CO2 + Hz (+ small amount of heat)
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The SMR process is the dominant industrial method for hydrogen production due
to its cost-effectiveness and ability to achieve high hydrogen purity levels.
Hydrogen produced via SMR is used extensively in refining, ammonia synthesis,
methanol production, and fuel cells, owing to its reliability and scalability.

Although hydrogen can be considered a low-emission fuel when paired with
carbon-management systems, its production can be energy-intensive, particularly
in pathways that require significant heat input to drive chemical reactions.

Globally, around 50 percent of all hydrogen is produced via SMR, making it the
least expensive production route in terms of capital and operating costs (IEA
2024).

One way to decarbonize SMR-based hydrogen is through the application of carbon
capture, utilization, and storage (CCUS) technologies, which in some
configurations can capture up to 90 percent of the CO2 emissions from the SMR
process.

5.2 Steam Electrolysis (High-Temperature Electrolysis)

One of the most mature and emission-free methods for hydrogen production is
water electrolysis, in which water (H20) is split into hydrogen (Hz) and oxygen
(O2) using electrical energy. Electrolysis systems are generally classified into low-
temperature and high-temperature technologies depending on their operating
conditions.

High-temperature steam electrolysis (HTSE) uses both heat and electricity to split
water molecules and is inherently more efficient than conventional low-
temperature (alkaline or PEM) electrolysis. HTSE typically operates at 750-950
°C, using steam as the feedstock (Figure 8). The total energy requirement for this
process is lower because a portion of the energy is supplied as thermal heat rather
than electricity. The heat of vaporization needed to convert water to steam can be
obtained from industrial waste heat or renewable thermal sources, which are much
less costly than electrical power.

As operating temperature increases, the electrical energy required for electrolysis
decreases, improving overall efficiency. High-temperature electrolysis can require
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approximately 30-35 percent less electrical energy than conventional low-
temperature electrolysis, since part of the input energy is supplied as heat (IEA
2024; DOE 2023).

In terms of performance, HTSE systems demonstrate electrical efficiencies of
around 44 %, compared to the ~33 % thermal efficiency of standard Rankine-cycle
power generation. When combining both electrical and thermal inputs, overall
hydrogen production efficiency can exceed 50-55 %, depending on the
configuration and heat-integration design (IEA 2024).

High-temperature steam electrolysis is considered a promising pathway for large-
scale green hydrogen production, particularly when coupled with nuclear,
geothermal, or concentrated-solar heat sources, which can supply the necessary
thermal energy while maintaining zero direct carbon emissions.

The thermal energy input required for HTSE can be supplied by a variety of
sources, including advanced nuclear reactors (Figure 8). These reactors are
uniquely suited to provide both the high-grade heat and electricity necessary for
large-scale, zero-emission hydrogen production. By utilizing the waste heat from
nuclear power plants, HTSE can significantly improve efficiency and open new
commercial markets for nuclear energy through hydrogen co-generation.

According to the U.S. Department of Energy (DOE), a 1,000-megawatt-electric
(MWe) nuclear power plant could produce up to 150,000 tonnes of hydrogen per
year when integrated with high-temperature electrolysis systems. This hydrogen
could serve regional markets for fertilizer production, petroleum refining,
steelmaking, material-handling equipment, fuel cell vehicles, and carbon-neutral
synthetic fuels (DOE 2022; DOE 2023).

The DOE’s Hydrogen and Fuel Cell Technologies Office (HFTO) has supported
several demonstration projects coupling nuclear energy with electrolysis. One key
initiative is the Nine Mile Point Nuclear Power Station project in Oswego, New
York, which became the first nuclear-powered clean hydrogen production facility
in the United States. The plant employs a low-temperature electrolysis system to
generate hydrogen used for plant cooling operations, marking a landmark step
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toward hybrid nuclear—hydrogen systems. The project began production in early
2023 (DOE 2023).

Beyond demonstration projects, the DOE continues to advance clean hydrogen
development through large-scale funding mechanisms. Under the Bipartisan
Infrastructure Law (BIL), the DOE has allocated US $7 billion to establish six to
ten Regional Clean Hydrogen Hubs (H2Hubs) across the United States, at least one
of which will focus on hydrogen production from nuclear heat sources (DOE
2024).

Additional support is provided under the Inflation Reduction Act (IRA 2022),
which introduced production tax credits (PTC 45V) of up to US $3 per kilogram
for low-carbon hydrogen based on verified life-cycle emission intensity. This
financial incentive is expected to reduce the cost of clean hydrogen by as much as
80 percent within the decade, stimulating private-sector investment and
accelerating adoption across multiple industries.

The combination of direct federal funding, tax incentives, and nuclear—hydrogen
integration research positions the United States as a leader in scaling up clean
hydrogen infrastructure. Canada’s own Hydrogen Strategy (NRCan 2020; 2023
update) sets comparable goals, emphasizing hydrogen production from diverse
clean energy sources, including nuclear and renewable heat integration, alongside
Indigenous participation and regional energy security.
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Figure 8. High-temperature thermochemical production of hydrogen using nuclear
heat. Source: Adapted from IAEA (2020) and U.S. Department of Energy, Office
of Nuclear Energy (2021).

6.0 Innovative Methods for Hydrogen Production

Innovation in hydrogen production is essential to lower overall costs and to make
hydrogen a viable, large-scale energy carrier. Cost reductions are also needed in
storage, transport, and distribution to decrease the end-to-end cost across the
hydrogen value chain. Among these, production remains the highest-cost
component in most hydrogen pathways.

The Hydrogen Council notes that “reducing hydrogen production costs will play a
disproportionate role in unlocking the cost competitiveness of all hydrogen
applications, ” projecting that production costs could fall by up to 60% by 2030
with sufficient advances in innovation.

In alignment with global Mission Innovation 2030 goals, efforts are focused on
identifying innovation priorities that can deliver measurable impact within this
decade. Technological innovation is particularly needed in the two most widely
used low-carbon hydrogen production routes:
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« Natural Gas Reforming with Carbon Capture and Storage (NGR + CCS),
and

o Low-carbon electrolysis.

For NGR + CCS, the expansion and optimization of carbon storage capabilities are
regarded as the highest priorities. A rapid increase in demand for carbon storage
capacity is expected as nations legislate industrial decarbonization and shift to
cleaner energy pathways. Further innovation is needed to reduce the cost and
intensity of process materials and catalysts, enhance carbon-capture efficiency, and
improve integration of reforming and capture units.

Although the core technologies for reformation and carbon capture are already
mature, incremental innovations in process design, integration, and heat recovery
can yield additional gains.

For low-carbon electrolysis, innovation should focus first on electrochemical
component improvement and system scale-up. Automating electrolyser
manufacturing, optimizing electrode materials, and adopting lean manufacturing
methods can unlock significant cost reductions by enabling mass production at
industrial scale (Carbon Trust, 2021).

An innovative process for hydrogen production has been developed by Moscow’s
Skolkovo Institute of Science and Technology (2021), based on in-situ conversion
of natural gas reservoirs to hydrogen. In this process, oxidants and catalysts are
injected into underground natural-gas reservoirs through an injection well.

A controlled combustion front converts part of the methane to hydrogen (Hz) and
carbon oxides, which are then processed through a membrane system to separate
pure hydrogen at the production well. The residual carbon remains trapped in the
formation, enabling simultaneous hydrogen generation and permanent CO: storage
within the reservoir (Fig. 9).

This novel method shows promising results in laboratory trials and demonstrates
the potential for low-emission hydrogen production directly from existing gas
fields while achieving long-term geological carbon storage.
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Figure 9. In-situ hydrogen production from natural gas reservoirs with integrated
carbon storage. Source: Adapted from Skolkovo Institute of Science and
Technology, Energy Reports 7 (2021)

6.1 Hydrogen from Biomass and Bio-Carbon Conversion

Hydrogen can also be produced from renewable biomass feedstocks through
thermochemical conversion. Biomass gasification operates at 700—1,200 °C, using
a controlled mixture of steam and oxygen to convert organic carbon into a syngas
mixture of hydrogen (Hz), carbon monoxide (CO), and carbon dioxide (COz).
Downstream processes such as the water-gas shift reaction and CO: separation
increase hydrogen yield and purity.

The carbon performance of biomass-derived hydrogen depends strongly on
feedstock type and conversion technology. When using sustainably managed
residues (e.g., forestry by-products or agricultural waste), the process can be
considered carbon-neutral because the CO- released during gasification
approximately equals that absorbed during biomass growth.

If carbon capture and storage (CCS) or carbon capture, utilization, and storage
(CCUS) systems are integrated, the resulting configuration—known as Bioenergy
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with Carbon Capture and Storage (BECCS)—can achieve net-negative emissions,
permanently removing atmospheric CO: while producing renewable hydrogen
(Carbon Trust, 2021; IEA, 2023).

Advances in biomass gasification include plasma gasification, supercritical-water
reforming, and catalytic pyrolysis, each improving hydrogen yield or carbon
capture efficiency. Globally, demonstration projects in Japan, Finland, and Canada
(e.g., CanmetENERGY’s biomass-to-hydrogen pilot) are validating this approach
as a scalable option for rural and forest-based economies. For First Nations
communities, this route is particularly relevant because of proximity to sustainable
biomass resources and the potential for localized hydrogen hubs integrated with
district heating or power generation systems.

Autothermal Reforming (ATR) with Gas-Heated Reforming (GHR) and CCS

Autothermal Reforming (ATR) is an advanced low-carbon hydrogen production
pathway that combines partial oxidation and steam reforming in a single reactor. In
this process, a hydrocarbon feedstock (usually natural gas or petroleum refinery
off-gas) reacts with oxygen and steam to generate a synthesis gas containing
hydrogen and carbon oxides that can be further processed to separate hydrogen and
enable efficient carbon capture. Because ATR reactions are self-sustaining
thermally, the process operates more efficiently and produces a higher-purity CO-
stream than conventional Steam Methane Reforming (SMR).

When integrated with Gas-Heated Reforming (GHR), the hot exhaust from the
reactor 1s used to pre-heat the incoming feed and steam mixture, improving thermal
efficiency by approximately 10—15 percent compared with standalone ATR units.

This configuration can enable CO: capture rates of up to 95 percent (Carbon Trust,
2021; IEA Hydrogen, 2023).

ATR-CCS facilities are already under development in several jurisdictions. In the
United Kingdom, the HyNet and Acorn projects are designing ATR-based blue-
hydrogen plants with pipeline-connected CO: storage in offshore saline aquifers.
Similar designs are being considered in Alberta and Saskatchewan, where natural-
gas resources and depleted reservoirs provide ideal geological conditions for CCS
integration.
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Although ATR relies on fossil feedstocks, its lifecycle emissions can be reduced to
near-zero when powered by renewable electricity and coupled with full CO:
capture and permanent storage. The technology is particularly attractive for large-
scale industrial hydrogen supply (e.g., ammonia, methanol, and refinery hydrogen)
and for transition pathways in gas-rich regions until green-hydrogen electrolysis
becomes fully cost-competitive.

7.0 Hydrogen Transport

Hydrogen can be transported over short or long distances using several established
and emerging technologies. It can be moved as a compressed gas, cryogenic liquid,
or in chemical carriers such as ammonia or liquid organic hydrogen carriers
(LOHCs). The method chosen depends on volume, distance, and end-use market.

For short-distance and distributed supply, hydrogen is typically moved by truck
trailers in one of two forms:

o Compressed gaseous hydrogen (CGH:) stored in high-pressure cylinders
(typically 200700 bar), or

o Cryogenic liquid hydrogen (LH2) transported in insulated tanker trucks at
=253 °C.

For large-scale, continuous delivery, hydrogen can also be moved through
pipelines, similar to natural-gas systems. In Canada and parts of Europe, existing
gas networks are being assessed for hydrogen blending, where up to 20 vol %
hydrogen can be mixed with natural gas without major modifications to
infrastructure (IEA, 2023; Natural Resources Canada, 2023). This approach allows
a gradual decarbonization of heating and industrial sectors while leveraging current
assets.

For long-distance and export applications, hydrogen can be converted to liquid
form or transported as derived molecules—such as ammonia (NHs) or methanol
(CHsOH)—that are easier to handle using conventional fuel-transport
infrastructure. Ammonia cracking back to hydrogen is under active research for
import-terminal applications in Asia and Europe.
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The hydrogen transportation and delivery format therefore depends on market
maturity, infrastructure readiness, and demand profile. The most common current
options include:

o Compressed gas cylinders or cryogenic liquid tankers,

o Compressed hydrogen pipelines, and

« Blending with natural gas in existing gas networks.
For transporting larger quantities, multiple pressurized gas cylinders or tubes are
bundled together on CGH: (Compressed Gaseous Hydrogen) tube trailers (Fig. 10).
These systems are widely used for regional hydrogen delivery, capable of carrying

300-1,000 kg of compressed hydrogen depending on design pressure and trailer
configuration.

- Max. Service Pressure: 350 bar @ 15°C

- Cylinders: 7 X W205H350G5N8N_EL

- System approval -TUV

Storage Capacity (@ 350 bar:

~33.5kg of Hydrogen

Figure 10 — CGH: Cylinders Rack W205H for Bus Application.
Source: Milojevi¢ (2014).

For mobile and stationary storage applications, large-diameter cylinders are often
bundled together inside a protective steel or composite frame, forming what is
known as a tube bundle or module. Traditionally, these tubes were made of high-
strength steel, which provided structural integrity but added significant weight and
transport costs.
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Modern systems now employ composite materials—typically Type III (metal liner
with composite wrap) or Type IV (polymer liner with carbon-fiber composite
wrap)—which are 50-70% lighter than all-metal counterparts. The reduced weight
allows for greater payload efficiency and lower transport emissions per unit of
hydrogen delivered.

Despite its low density, hydrogen’s volumetric energy content can be substantially
increased through compression. Under standard temperature and pressure (1.013
bar and 0 °C), hydrogen’s density is 0.0899 kg per m? (one normal cubic meter, or
Nm?). When compressed to 200 bar, the density rises to 15.6 kg Hz per m?, and at
500 bar, it reaches approximately 33 kg H. per m* (DOE, 2023; IEA, 2023). These
properties make compressed hydrogen storage (CGH2) practical for industrial
transport and vehicle refueling networks.

From a safety perspective, hydrogen exhibits several favorable characteristics
compared with conventional fuels such as gasoline, diesel, or natural gas. It is non-
toxic, diffuses rapidly into the atmosphere, and has a lower radiant heat intensity
during combustion. The surrounding air near a hydrogen flame is therefore cooler
than that of a hydrocarbon flame, reducing the risk of secondary fires.

However, public perception of hydrogen safety remains influenced by historical
incidents, particularly the 1937 Hindenburg disaster. Modern analysis shows that
the Hindenburg was not caused by an explosion, but rather by a surface fire
following hydrogen leakage and ignition, exacerbated by the airship’s flammable
outer coating. Current hydrogen systems are designed with multiple containment
barriers, automatic shut-off valves, and advanced leak-detection systems, making
them orders of magnitude safer than early hydrogen applications.

Because hydrogen molecules are the smallest of all gases, preventing leaks is
technically challenging. Therefore, all transport and storage systems must be
equipped with sensitive hydrogen-detection devices, routinely maintained to ensure
reliability. Adherence to international safety standards such as ISO 19880-1
(Gaseous Hydrogen — Refueling Infrastructure) and ISO 16111 (Transportable
Gas Storage) ensures that hydrogen logistics meet rigorous design and operational
safety requirements.
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8.0 Hydrogen Applications

Once produced, hydrogen can be used directly across multiple sectors, including
transportation, industry, power generation, and chemical manufacturing (IEA
2022). It functions both as a primary energy source and as a reducing agent (also
called a reductant) in metallurgical and refining processes.

Hydrogen’s versatility lies in its dual role: it is both an energy carrier and a
feedstock. As an energy carrier, hydrogen can be converted into electricity using
fuel cells, used as combustion fuel, or blended into natural-gas networks for
heating and power generation (IEA 2022). As a feedstock, hydrogen is essential in
ammonia production, methanol synthesis, refining of petroleum, and
manufacturing of synthetic fuels such as e-fuels (DOE 2023).

Today, the largest consumers of hydrogen globally are the refining sector (= 40 %)
and ammonia production (= 35 %), followed by methanol and steel manufacturing
(IEA 2023). Emerging uses include fuel-cell electric vehicles (FCEVs), long-haul
trucking, aviation, marine transport, and energy storage to help stabilize power
grids when integrating variable renewable energy sources (IRENA 2022).

Figure 11 shows the current distribution of hydrogen production and consumption
as a percentage of global demand (DOE, 2023).

As a fuel and energy carrier, hydrogen offers distinct advantages over battery-
based systems, particularly in applications requiring high energy density or rapid
refueling. For example, hydrogen’s specific energy (= 120 MJ/kg) is nearly three
times higher than gasoline (= 44 MJ/kg) and over 200 times greater than lithium-
ion batteries (= 0.5 MJ/kg), enabling longer-range transport and shorter refueling
times (DOE 2023).

Hydrogen’s role as a long-duration storage medium can also support grid
balancing, particularly for applications that extend beyond the practical and
economic limits of conventional battery systems. When combined with renewable
power and fuel-cell technologies, hydrogen forms a core component of a circular,
zero-emission energy system (ISO 14687; ISO 19880-1 2019-2020).
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Figure 11 — Global hydrogen production and consumption pathways.
Source: U.S. Department of Energy (DOE, 2023).

Batteries are limited in their ability to store large amounts of electricity over
extended periods, particularly for heavy-duty or long-range applications. Hydrogen
can therefore complement batteries by providing a scalable solution for long-
duration energy storage and transport applications, especially in freight and
haulage sectors (IEA, 2023).

The optimal energy storage configuration for vehicles combines both hydrogen and
batteries. In such hybrid systems, hydrogen fuel cells supply the base or continuous
power, while batteries provide short-term power for acceleration, regenerative
braking, and peak load demand. This arrangement leverages the strengths of both
technologies—high energy density from hydrogen and high power density from
batteries.

Honda’s FCX Clarity hydrogen vehicle demonstrates this complementary system.
The car integrates a fuel-cell stack with a lithium-ion battery, where the hydrogen
system delivers sustained power and the battery supplements rapid response
functions. Although currently available in limited numbers, this model illustrates
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the technological maturity and real-world feasibility of combined hydrogen-battery
propulsion (DOE, 2023).

One of the by-products of green hydrogen production via electrolysis is pure
oxygen (see Figure 3). This oxygen has numerous industrial and healthcare
applications, including steelmaking, glass production, wastewater treatment, and
medical oxygen supply. Additionally, the low-temperature heat generated during
electrolysis can be recovered for space heating or greenhouse climate control,
creating additional revenue streams for hydrogen producers.

These by-products—oxygen and heat—are valuable commodities in established
markets. For example, oxygen is widely used in blast furnaces, glass melting, pulp
and paper bleaching, and aquaculture, offering hydrogen producers opportunities to
enhance project economics through integrated utilization of co-products (IEA,
2023).

8.1 Fuel Cells

Hydrogen is a versatile energy carrier that can be used to generate electricity
through fuel cells. A fuel cell is an electrochemical device that converts hydrogen’s
chemical energy directly into electricity, producing only water and heat as by-
products.

Hydrogen and hydrogen-based fuels are expected to play a major role in the
decarbonization of transport sectors where emissions are difficult to abate and
alternative solutions—such as battery-only systems—are either technically limited
or cost-prohibitive. Hydrogen fuel cells have the potential to replace or
complement carbon-based fuels (such as diesel, gasoline, and propane) in a wide
range of applications, including road transport, aviation, maritime, and off-road
industrial equipment (IEA, 2023).

Fuel cells operate similarly to rechargeable batteries, but instead of being
recharged electrically, they are continuously supplied with hydrogen fuel, which
reacts with oxygen from the air to produce electricity (see Figure 12). The process
occurs without combustion, resulting in quiet operation, high efficiency (up to
60%), and zero tailpipe emissions.
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According to Market Research Future (2025), “the hydrogen fuel cell market was
valued at USD 5.02 billion in 2023 and is projected to grow from USD 6.31 billion
in 2024 to USD 40.18 billion by 2032, representing a compound annual growth
rate (CAGR) of approximately 22.85% during the forecast period (2024-2032).”
This growth is driven by the increasing adoption of fuel-cell vehicles, stationary
power systems, and backup power units across major economies.

Canada—particularly British Columbia—has been a global leader in fuel-cell
innovation, research, and commercialization. Several pioneering companies based
in the province have contributed to the development of proton exchange membrane
(PEM) fuel cells for both transport and stationary uses. Hydrogen refueling
networks are expanding across British Columbia, Québec, Ontario, and Alberta,
enabling the broader deployment of fuel-cell electric vehicles (FCEVs) for both
passenger and commercial fleets (NRCan, 2023).
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Figure 12 — Simplified structure of a fuel cell. Source: World Energy Council
(2019).

9.0 Hydrogen Economy

Like any other commodity, hydrogen must be produced, packaged, marketed, and
delivered. Once produced, hydrogen is packaged through compression or
liquefaction, then transported via surface vehicles or pipelines. For inventory
management, hydrogen must also be stored safely and efficiently.
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The hydrogen fuel gas, therefore, goes through several market processes before
reaching the consumer. These stages involve economic and environmental costs,
which must be assessed and compared with alternative energy carriers.

The end-to-end cost of hydrogen (sometimes referred to as the delivered cost) is
defined by the Clean Hydrogen Mission as the price paid by the end user —
including production, storage, transport, and distribution costs. Among these
factors, carbon costs (Figure 13) are a major component of the hydrogen economy.
The Paris Agreement, with its objective of limiting global warming to well below
2°C (and ideally 1.5°C), underpins hydrogen’s critical role as a pathway to a net-
zero future.

The global green hydrogen market is forecasted by the IEA to expand from near
zero in 2021 to 9—14 Mtpa by 2030, and between 125-300 Mtpa by 2050 (Craen,
2023). The wide range of projections reflects uncertainty due to:

1) end-user demand, largely dependent on government policies;

i1) competing technologies and the pace of cost reductions; and

ii1) certification frameworks and eligibility for government support (Craen, 2023).

According to the International Energy Agency (IEA, 2024), global hydrogen
demand reached 97 Mt in 2023, a 2.5 percent increase compared with 2022.
Demand remains concentrated in refining and chemical sectors, where most
hydrogen is still derived from unabated fossil fuels. Low-emissions hydrogen
accounted for only about 1 Mt in 2023, though production is expected to rise
rapidly to 50 Mtpa by 2030, based on announced projects.

This growth in the hydrogen economy is driven largely by large-scale electrolysis
projects, with a total announced capacity of roughly 520 GW. The number of
projects that have reached Final Investment Decision (FID) has doubled since
2023, totaling 3.4 Mtpa, representing a five-fold increase in planned production by
2030. These projects are split roughly evenly between electrolysis (1.9 Mtpa) and
fossil-fuel-based hydrogen with carbon capture, utilization, and storage (CCUS)
(1.5 Mtpa) (IEA, 2024).
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The IEA further projects exports of 12 Mtpa of low-carbon hydrogen by 2030,
nearly 90 percent of which is expected to be green hydrogen, primarily transported
as green ammonia.

Production costs are expected to decline rapidly — mirroring the trend seen in
solar energy over the past two decades. The IEA projects that current green
hydrogen production costs of USD 3-8 per kg will drop to USD 1.3-4.5 per kg by
2030 and USD 1.0-3.0 per kg by 2050.

From an economic perspective, the competitiveness of hydrogen depends strongly
on fossil fuel prices and carbon pricing mechanisms. High carbon prices (Figure
13) can make green hydrogen more competitive relative to conventional fuels.

Hydrogen projects will also require government support mechanisms — such as
subsidies, investment credits, regulatory mandates, and carbon pricing — to
stimulate investment at the scale required to meet net-zero targets by 2050. In
Canada, hydrogen development should be supported comparably to LNG, ensuring
national competitiveness and energy security.

The economics of green hydrogen share notable parallels with the liquefied natural
gas (LNG) industry (Craen, 2023). Both are technologically complex, capital-
intensive, and depend on large-scale production and long-term offtake agreements.
As in the LNG sector, both buyers and sellers must make long-term capital
commitments. However, there are also key differences (Craen, 2023):

1. Green hydrogen technologies lack an established operational track record at
scale, unlike LNG, which has over fifty years of industrial experience.

2. Green hydrogen is not yet cost-competitive with fossil fuel alternatives and
requires ongoing policy support.

3. There is no established global trade market or transparent pricing system for
green hydrogen, unlike LNG.

Because hydrogen is expected to substantially reduce global carbon emissions, the
price of carbon will be an important economic factor in the hydrogen sector
(Figure 13). A higher carbon price could help justify the initial high costs of green
hydrogen production and accelerate investment in low-carbon technologies.
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Figure 13 — Carbon Price Across Scenarios. Source: Electric Power Research
Institute (EPRI, 2021).

Another important economic factor in the development of green hydrogen
production is the levelized capital cost of electricity generation (Figure 14) from
renewable resources, considering that the primary pathway to hydrogen production
is water electrolysis powered by renewable energy sources such as solar, wind, and
geothermal.

The capital cost for solar photovoltaic (PV) and onshore wind power is relatively
low on a per-kilowatt (kW) installed basis, typically ranging between USD 900—
1,300/kW for utility-scale solar and USD 1,200-1,800/kW for onshore wind (IEA,
2023). Nevertheless, these intermittent renewables have a low capacity factor—
generally between 15% and 25% depending on location—which substantially
raises their effective capital cost when normalized for continuous output.

By contrast, base-load renewable sources such as geothermal energy and nuclear
power exhibit much higher capacity factors—often above 80%—allowing for
steadier, round-the-clock electricity generation. Therefore, when the goal is to
provide reliable, low-carbon power for continuous electrolysis operations,
technologies like geothermal and nuclear power offer a stronger economic case for
hydrogen production despite higher initial investment per kilowatt installed.
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Figure 14 — US-REGEN Capital Cost Assumptions for Electric Technologies.
Source: EPRI (2021)

9.1 Hydrogen Value Chain

The life-cycle analysis (LCA) of hydrogen projects extends beyond supply-side
routes; it encompasses the entire value chain, from primary energy extraction and
conversion to end-use applications (Figure 15). Across hydrogen pathways and
end-use sectors, green hydrogen (produced via renewable-powered electrolysis)
and blue hydrogen (produced from fossil feedstocks with CCUS) can each achieve
substantial greenhouse-gas (GHG) reductions—typically above 90 percent for
green hydrogen and 60—80 percent for blue hydrogen, depending on process
efficiency and capture rate (IEA 2023).

Further reductions in the hydrogen value chain—from 2030 to 2050—are expected
to result from the continued decarbonization of electricity grids under net-zero
policies in Canada and internationally.

The purpose of this value-chain overview (Figure 15) is to familiarize First Nations
communities with the potential role that clean hydrogen can play in the transition
to a net-zero economy. Given hydrogen’s low-carbon footprint and flexibility as
both an energy carrier and industrial feedstock, it represents a practical solution for
off-grid and remote First Nations communities in British Columbia seeking to
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reduce diesel dependence and enhance local energy security. From a policy
perspective, hydrogen offers two critical advantages compared with other
transitional fuels:

« Adaptability and flexibility in responding to technological and market
changes; and

« The ability to leverage declining renewable-electricity costs from solar,
wind, and geothermal resources.

Hydrogen economies are inherently flexible in both production and utilization.
Hydrogen can be derived from diverse energy sources using multiple production
technologies, transported via gas pipelines, liquefied carriers, or chemical vectors
(such as ammonia or methanol), and stored short- or long-term in tanks or
geological formations. Economically, hydrogen benefits from favorable market
dynamics, including the declining cost of renewables and improving efficiency of
electrolysis and storage technologies. From a regulatory standpoint, hydrogen
deployment is increasingly supported by carbon-pricing frameworks, clean-energy
mandates, and net-zero legislation at both the federal and provincial levels.

As the United Nations Economic Commission for Europe (UNECE, 2022) notes:

“Cheaper renewable energy, the falling costs of electrolysers, and
commercialization of carbon capture, utilization, and storage (CCUS) for the
production of low- and zero-carbon hydrogen could make hydrogen-powered
carbon neutrality a foreseeable reality.”
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HYDROGEN VALUE CHAIN

Hydrogen, an innovative solution for achieving carbon neutrality
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Figure 15 — Hydrogen value chain showing production, conversion, processing,
transportation, storage, and end-use sectors. Source: United Nations Economic
Commission for Europe (UNECE), 2022.

9.2 Hydrogen Trading

Hydrogen is increasingly recognized as a globally traded energy commodity,
capable of linking renewable-energy-rich regions with major demand centres
through an integrated network of production, storage, conversion, and transport
corridors. By 2050, international hydrogen trade flows are projected to connect all
continents, forming a new pillar of the global clean-energy economy (Figure 16).

According to the Hydrogen Council (2024), hydrogen trade flows “could boost
energy security, diversify supply, and enable an inclusive transition.” More than 30
active hydrogen trade corridors are expected to be established by 2035, connecting
exporters in regions such as the Middle East, North Africa, Australia, and the
Americas with major importers in Europe, Japan, Korea, and China.
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Hydrogen trade is expected to create significant economic and social impact. The
Hydrogen Council (2024) estimates that the emerging hydrogen economy could
generate 20 to 25 million jobs by 2050 across production, conversion, and
transport segments—half of which are anticipated to arise in emerging markets and
developing economies.

In the early stages of international hydrogen trade, hydrogen will primarily be
exported in derivative forms such as ammonia (NHs), methanol (CHsOH), or liquid
organic hydrogen carriers (LOHCs) due to the higher energy density and easier
handling of these compounds. Over time, as liquefied hydrogen transport and port-
side infrastructure mature, direct hydrogen exports are expected to expand,
particularly between regions with strong bilateral agreements on energy transition
cooperation.

Hydrogen trade will also depend on international certification frameworks,
standardized carbon-intensity tracking, and cross-border pipeline and shipping
infrastructure. Harmonizing these systems will be essential to establish transparent
global hydrogen markets similar to today’s LNG trade.
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Figure 16 — Global hydrogen trade flows by 2050, showing major export—import
corridors and derivative hydrogen carriers. Source: Hydrogen Council, Global
Hydrogen Flows Model (2024)
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Hydrogen is a highly flexible tradable commodity, capable of being marketed and
transported in multiple forms depending on the end-use application — including
liquefied hydrogen (LH:), ammonia (NHs), methanol (CHsOH), and liquid organic
hydrogen carriers (LOHCs). Each form provides unique advantages in terms of
energy density, storage stability, and transport logistics, enabling hydrogen to
become a cornerstone of international clean energy trade.

North America — and particularly Canada — is projected to become a key global
supplier of hydrogen to Europe and Asia (notably Japan, South Korea, and China)
through maritime routes. The Hydrogen Council (2024) projects that international
hydrogen demand will surge to over 180 million tonnes per annum (Mtpa) by
2035, driven by global decarbonization efforts and the substitution of fossil fuels in
industrial, transportation, and power generation sectors (Figure 17).

To meet this rising demand, Canada (especially British Columbia) must prepare for
a rapid scale-up of hydrogen infrastructure. This includes investments in:

« Production capacity expansion through large-scale electrolyser deployment
and blue hydrogen with carbon capture.

« Storage facilities, including underground salt caverns and pressurized tank
farms.

« Transportation systems, involving both dedicated hydrogen pipelines and
maritime export terminals.

A combination of retrofitted brownfield assets (e.g., existing gas pipelines) and
new greenfield infrastructure will be required to establish efficient, safe, and
scalable hydrogen transport networks. Infrastructure upgrades should align with
provincial and federal clean energy strategies, including BC’s Hydrogen Strategy
and Canada’s Hydrogen Roadmap, which both emphasize infrastructure readiness
and technology integration.

To facilitate large-scale international trade, long-term contractual mechanisms will
be critical. These may include Contracts for Difference (CfDs) — financial
instruments designed to provide price stability and investment certainty by
bridging the gap between market and production costs. Similarly, auction-based
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long-term supply contracts (15-20 years) are expected to encourage private-sector
participation and reduce investment risk for exporters and importers.

On the receiving end, import hubs are being planned or developed to handle bulk
hydrogen and its derivatives. Canadian hydrogen exports could feasibly reach the
following major international hydrogen hubs:

« Northwest Europe — multi-product import capacity (ammonia, LHo,
methanol)

o Japan — large-scale hydrogen and ammonia terminals
« South Korea — dedicated hydrogen power generation facilities
« Singapore — regional hydrogen trading and bunkering hub

o China — hydrogen for industrial feedstock and mobility sectors
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Figure 17 — Growth of hydrogen demand, as required by 2035 for the energy
transition to stay on course. Source: Hydrogen Council (2024)

For hydrogen to become competitive in international markets, it is essential to
connect renewable and low-carbon energy resources with emerging demand
centers through robust infrastructure and international trade networks. This
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includes linking regions with advantageous access to renewable and low-carbon
energy to major industrial and urban demand hubs across continents.

The industrial demand for hydrogen is expected to rival that of the mobility sector.
Heavy industries, particularly steelmaking and metallurgical applications, are
projected to become major consumers of hydrogen as they transition away from
fossil fuels to reduce carbon emissions. Hydrogen supply for these sectors will
increasingly rely on dedicated hydrogen pipelines that connect industrial zones to
regional hydrogen hubs, ensuring secure and scalable delivery.

As hydrogen demand expands globally, the establishment of clear standards, trade
protocols, and certification frameworks becomes critical. These systems must be
aligned with international market rules and designed to ensure interoperability
between countries and regions. Mutually recognized certification schemes and
standardized measurement protocols will help define hydrogen’s carbon intensity
and sustainability attributes, enabling transparent global trade and facilitating
investment confidence.

A transparent international framework—governed by shared standards—can
significantly reduce transaction costs and market friction, while accelerating the
deployment of large-scale hydrogen and derivative projects (such as ammonia,
methanol, and synthetic fuels). In particular, the development of regional and
global standards for greenhouse gas (GHG) emissions assessment, based on life-
cycle analysis (LCA), is essential to integrate carbon pricing mechanisms into
hydrogen trade.

Beyond carbon metrics, hydrogen certification systems should also consider the
broader environmental and social dimensions of production, transport, and use.
This includes impacts on water resources, land use, and community well-being.

Recognizing the importance of Indigenous participation in Canada’s clean energy
transition, future hydrogen certification frameworks should incorporate Indigenous
perspectives on environmental stewardship and sustainability, in alignment with
the United Nations Declaration on the Rights of Indigenous Peoples (UNDRIP).

Page | 44



9.3 Cost of Hydrogen Production

The levelized cost of hydrogen (LCOH) depends heavily on the production
pathway and regional energy prices. Hydrogen produced from natural gas
reforming remains the least expensive pathway today. The LCOH for grey
hydrogen (from natural gas without carbon capture) typically ranges from USD 0.5
to 1.7 per kilogram, depending on natural gas prices and plant efficiency.
Incorporating carbon capture, utilization, and storage (CCUS) technologies
increases the production cost but substantially reduces associated CO: emissions.
The LCOH for blue hydrogen (natural gas with CCUS) generally falls between
USD 1 and 2 per kilogram (IEA 2023).

Hydrogen produced via renewable-powered electrolysis remains more costly
because of electricity expenses. The LCOH for green hydrogen is currently
estimated between USD 3 and 8 per kilogram, based on renewable power costs and
electrolyser efficiency (IEA 2023).

However, there is considerable potential for cost reduction through technological
innovation, improved electrolyser performance, and economies of scale driven by
growing demand. Under the IEA Net Zero Emissions by 2050 Scenario (NZE), the
cost of green hydrogen is projected to decline to USD 1.3 to 3.5 per kilogram by
2030, approaching parity with blue hydrogen. In the longer term, continued
decreases in renewable electricity costs and technological maturity could reduce
the cost of green hydrogen to USD 1 to 3 per kilogram by 2050, making it cost-
competitive with natural-gas-derived hydrogen even without CCUS in several
regions, including British Columbia, where renewable electricity is abundant.

As for underground hydrogen storage, costs vary by geological conditions and site
characteristics. Capital investment for storage projects can range from USD 10
million to 1 billion, depending on scale and geology. Porous-media reservoirs and
salt caverns with minimum storage capacities of around 0.5 TWh of working-gas
energy may achieve levelized storage costs between USD 0.8 and 1.5 per kilogram
of hydrogen, potentially decreasing to USD 0.4 per kilogram as technologies and
operational efficiencies improve (Talukdar et al., 2024).

Page | 45



Identifying suitable storage sites should therefore consider both technical
feasibility and economic performance to ensure reliable and scalable hydrogen
deployment.

9.4 Capital Sourcing and External Financing Mechanisms

Green hydrogen projects can be financed through public, private, or blended
funding mechanisms. Project developers—especially those in partnership with
First Nations—should pursue diverse financial instruments to ensure bankability,
risk resilience, and long-term viability.

1- Government and International Programs

Because the hydrogen industry is still in its early commercial phase, grants,
concessional loans, and tax credits remain the foundation for new project
investment. The Government of Canada has implemented several major
funding streams to accelerate low-carbon hydrogen deployment. The Clean
Hydrogen Investment Tax Credit (CHITC)—available for eligible projects
from March 28 2023 through December 31 2034—provides a refundable tax
credit of up to 40 percent for qualified investments in clean hydrogen
production. The credit amount depends on the life-cycle carbon intensity
(CI) of the hydrogen produced. Projects achieving under 0.75 kg CO:ze per
kg H: qualify for the highest rate. Administration is shared between Natural
Resources Canada (NRCan) and the Canada Revenue Agency (CRA).

In addition, companion investment tax credits include the Clean Technology
Manufacturing ITC and the CCUS ITC, each designed to complement
CHITC and support the broader Clean Economy Tax Credit framework
introduced in the 2023 and 2024 federal budgets. Together, these programs
offer refundable credits ranging from 30 % to 40 % depending on project
type, labour conditions, and Indigenous partnership status. Updated 2024
guidelines also highlight that First Nations—led partnerships must structure
project ownership carefully to maintain tax-exempt rights while accessing
refundable credits.

In May 2024, the Government of Canada announced $10 million in
PacifiCan funding to establish the Clean Hydrogen Hub through Simon
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Fraser University, marking the country’s first academic-industry hydrogen
demonstration project of its kind. This milestone signals an opportunity for
First Nations in British Columbia to partner with universities and research
entities such as Geoscience BC to lead pilot-scale green hydrogen and
electrolysis demonstration projects across the province.

Multilateral and Development Finance Institutions

Multilateral and development finance institutions (DFIs) are emerging as
strategic financiers for hydrogen infrastructure. Institutions such as the
World Bank, Asian Development Bank (ADB), and the International Finance
Corporation (IFC) are expanding their climate portfolios to include green
hydrogen, offering long-term loans, risk-mitigation instruments, and shared-
infrastructure support.

The IFC, under its Climate Implementation Plan 2021-2025, has committed
to allocate an annual average of 35 percent of total investments to climate-
aligned projects. As of late 2023, the IFC is engaged in a dozen green-
hydrogen initiatives worldwide, representing over USD 10 billion in
potential investments. The World Bank’s 2024 report, “Shared Infrastructure
for Clean Hydrogen,” further recommends that hydrogen clusters and ports
adopt public-private partnership (PPP) models with shared infrastructure
financing to reduce costs and improve scalability.

For First Nations in British Columbia, these frameworks offer a pathway to

attract multilateral financing for hydrogen storage, port export facilities, and
community-scale production projects, particularly when projects emphasize
Indigenous participation, carbon reduction, and inclusive development.

Commercial Banks and Capital Markets

Commercial banks—both domestic and international—provide medium- to
long-term project loans secured by the underlying assets. Increasingly,
lenders prioritize projects that comply with Green Loan Principles (GLP)
and demonstrate clear ESG alignment. Canadian and global financial
institutions have begun introducing hydrogen-specific loan products that
reward verified low-carbon performance through lower borrowing costs.
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Simultaneously, capital-market instruments such as green bonds,
sustainability-linked bonds, and transition bonds have rapidly expanded in
the project-finance space. The International Capital Market Association
(ICMA) and Loan Market Association (LMA) updated their frameworks in
2023-2024 to explicitly recognize low-carbon hydrogen infrastructure as an
eligible category for green financing.

Projects developed in partnership with First Nations are especially attractive
to sustainable-finance investors. They align with Indigenous climate-
leadership mandates and ESG requirements while strengthening the social
license of Canada’s clean-energy transition.

10.0 Hydrogen Pathway in British Columbia

As a complement to the Federal Hydrogen Strategy for Canada (2020), the
Government of British Columbia released its Hydrogen Strategy in 2021 and
updated it through the CleanBC Roadmap in 2023 to accelerate the transition
toward a low-carbon economy. The strategy highlights the potential of low-carbon
and renewable hydrogen — supported by emerging technologies such as fuel cells,
hydrogen storage, and blending with natural gas systems — as a key alternative to
fossil fuels, particularly for Indigenous and remote communities that currently rely
on diesel generation. The updated roadmap also emphasizes local hydrogen hubs,
Indigenous equity participation, and interconnection with BC Hydro’s renewable
grid as priorities for achieving net-zero emissions by 2050 (Government of BC,
2023).

In British Columbia, hydrogen can be produced through green energy pathways
(Figure 18). The province has abundant renewable energy resources, most notably
hydropower, complemented by growing onshore wind and solar capacity.
According to BC Hydro (2024), approximately 98 percent of BC’s electricity
comes from clean and renewable sources, including 89 percent hydroelectric, 5
percent biomass, 3 percent wind, and 1 percent solar. This clean power mix
positions BC as one of the most suitable jurisdictions globally for producing low-
carbon hydrogen through electrolysis. The province’s low-carbon grid intensity
(around 20 g CO2/kWh) provides a near-zero emission feedstock for electrolyser
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operation and qualifies hydrogen produced in BC for international low-carbon
certification programs such as the EU’s Renewable Energy Directive (RED III).

BC also benefits from substantial natural gas reserves in its northeast regions,
which could support blue hydrogen production using carbon capture, utilisation,
and storage (CCUS) technologies. The province’s geological formations,
particularly in the Montney Basin, are suitable for underground COs- storage and
offer opportunities to co-locate hydrogen production with carbon sequestration
while meeting emission-reduction targets. Several pilot studies are underway to
evaluate the feasibility of blending hydrogen into FortisBC’s existing natural gas
network at concentrations up to 15 percent, which could accelerate the market
readiness of blue hydrogen.

While electrolysis provides a zero-emission production pathway, it remains the
most expensive large-scale hydrogen production method in BC due to electricity
costs. By contrast, hydrogen produced from natural gas with CCUS remains more
cost-competitive in the near term, although its long-term viability will depend on
carbon pricing, technology maturity, and access to storage infrastructure.
Electrolysis, however, offers key advantages: it enables a distributed production
model that allows hydrogen generation at or near the point of use, relies on water
as an abundant feedstock, and supports modular scalability from community to
industrial applications.

To unlock BC’s potential in green hydrogen, flexible and low-cost electricity rates
and clear interconnection policies will be essential to promote hydrogen production
by electrolysis. Both the BC Hydrogen Strategy (Government of BC, 2021;
CleanBC, 2023) and independent studies (Zhang et al., 2020; Zen, 2019)
emphasize that access to affordable renewable electricity and streamlined
permitting processes will be critical in enabling BC to compete with other
jurisdictions for hydrogen investment.

The Government of Canada’s Clean Hydrogen Investment Tax Credit (2023) and
BC’s Renewable Hydrogen Hub initiative, announced in early 2025, are expected
to further enhance the province’s competitiveness and provide First Nations with
partnership opportunities in hydrogen production, storage, and export projects.
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Fig. 18 — Green Hydrogen Production and Utilization Pathways. Source: Adapted
from Zhang et al., 2020; IEA (2022)

The goal of the BC Hydrogen Strategy (2021) is to establish the infrastructure and
market conditions required for hydrogen to reduce the province’s greenhouse gas
emissions by approximately 7.2 megatonnes of carbon dioxide equivalent (CO-¢)
per year by 2050, representing about 11% of British Columbia’s 2018 total
emissions. This reduction aligns with the CleanBC Roadmap to 2030 and the
province’s commitment to achieve net-zero emissions by mid-century.

Transportation has been identified as the primary focus for early hydrogen
deployment, given its high energy demand and current reliance on fossil fuels. The
strategy anticipates that hydrogen applications in transportation could deliver up to
60% of total carbon reductions, primarily through the use of hydrogen fuel cells,
which convert hydrogen directly into electricity with greater efficiency and lower
emissions compared to combustion-based systems.

In addition to transportation, the BC Hydrogen Strategy also promotes the use of
hydrogen in industrial processes and the development of synthetic fuels, including
ammonia, methanol, and other hydrogen-derived energy carriers. These
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applications support decarbonization across hard-to-abate sectors such as heavy
industry, marine transport, and aviation, while also positioning BC as a potential
exporter of clean hydrogen and synthetic fuels to domestic and international
markets.

10.1 Hydrogen Storage

As a fuel and energy carrier, hydrogen must be stored safely and efficiently to
ensure supply reliability and support trade, industrial use, and mobility
applications. Storage is essential for balancing supply and demand, particularly
when converting surplus power from intermittent renewable sources such as wind
and solar into hydrogen. One of the main technical challenges in large-scale
hydrogen deployment is the ability to store large quantities of hydrogen cost-
effectively and securely over extended periods.

Globally, only four large-scale underground hydrogen storage (UHS) sites are
currently in operation, all using salt caverns as the preferred storage medium.
These projects—located primarily in the United States and Europe—store
hydrogen with purity levels above 95 percent. The Teesside facility in the United
Kingdom, which has been operating since 1972, remains one of the longest-
running examples demonstrating the viability of salt caverns for hydrogen storage.
However, the total capacity of existing salt-cavern storage remains limited, and
expansion to other geological formations (such as depleted gas fields or aquifers) is
still under research and development.

A significant technical concern in geological hydrogen storage is the potential for
hydrogen-induced material degradation. Hydrogen can cause corrosion and
embrittlement in well casings and pipelines through mechanisms such as
hydrogen-induced cracking (HIC), stress-oriented hydrogen-induced cracking
(SOHIC), and hydrogen blistering. These forms of degradation occur when
hydrogen reacts with steel, weakening its microstructure and potentially leading to
long-term integrity failures. Such challenges are further compounded by site-
specific geological conditions (Taiwo et al., 2024).

British Columbia (BC) holds significant potential to develop into a national or
reginal hub for hydrogen trade and storage. To realize this potential, suitable large-
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scale geological storage sites must be identified and characterized. BC’s
sedimentary basins and subsurface salt formations could provide opportunities for
underground hydrogen storage, complementing surface storage solutions.

In addition to underground storage, several engineered hydrogen storage solutions
are under development to address the challenge of safely storing hydrogen at
different scales and conditions (Hydrogen Europe, 2021) (Figure 19). These
include:

o Compressed gas storage in high-pressure vessels (typically 350-700 bar);
o Cryogenic liquid hydrogen storage, requiring temperatures below —253 °C;

« Material-based storage, using metal hydrides, liquid organic hydrogen
carriers (LOHCs), or advanced sorbent materials for improved energy
density and safety.
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Figure 19 — Short-term and long-term energy storage and the position of hydrogen
storage solutions. Source: Hydrogen Europe (2021), adapted from IEA Energy
Technology Roadmap: Hydrogen and Fuel Cells (2013).

Hydrogen storage is an excellent method for retaining high-quality energy over
long periods, in contrast to batteries, which are primarily suited for short-term
storage (Figure 19).
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The most mature hydrogen storage methods—those tested and proven over
decades—are physical storage technologies, which rely on either gas compression,
cryogenic cooling, or hybrid systems combining both. In addition, a broad range of
emerging materials-based storage technologies are under development. These are
collectively known as “materials-based hydrogen storage” and include solid,
liquid, or surface-based approaches, such as metal hydrides, liquid organic
hydrogen carriers (LOHCs), and sorbent materials (Hydrogen Europe, 2021).

It is also possible to store hydrogen in cryogenic liquid form (LHz). Liquid
hydrogen is particularly valued in applications demanding high purity, such as
semiconductor manufacturing and aerospace propulsion. As an energy carrier, LHa
provides a much higher volumetric energy density than compressed gas but
requires liquefaction at —253 °C, necessitating specialized, energy-intensive
facilities. To prevent boil-off losses, LH> tanks must be heavily insulated to
minimize heat transfer by conduction, convection, or radiation. Currently, LH: is
primarily used in space and aviation applications, though emerging pilot projects
are exploring its potential for long-distance energy shipping and refuelling
infrastructure.

With increasing volumes of hydrogen production, the demand for large-scale, long-
duration storage will grow sharply. However, surface-level storage faces major
challenges due to hydrogen’s low density and high flammability, which necessitate
high-pressure containment and rigorous safety protocols.

The most efficient and economical solution for storing and managing large
hydrogen volumes is underground hydrogen storage (UHS). UHS provides the
capacity and stability required for grid-scale and seasonal storage, helping to
balance supply and demand across renewable-energy cycles. Nonetheless, several
challenges remain. Mixing between injected hydrogen and native subsurface gases
or cushion gases can compromise hydrogen purity during withdrawal.

Seasonal-scale hydrogen storage can be achieved through injection into suitable
geological formations, typically salt caverns, depleted hydrocarbon reservoirs, or
deep saline aquifers. UHS offers numerous advantages over above-ground storage,
including:
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« Higher storage pressures and energy densities;

« A smaller surface footprint;

« Enhanced operational safety;

« Reduced environmental impacts;

o Longer operational lifetimes; and

« Lower capital costs per unit of stored hydrogen (Hydrogen Europe, 2021).
While UHS shares many technical principles with natural-gas storage, additional

complexities arise from hydrogen’s distinct chemical and physical behaviour,
particularly:

1) Its high reactivity with minerals, which can alter rock permeability or lead to
secondary reactions; and

2) Its extremely high diffusivity and low viscosity, which increase leakage
potential compared with natural gas.

Hydrogen can theoretically be stored in most formations suitable for natural-gas
storage, but highly mineralized or chemically reactive formations should be
avoided. Ideal storage formations—including salt domes, deep aquifers, and
depleted gas fields—are typically located between 400 m and 2 000 m below
surface. Site selection should also consider proximity to existing infrastructure,
such as renewable-power facilities, industrial hubs, or gas-pipeline networks.

Offshore sedimentary basins may also be suitable for hydrogen storage; however,
their remoteness from hydrogen-production and consumption centres limits their
near-term viability. Four main geological options for UHS are currently recognized
(Lemieux et al., 2020):

« Salt caverns — the most proven and technically mature method;

o Deep saline aquifers;

« Depleted oil and gas reservoirs; and

e Lined or unlined hard-rock caverns.
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For each potential site, hydrogen diffusivity should be carefully modelled as part of
the feasibility assessment, since diffusion governs mass transfer between hydrogen
and surrounding fluids. Two key processes influence this behaviour:

o Molecular diffusion, a slow process dependent on hydrogen’s very high
diffusion coefficient—approximately four times greater than that of
methane; and

o Mechanical dispersion, caused by flow velocity variations through porous
media, where gas near pore walls moves more slowly than in pore centres.

In aquifer storage, hydrogen diffusion into caprock and underlying water-saturated
layers must be assessed to ensure minimal gas loss and sustained purity over
repeated injection and withdrawal cycles. These evaluations form a critical
component of any technical and economic feasibility study for large-scale
hydrogen storage projects in British Columbia and beyond.

10.2 Potential Hydrogen Storage Sites in British Columbia

Significant amounts of hydrogen could potentially be stored in various geological
formations across British Columbia, many of which exhibit favourable physical
and chemical conditions for underground hydrogen storage (UHS). These storage
types differ in their geological properties and operational characteristics, requiring
careful evaluation of parameters such as site preparation, cushion gas
requirements, working gas capacity, injection and withdrawal rates, maintenance
costs, monitoring systems, and leakage control measures.

UHS stands out among hydrogen storage options due to its exceptionally high
storage volume, long-term stability, and economic scalability, despite the
substantial upfront investment required for facility development. Unlike above-
ground systems, underground reservoirs can support seasonal or multi-year
hydrogen storage, making them ideal for balancing renewable energy supply and
demand (Taiwo et al., 2024).

However, one of the most critical considerations in UHS is biochemical hydrogen
consumption, where microorganisms within the subsurface convert hydrogen into
methane or other gases. This process, known as methanogenesis, occurs through
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the reaction of carbon dioxide and hydrogen, facilitated by methanogenic bacteria
according to the following reaction:

CO: +4H> — CH4 + 2H20

Simulating methanogenesis and microbial activity is essential when assessing UHS
feasibility in BC, as it directly affects gas recovery, purity, and storage efficiency.

From a geological standpoint, high-grade geothermal reservoirs, particularly those
located in western British Columbia, are generally unsuitable for hydrogen storage
because they are typically rich in carbon dioxide and prone to microbial
methanogenesis. In contrast, non-volcanic geothermal resources associated with
deep saline aquifers—found primarily east of the Rocky Mountains in the Peace
Region—show greater promise. This region already hosts multiple oil and gas
fields, offering existing infrastructure and subsurface characterization data
beneficial for future UHS development.

Hydrogen storage opportunities in BC are conceptually similar to natural gas
storage, relying on the same types of subsurface formations:

« (a) Deep saline aquifers,

o (b) Depleted hydrocarbon (oil and gas) reservoirs,

o (c) Salt caverns created by controlled dissolution,

o (d) Abandoned salt or limestone mines, and

« (e) Hard-rock caverns excavated in competent formations.
Each method presents unique technical advantages and challenges related to
capacity, permeability, and containment. Aquifers and depleted hydrocarbon fields
offer large-scale potential but may require cushion gases and advanced sealing
strategies to ensure containment. Salt caverns, while geographically limited, are

highly favoured due to their impermeability, self-healing properties, and high-
pressure stability.

The mechanisms governing hydrogen storage and withdrawal play a critical role in
ensuring system reliability, safety, and lifecycle performance. Continuous
monitoring and modelling are essential to evaluate hydrogen behaviour—including
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migration, mixing, and reactivity with reservoir minerals—over multiple injection
and recovery cycles.

Safety and efficiency are key priorities in UHS development. Hydrogen leakage
represents the most significant operational risk and must be controlled within
acceptable limits of 0.1-1.0 % over the storage period. Unlike other gases,
hydrogen’s high diffusivity, small molecular size, and low ignition energy make it
more prone to permeation and ignition if containment fails. Designing leak-tight
infrastructure, employing robust monitoring systems, and ensuring appropriate site
selection are therefore essential for both technical success and public safety.

Table 2 summarizes the main differences in safety and technical considerations
between hydrogen and conventional gas storage systems, emphasizing the unique
requirements of subsurface hydrogen storage.

Property Hydrogen || Gasoline Vapour Natural Gas
Flammability Limits (in air) 4-74% 1.4-7.6% 53-15%
Explosion Limits (in air) 183 -59% 1.1-33% 5.7-14%
Ignition Energy (mJ) 0.02 0.20 0.29
Flame Temperature in Air (°C) 2,045 2,197 1,875

Table 2 — Parameters affecting the safety of hydrogen (compared with conventional
fuels). Source: U.S. Department of Energy (DOE), Office of Energy Efficiency and
Renewable Energy (EERE, 2022).

Hazard to Aquifers

Many potential hazards are associated with the migration of hydrogen within
aquifers, including leakage along undetected faults, biochemical reactions, and
chemical interactions between hydrogen and reservoir minerals. Unlike depleted
oil and gas reservoirs—whose sealing integrity is typically well established—the
tightness of an aquifer must first be determined through extensive site
investigation.

This requires drilling exploratory wells and conducting detailed, time-consuming,
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and costly pressure-integrity tests to confirm the sealing capacity and the long-term
retention potential of the formation.

Regulatory Barriers

The legal and regulatory challenges associated with underground hydrogen storage
(UHS) stem from the absence of comprehensive frameworks governing subsurface
hydrogen utilization.

These include issues of property rights, environmental impact assessment, and
licensing for multi-use subsurface resources.

To ensure safety and transparency, governments must establish clear and coherent
rules, codes, and standards (RCS) that cover the entire hydrogen supply chain,
particularly the infrastructure for production, compression, and storage.

Canada currently lacks a unified UHS regulatory framework, although Geoscience
BC (2023) and Natural Resources Canada (NRCan) have begun preliminary
assessments to identify suitable formations and develop standards aligned with ISO
19880-1 (Hydrogen Fueling Systems Safety).

Developing consistent provincial and federal RCS for hydrogen storage will be
essential to streamline permitting and ensure environmental protection.

Future Directions: Addressing Knowledge Gaps

To enable safe, large-scale hydrogen storage in subsurface formations, several
knowledge gaps must be addressed through coordinated research and
demonstration projects:

« Reservoir pressure management: Because hydrogen diffuses rapidly,
periodic assessment of reservoir pressure and permeability changes is critical
to prevent over-pressurization or loss of containment.

« Density and capacity challenges: Hydrogen’s low molecular weight and high
diffusivity reduce effective storage capacity, requiring pressure optimization
and advanced modeling of storage dynamics.

« Reactivity with formation minerals: Hydrogen’s chemical interaction with
rock matrices and formation fluids can alter porosity and permeability. This
needs detailed study for BC’s diverse geological settings.
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« Salt cavern exploration and characterization: A significant research priority
in BC is identifying and mapping potential salt formations suitable for
hydrogen storage (Fig. 20).
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Figure 20 — Schematic of renewable hydrogen production, underground injection,
and withdrawal in salt caverns. Source: Zhu (2021).

Based on recent studies (Zhu, 2021; IEA, 2019), UHS in salt caverns offers
substantial storage and operational advantages. A single engineered salt cavern can
hold up to 500 000 m? of hydrogen at ~2 900 psi, achieving energy densities up to
300 kWh per m?, which is comparable to lithium-ion batteries.

A cluster of caverns could collectively store the equivalent of 1 700 GWh of
electricity, capable of providing ~14 GW of dispatchable power output.

Energy efficiency in salt cavern storage ranges from 55 to 60 %, approaching that
of compressed-air energy storage (CAES, 70 — 89 %). The storage lifetime of
caverns can reach 20 — 40 years, and they exhibit fast response times—enabling
rapid dispatch of hydrogen to meet grid demand.

The International Energy Agency (IEA, 2019) identified salt caverns as the most
viable long-term geological storage option, citing their high containment integrity,
low leakage risk, and relatively low operational cost—estimated at ~USD 1.6 per
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kg of stored hydrogen.
This is significantly cheaper than liquid hydrogen storage (USD 3.6 /kg) and metal
hydride storage (USD 9 — 20 /kg).

Table 3 below summarizes the key operational and economic parameters of a
typical underground hydrogen storage (UHS) system, including its energy
efficiency, energy density, long operational lifespan, and cost competitiveness
compared to other hydrogen storage technologies.

Hydrogen storage method Underground Hydrogen Storage (UHS)
Energy efficiency More than 60%

Energy density Can reach about 300 kWh-m™
Lifetime 20 — 40 years

Response time Fast

Cost 1.61 USD/kg

Table 3 — Typical performance parameters of Underground Hydrogen Storage
(UHS). Source: Zhu (2021).

Standards and Guidelines for Underground Hydrogen Storage (CSA, 2023)

Canadian and U.S. regulatory frameworks and standards for underground storage
of hydrocarbons are outlined in CSA Z341, Storage of Hydrocarbons in
Underground Formations. This standard is referenced in the Canadian Energy
Regulator Onshore Pipeline Regulations, and its adoption has been extended
through provincial and territorial regulations across Canada.

The CSA technical committee responsible for this standard has developed a
supplementary document, CSA Z3418S, which establishes minimum requirements
for the design, construction, operation, maintenance, abandonment, and safety of
underground hydrogen and hydrogen-blend storage systems. The supplement also
covers associated equipment such as wells, pipelines, and surface facilities.
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In parallel, CSA Group is developing a new standard (CSA W228), which will
provide quantitative risk-assessment (QRA) requirements specific to underground
hydrogen storage. This new standard will support the consistent application of
safety and environmental protocols across hydrogen projects in Canada.

In the absence of national regulations specific to underground hydrogen storage,
project developers are advised to reference existing application procedures and

approval frameworks for underground hydrocarbon storage as a baseline. These
can be adapted until hydrogen-specific regulatory frameworks are fully enacted.

Regulatory oversight in Canada will largely fall under provincial and territorial
jurisdictions. In British Columbia, for example, guidelines published by the BC
Energy Regulator (formerly BC Oil and Gas Commission) can be adopted and
refined to govern hydrogen-related storage activities. The Drilling and Production
Regulation already requires that all wells and facilities forming part of an
underground storage project be constructed and operated in accordance with CSA
Z7341.

In the United States, underground natural gas storage is regulated by the Pipeline
and Hazardous Materials Safety Administration (PHMSA). In 2017, PHMSA
amended the federal code to include minimum safety standards for salt caverns,
depleted hydrocarbon reservoirs, and aquifer reservoirs used for natural gas
storage. These U.S. standards and CSA guidelines should serve as key references
when designing and implementing hydrogen storage facilities in salt caverns to
ensure safety, reliability, and compliance.

11.0 Pipeline Hydrogen Transport

In many applications, hydrogen must be transported over long distances between
production facilities, underground storage sites, and end users. The cost of
transportation is therefore a critical element in the feasibility assessment of large-
scale hydrogen projects, as it directly affects overall project economics and market
competitiveness.

Extensive studies have analyzed pipeline cost structures, including detailed
evaluations of both retrofitting existing natural-gas (NG) pipelines for hydrogen
service and constructing new, dedicated hydrogen pipelines. While converting
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existing infrastructure can lower capital expenditures, it requires careful
consideration of material compatibility, hydrogen embrittlement risks, and
regulatory compliance due to hydrogen’s unique physical properties. Similar to the
natural-gas transmission system, a hydrogen pipeline network typically comprises
three main components:

« Gathering pipelines that collect hydrogen from production or reforming
sites;

o Transmission pipelines that transport hydrogen over long distances at high
pressure; and

« Distribution pipelines that deliver hydrogen to end users at lower pressure
for industrial, commercial, and mobility applications.

A future hydrogen transmission and distribution network would resemble the
schematic shown in Figure 21, in which a combination of transmission and
distribution pipelines links hydrogen production hubs to major consumers —
including ammonia and chemical plants, power-generation sites, residential
customers, and hydrogen-fueling stations (HFS).

Hydrogen
Compression

HFS: Hydrogen Fueling Station
HDV: Heavy Duty Vehicles

-

~70-
100 bar

.

~100- —
200 bar

~2-30 bar

Transmission Pipeline

H, Storage

Figure 21 — Schematic showing future H2 gas pipeline transportation system.
Source: (Khan et al., 2021).
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The materials used for hydrogen pipelines are critical to maintaining system
integrity. For hydrogen gathering and transmission, coated steel is typically
employed due to its high mechanical strength and ability to withstand elevated
pressures. For distribution systems, a combination of plastic and coated steel is
often used to balance cost, durability, and corrosion resistance.

However, the safe operation of hydrogen pipelines is more challenging than that of
natural gas systems due to hydrogen’s unique physical and chemical
characteristics. Hydrogen is the smallest molecule known, making it difficult to
contain and more prone to leakage through microcracks and seals.

Additionally, hydrogen in dry air has a wide flammability range, extending from
4% to 74% by volume (see Table 2). Hydrogen—air mixtures are also extremely
easy to ignite, requiring an ignition energy roughly 15 times lower than that of
methane. Moreover, hydrogen burns in air with a nearly invisible pale-blue flame,
increasing the risk of undetected ignition and injury during leaks or maintenance
operations.

12.0 Favorable Locations for Hydrogen Generation and Storage in BC

Canada’s geology can be broadly categorized into three main rock types—from
oldest to youngest: crystalline (hard) rocks, sedimentary (soft) rocks, and
unconsolidated glacial sediments. The Precambrian igneous and high-grade
metamorphic crystalline rocks form the ancient geological core of the North
American continent (Lemieux et al., 2020).

Sedimentary formations are generally the most favorable for Underground
Hydrogen Storage (UHS). These formations are typically located between 400 m
and 2,000 m below the surface, which corresponds to the depth range of most
existing natural gas storage operations. Other key considerations for site selection
include proximity to supporting infrastructure (such as renewable power plants,
mining operations, or oil and gas facilities) and geological safety factors.

Major safety concerns for UHS include the potential for catastrophic gas releases
triggered by seismic or volcanic activity, as well as leakage through fault zones or
abandoned wells. Therefore, major fault lines and active seismic zones should be
strictly avoided. In the Western Canada Sedimentary Basin (WCSB) and southern
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Ontario, there are relatively few major faults, making these regions more suitable
for potential storage (Lemieux et al., 2020).

Within British Columbia, favorable regions for UHS are largely similar to those
already used for natural gas storage, but with additional emphasis on proximity to
hydrogen markets, transportation hubs, and renewable electricity sources (which
can support local hydrogen generation via electrolysis). Based on these criteria,
specific regions in BC can be delineated for detailed site assessments.

Table 4 below compares different types of UHS formations from the perspective of
safety, cost, and technical feasibility.

p ¢ Salt | Depleted Oil|| Depleted Aquifers Lined Rock | Unlined Rock
arameter
Caverns Fields Gas Fields | Caverns Caverns
Safety ++ + - - - -
Technical
o + e e ++ 0 -

Feasibility
Investment

++ 0 0 0 + -
Costs
Operation

++ - 0 + ++ -
Costs

Table 4 — Characteristics of various underground storage options for hydrogen.
Source: Burke (2024).

Some of the most favourable geological features for hydrogen storage in Canada
are salt and potash formations, as well as gypsum deposits, many of which are
readily present in southeastern British Columbia (Figure 22). These formations
offer ideal conditions for underground hydrogen storage (UHS) due to their low
permeability, high structural integrity, and capacity to self-heal minor fractures,

which significantly minimizes leakage risks.

Salt and potash deposits, in particular, can be solution-mined to create caverns of
controlled geometry suitable for high-pressure hydrogen storage. Gypsum
formations, while less commonly utilized, may also provide opportunities for
localized or smaller-scale storage applications where salt deposits are not present.
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Figure 22 — Potential geological formations suitable for underground hydrogen
storage in Canada, highlighting locations of salt, potash, and gypsum mines.
Source: Lemieux et al. (2020); Burke (2024).

12.1 Green Hydrogen Production in British Columbia

When hydrogen is produced from renewable power sources, there is often a need
to store excess energy near the hydrogen production facilities. A portion of this
hydrogen can then be retrieved during periods of low supply or high demand,
ensuring system reliability and energy security.

A review by Ozturk and Dincer (2021) examined several renewable energy—based
hydrogen production systems and concluded that geothermal-driven configurations
offer the lowest overall production cost. Geothermal systems, with low operating
costs and continuous power generation, are particularly suitable for water
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electrolysis processes. As a baseload renewable energy source, geothermal power
provides stable and cost-effective electricity for hydrogen production, making it a
viable and sustainable option for green hydrogen generation in British Columbia,
where vast geothermal resources exist across multiple regions.

Proximity to hydrogen markets and infrastructure also plays an essential role in
selecting locations for hydrogen hubs, production facilities, and storage sites.
Prince George has been identified by the Government of British Columbia as an
ideal location for a regional hydrogen hub, positioned to produce and distribute
hydrogen fuel for north-central BC and parts of Alberta.

One important consideration in selecting hydrogen storage locations is seismicity
(Figure 23). The City of Prince George lies outside the province’s high-seismicity
zones, providing additional safety advantages for potential underground hydrogen
storage developments. The area is also strategically located near major power
generation assets (Figure 24) and is in proximity to the Peace Region, where both
geothermal potential and geological formations suitable for hydrogen storage are
found.

The Prince George City Council has approved an agreement with the Province to
develop a hydrogen hub case study, attract investors, and support community and
industry engagement opportunities. Hydra Energy, a BC-based company, is already
working to establish a hydrogen production and refuelling station in Prince George
to supply hydrogen fuel to converted heavy-duty transport trucks. Due to its central
location, Prince George could serve up to 70 percent of BC’s transport corridor,
while also facilitating national and international hydrogen trade through rail, air,
and the ports of Prince Rupert and Vancouver.
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In British Columbia, the factors which should be considered for geological storage
of hydrogen include the relatively low probability of large-scale earthquakes in
specific interior regions of the province. The Vancouver Island and the western
coastal mainland are the most seismically active areas and therefore less suitable
for underground hydrogen storage (Figure 25).

Promising locations for potential underground hydrogen storage within the
geologically favourable zones of British Columbia could include:

« Depleted oil and gas reservoirs located in the Peace Region, which already
have established subsurface data and infrastructure.

« Deep saline aquifers, particularly in the eastern portion of the Peace Region
and extending into parts of the Kootenays, where geological formations are
stable and well-characterized.

« Proximity to renewable electricity hubs, which could supply clean power for
hydrogen generation via electrolysis.

« Access to potential hydrogen markets, such as mining operations, smelters,
and heavy industries, where hydrogen can be used as a reducing agent or
clean fuel.

o Presence of salt or gypsum domes, which can serve as viable formations for
large-scale underground hydrogen storage.

Integrating these geological, infrastructural, and market-based factors identifies
several priority zones in northeastern and southeastern British Columbia that

warrant detailed site characterization and techno-economic feasibility assessments
(Figure 25).
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Figure 25 — Potential hydrogen storage and generation suitability zones in BC

Source: Adapted from Lemieux et al. (2020)

The selection of favourable areas is based on the presence of suitable geological
formations for hydrogen storage, availability of renewable power generation

potential, and proximity to potential hydrogen markets.
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The southeastern zone (Area 1) is located near several gypsum mines and deposits,
offering favourable conditions for hydrogen storage in salt- and gypsum-bearing
formations.

The southwestern and central regions (Areas 2 and 3) are underlain by deep
sedimentary aquifers and are strategically positioned close to existing industrial
and urban hydrogen markets, making them suitable for integrated hydrogen
generation and storage development.

In delineating these areas, high-seismicity regions were deliberately excluded to
minimize geotechnical and safety risks. The two northern zones within the Peace
Region (Areas 4 and 5) were selected due to the availability of depleted oil and gas
reservoirs, which could be repurposed for underground hydrogen storage. Area 4 is
proximal to the Alberta border, providing logistical advantages for interprovincial
hydrogen trade and supply integration. Furthermore, the Peace Region contains
significant geothermal energy resources, which can be harnessed to generate green
electricity for hydrogen production.

These five delineated areas (Figure 25) are recommended as priority zones for
detailed geological, technical, and economic investigations to identify the most
suitable locations for large-scale hydrogen storage facilities or regional hydrogen
hubs in British Columbia.

13.0 Economy of Hydrogen Storage

Without considering the quality of hydrogen (H2), the primary advantage of
underground hydrogen storage (UHS) lies in its comparatively lower cost relative
to other large-scale energy storage methods. Security of containment, storage
capacity, long-duration capability, and high economic viability are among the main
benefits of UHS.

While the $ / kWh price of a hydrogen energy storage system is relatively high, its
economic competitiveness improves with increasing duration, as the marginal cost
per unit of stored energy decreases over longer time frames. Studies by Sandia
National Laboratories (2022) estimate that, at current market conditions, hydrogen-
based energy storage becomes more cost-effective than battery energy storage
systems (BESS) for durations exceeding approximately 13—15 hours.
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From an economic standpoint, capital expenditure (CAPEX) and operating
expenditure (OPEX) are the primary factors in evaluating project profitability. The
key CAPEX components for UHS include site development and drilling, surface
compression and processing systems, and monitoring infrastructure. Hydrogen
storage is capital-intensive, requiring parallel investment in both surface and
subsurface facilities.

Surface infrastructure typically includes compressors, heat exchangers, and
dehydration units, while subsurface infrastructure comprises injection and
withdrawal wells, monitoring wells, and downhole completion systems. A portion
of the total capital investment also relates to working gas (H2) and cushion gas (a
mix of Hz and CHa) that must remain permanently in the storage formation to
maintain reservoir pressure and deliverability.

Site construction costs can, however, be excluded from CAPEX calculations when
existing depleted hydrocarbon reservoirs or storage caverns are repurposed for
hydrogen, which can substantially improve project economics.

In UHS projects, compressors and associated surface systems represent one of the
largest capital cost elements. The number and size of compressors are primarily
determined by two parameters:

o The total working gas mass (WGM) to be injected (in kg); and

o The available injection period, which defines the required throughput.

Current commercial compressors can inject up to 2,000 kg Ha/hour, achieving

reservoir pressures of 150-200 bar. For example, the PDC-13-7500/15000 model,
rated at 8 kg/h at 20 bar suction, is suitable for hydrogen refueling stations with a
daily demand of approximately 500 kg (Argonne National Laboratory, HDSAM).

To estimate compressor CAPEX, a representative value of USD 10 million per
compressor unit is typically used (Pacific Northwest National Laboratory, PNNL,
2022). The compressor cost can be approximated by the following equation:

CAPEXcompTESSOT = Ncomp X Cunit
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where N;pmpis the number of compressors and Cy;;1s the cost per compressor

unit.

Similarly, the number of injection and production wells required can be calculated
from the injection/withdrawal rate and storage volume using:

L@torage
Qwell Xt

Nwells -

Once CAPEX and OPEX are determined, the Levelized Cost of Storage (LCOS)
provides a measure of long-term economic viability. LCOS reflects both technical
capacity and economic factors (CAPEX, OPEX, discount rate, and capacity factor)
over the lifetime of the facility (Talukdar et al., 2023).

T CAPEX;+OPEX,

LCOS — t=1 . (HE_'d)t
t:1(1+&y

where d= discount rate, T= project lifetime, and E;= energy output in year t.
Typical economic assumptions for UHS modeling include:

o Discount rate (d) = 10 % (rising to 12—15 % under inflationary conditions);

« Capacity factor (CF) = 0.8 (80 % utilization of full-power capacity).

Table 5 summarizes representative cost components for UHS under three storage
scenarios.
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. . Depleted Salt Saline
Capital cost Name of capital cost .
gas field cavern aquifer
Gas cost Ho cost ($/kg Hz) 4 4 4
Cushion gas % 50 20 80
Hydrogen % in cushion gas 20 100 20
'Well capital cost New well cost ($/km/well) 1,280,000 | 1,280,000 | 1,280,000
Retrofitting well cost
s well) 290,000 290,000 290,000
Total h f ti
Compressor capital cost Ota’ hoults ot operation 2000 2000 2000
(hours/year)
Compressor size (Hz kg/h) 2900 2900 2900

Capital cost per compressor ($) | 10,200,000 | 10,200,000 10,200,000

Compressor capacity (k ton Hz) 11.2 11.2 11.2
Compressor power (kWh/kg Hz) 2.2 2.2 2.2
Cost of electricity ($/kWh) 0.14 0.14 0.14
Water requirement (L/kg H>) 50 50 50

Water and cooling cost ($/100 L

H0) 0.02 0.02 0.02

Table 5 — Breakdown of capital cost components for underground hydrogen
storage projects. Source: Talukdar et al. (2023).

The above-ground tank approach is appropriate for short-term storage (< a few
days), while underground storage supports seasonal or long-duration (120-150
days) applications. High-pressure composite above-ground tanks can cost USD
400600 per kg Ha, significantly higher than underground storage (< USD 2 per kg
H:). Therefore, the tank-storage contribution to hydrogen-delivery cost is high,
while that of UHS remains minimal (Burke et al., 2024).

While many UHS projects developed in the U.S. involve significant capital costs
(Figure 26), there are also some projects developed with relatively low costs. This
reflects the fact that underground hydrogen storage costs depend strongly on the
specific location and geological formation chosen. However, favourable sites (e.g.,
shallow salt caverns or reused reservoirs) can yield substantially lower levelized
costs, despite variations in CAPEX and OPEX across projects.
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Figure 26 — Storage costs of salt and rock caverns. Source: Burke et al. (2024)

The capital cost of underground hydrogen storage exhibits an exponentially
negative correlation with storage capacity—that is, the construction cost per
kilogram of hydrogen decreases sharply as the reservoir capacity increases. This
highlights the importance of identifying and developing large-volume caverns to
achieve cost-effective storage at scale.

Recent analyses suggest that the levelized cost of storage (LCOS) for fast-cycling
salt caverns ranges between USD 0.14 and 2.2 per kg H2, while LCOS values for
seasonal storage in depleted gas fields range from USD 1.2 to 2.5 per kg H:
(Talukdar et al., 2024).

The economic value of hydrogen in a full life-cycle analysis depends heavily on its
production cost—both current and projected—which varies with the technology
used for generation (Figure 27).
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Figure 29 — Comparison of hydrogen production pathway costs for 2020, 2030,
and 2050. Source: NRCan (2020); data adapted from IEA, BNEF, Transition
Accelerator, and BCBN.

14.0 — Environmental and Carbon Footprint of Hydrogen

Green hydrogen provides a net positive environmental impact, playing a crucial
role in the global energy transition. In the transportation sector, hydrogen
complements battery-electric technologies to achieve deep decarbonization across
land, air, and marine modes.

There are, however, minor environmental concerns associated with hydrogen
production and storage. When released into the atmosphere, hydrogen indirectly
contributes to warming by influencing the concentration of other greenhouse
gases—including methane, ozone, and water vapor. Leakage remains a technical
and monitoring challenge across production, storage, and distribution systems.

Although hydrogen leakage impacts are increasingly well understood, real-world
emission data remain limited. Until recently, research focused primarily on safety
thresholds rather than atmospheric effects. With rising global hydrogen demand,
expanded research on hydrogen leakage rates and mitigation technologies is
essential.
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On the positive side, beyond its contribution to reducing carbon dioxide emissions,
hydrogen use also lowers emissions of nitrogen oxides (NOx)—a leading cause of
acid rain—and reduces diesel particulate matter that impacts air quality.

Carbon credits or penalties tied to hydrogen production pathways should consider
the full life-cycle impacts—spanning energy inputs, feedstock sources, conversion
processes, storage, and transportation.

For green hydrogen, renewable electricity (solar, wind, or geothermal) powers
electrolysis, making its carbon footprint dependent on the upstream supply chain.
Among solar-driven systems, high-temperature steam electrolysis (HTSE) is
particularly efficient. The cumulative energy demand (CED) and carbon emission
footprint (CEF) of hydrogen production vary by technology and operational
parameters such as temperature and current density.

For HTSE powered by photovoltaic (PV) and concentrated solar power (CSP)
systems, CED values range from 15.1-28 MJ/kg-H2 and 18.8-30.1 MJ/kg-Ha,
respectively. This implies a net energy gain of 90—104 MJ/kg-H-, given that the
energy content of hydrogen is approximately 120 MJ/kg.

The carbon footprint (CEF) of PV-HTSE systems ranges from 1.03—1.87 kg-
CO2/kg-H:, and that of CSP-HTSE from 1.05-1.67 kg-CO-/kg-H:. In comparison,
steam methane reforming (SMR) yields ~10.6 kg-CO2/kg-H-, solar-based alkaline
electrolysis 2-2.3 kg-COz/kg-H>, and thermochemical cycles 4.3—4.5 kg-CO2/kg-
H: (Yadav & Banerjee, 2020).

Thus, solar-HTSE represents a sustainable alternative to both SMR and other solar-
driven hydrogen production pathways.

Overall, the carbon footprint of green hydrogen is exceptionally low. When
produced using renewable power (e.g., wind or solar), electrolysis emits <1 kg-CO-
per kg-Hz, depending on upstream energy inputs and efficiency. Considering
hydrogen’s energy density of 33.3 kWh/kg, this carbon intensity is negligible
relative to its energy output.

Wind-powered electrolysis tends to have a slightly lower carbon intensity than
solar-powered systems, as wind installations generally exhibit higher capacity
factors and lower embodied emissions in equipment manufacturing. Since most
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emissions from green hydrogen are embedded (i.e., released during equipment
fabrication), maximizing system utilization enhances its carbon advantage.

Gray hydrogen, produced via steam methane reforming (SMR) without carbon
capture, emits roughly 12 kg-CO: per kg-Hz. Blue hydrogen, which combines SMR
with carbon capture and storage (CCS), emits approximately 3—5 kg-CO-¢ (carbon
dioxide equivalent) per kg-H>, depending on capture efficiency and storage
integrity.

Carbon credit valuation should reflect the avoided emissions achieved when
substituting hydrogen for fossil fuels. For example, gasoline engines emit ~2.3 kg-
CO2/L and diesel engines ~2.7 kg-CO-/L. Given diesel’s energy density (11.6
kWh/kg)—roughly one-third that of hydrogen—and hydrogen’s higher conversion
efficiency, each kilogram of hydrogen used in place of diesel corresponds to a
carbon savings of approximately 10 kg-CO-.

At a carbon price of CAD $0.10/kg-CO-, this equates to a credit of roughly CAD
$1.00 per kilogram of hydrogen when used in fuel cells—representing 20-25
percent of current green hydrogen production costs.

The carbon credit value should be allocated proportionally across the hydrogen
supply chain. Considering its role in maintaining storage integrity and grid
balancing, underground hydrogen storage could reasonably receive about 20
percent of the overall carbon credit, corresponding to its levelized storage
contribution to the total hydrogen cost.

15.0 Hydrogen Strategy and Policies

The Government of Canada developed the Hydrogen Strategy for Canada (NRCan,
2020) as a national framework to position hydrogen as a key tool in achieving net-
zero greenhouse gas emissions by 2050. The strategy was prepared through broad
consultations with industry, provincial and territorial governments, Indigenous
organizations, non-governmental organizations, academia, and research
institutions. It reflects a shared national vision for building a resilient, inclusive,
and low-carbon hydrogen economy across all regions of the country.
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The Hydrogen Strategy for Canada sets out a roadmap of short-, medium-, and
long-term actions aimed at developing a robust domestic hydrogen market and
establishing Canada as a global leader in clean hydrogen technologies,
infrastructure, and exports. Its guiding principles emphasize environmental
integrity, economic growth, regional collaboration, and meaningful participation of
Indigenous Peoples in the transition to a clean-energy economy.

Since 2020, the federal government has introduced a series of complementary
policies, funding programs, and investment tax credits to support hydrogen
deployment and infrastructure expansion, including:

o The Clean Hydrogen Investment Tax Credit (CHITC), legislated through the
2023 Budget, providing refundable credits between 15 % and 40 % of
eligible capital costs depending on the life-cycle carbon intensity of the
hydrogen produced.

o The Clean Technology Manufacturing and Clean Electricity Investment Tax
Credits, introduced in 2023-24, which enable renewable power and
component manufacturing crucial for green-hydrogen production.

o The Clean Fuel Regulations (CFR, 2023), which establish performance-
based carbon-intensity targets and create tradable credit markets that
hydrogen producers can access when their products displace high-carbon
fuels.

o The Clean Electricity Regulations (CER, 2024), expected to further
accelerate demand for low-carbon fuels in the industrial and power sectors.

At the provincial level, British Columbia’s Hydrogen Strategy (2021) aligns with
federal objectives and highlights the province’s abundant renewable electricity,
skilled workforce, and proximity to Pacific export markets. BC’s CleanBC
Roadmap to 2030 reinforces this alignment by promoting hydrogen hubs, blending
initiatives, and Indigenous partnerships in the transition to low-carbon energy
systems.

Indigenous participation is a central pillar of both the federal and BC hydrogen
strategies. Hydrogen development is viewed as an opportunity to support energy
sovereignty, economic diversification, and employment in remote and rural
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regions. To advance this, the NRCan Hydrogen Strategy Progress Report (2024)
identifies:

Indigenous-led and majority-owned hydrogen projects among Canada’s
early demonstration hubs, including initiatives in Edmonton, Prince George,
and northern BC.

Funding pathways for Indigenous participation, through programs such as
the Indigenous Natural Resource Partnerships (INRP), Smart Renewables
and Electrification Pathways Program (SREPs), and the Clean Energy for
Rural and Remote Communities Program.

Development of Indigenous-focused knowledge-sharing networks to support
capacity building in hydrogen, storage, and clean-fuel value chains.

These initiatives complement provincial actions such as CleanBC’s Indigenous
Clean Energy Opportunities (ICEO) initiative, which facilitates First Nations
participation in hydrogen and renewable-energy supply chains, and BC Hydro’s

Indigenous Energy Efficiency and Electrification Programs, which encourage
renewable generation at the community level.

Policy priorities for 2024-2030 include:

Establishing regional hydrogen hubs and corridors that integrate production,
storage, and distribution near renewable power and industrial markets.

Expanding Indigenous ownership and equity participation in hydrogen
projects and hubs.

Building regulatory clarity for hydrogen certification, safety, and life-cycle
emissions accounting, consistent with CSA and ISO standards.

Promoting hydrogen use in transportation, heavy industry, and critical-
mineral processing, particularly where First Nations lands and territories
intersect with development opportunities.

According to Natural Resources Canada (2020), hydrogen could supply up to 30 %
of Canada’s end-use energy by 2050, potentially avoiding as much as 190 million
tonnes of COze annually and supporting over 350 000 high-quality jobs
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nationwide. For First Nations and Indigenous organizations, this transition
represents not only a path toward economic prosperity, but also a means to reclaim
stewardship roles, strengthen self-determination, and shape low-carbon
development in alignment with Indigenous values and rights under UNDRIP.

16.0 First Nations Engagement: Opportunities and Responsibilities

Green hydrogen produced using First Nations—owned resources has significant
potential to replace fossil fuels, particularly diesel used in remote and off-grid
communities. This transition can enhance energy efficiency, reduce dependence on
imported fuels, and address environmental challenges, while also enabling First
Nations to play a central role in Canada’s clean-energy transition.

Hydrogen’s versatility makes it a valuable low-carbon fuel for power generation,
transportation, industrial processes, and green-ammonia production. Blue
hydrogen—derived from natural gas with carbon capture or from biogas—and
green hydrogen—produced using renewable electricity—can both be utilized in
Combined Heat and Power (CHP) systems to displace diesel in community and
industrial operations. These systems generate both electricity and usable heat,
significantly improving overall efficiency.

Hydrogen CHP systems—also called cogeneration systems—use hydrogen as fuel
in either fuel-cell stacks or hydrogen-fired turbines to produce electricity and
simultaneously recover waste heat for domestic or industrial use. The recovered
heat can support district or building heating during winter and, through absorption-
chiller technologies, provide cooling in warmer months. This dual functionality is
increasingly valuable as rising temperatures, and frequent heatwaves
disproportionately affect First Nations communities in regions experiencing higher
climate impacts.

To fully capture the benefits of green hydrogen, First Nations can engage across
the entire hydrogen suply chain—from production and underground storage to
distribution and end-use applications. Such involvement not only accelerates
project timelines but also creates added value within communities, builds technical
expertise, and establishes First Nations as leaders in sustainable-energy
development.
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According to Natural Resources Canada (2024), national hydrogen production by
2050 is projected to range between 6 and 20 million tonnes per year, supplying 3—
12 percent of total energy demand. British Columbia’s First Nations are uniquely
positioned to participate in this emerging market, leveraging abundant
hydroelectric, wind, biomass, and geothermal resources available on their
territories.

Canadian utilities and developers are advancing hydrogen production under the
federal Hydrogen Strategy for Canada (NRCan 2020), which promotes both green
hydrogen from renewable electrolysis and blue hydrogen with carbon capture. The
strategy envisions hydrogen meeting up to 30 percent of Canada’s end-use energy
demand by 2050, supported by regional hydrogen hubs, export infrastructure, and
Indigenous partnerships. The 2024 Progress Report highlights ongoing work to
decarbonize hard-to-abate sectors, expand regional hydrogen corridors, and secure
international trade agreements for clean-fuel exports.

Globally, the low-carbon hydrogen industry is poised for rapid growth. The
International Energy Agency (2024) and Hydrogen Council (2024) forecast a five-
fold increase in global production by 2030, reaching 125-300 million tonnes per
year by 2050. According to Arizton (2025), the green-hydrogen market could
exceed USD 134 billion by 2030, expanding at a compound annual growth rate
above 56 percent.

Active First Nations participation in hydrogen initiatives will help achieve national
decarbonization targets while generating employment, strengthening local
economies, and advancing environmental stewardship. Beyond domestic benefits,
hydrogen development also opens international trade opportunities, positioning
First Nations as key contributors to Canada’s clean-energy exports.

Despite short-term market adjustments, green hydrogen remains a strategic global
priority, supported by strong policy, investment, and industrial momentum. The
global pipeline of low-emission hydrogen projects is expected to increase five-fold
by 2030, reinforcing hydrogen’s role as a cornerstone of the clean-energy
transition.
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16.1 First Nations Stewardship in the Supply Chain

As land and environmental stewards, the First Nations of British Columbia play a
central role in ensuring the sustainability of hydrogen across its entire supply
chain. Their leadership can align hydrogen development with both the
environmental priorities and the cultural values of their communities, emphasizing
reductions in greenhouse-gas (GHG) emissions at every stage—from production
and storage to transportation and utilization.

A key determinant of hydrogen’s climate benefit is the carbon intensity of its
production pathway. Emissions vary widely depending on feedstock and
technology—from 10 to 26 kg of COz-equivalent (COze) per kilogram of hydrogen
for high-carbon processes, down to near-zero for hydrogen made with renewable
electricity. Grey hydrogen, produced from natural gas via steam-methane
reforming (SMR), has the highest emissions, while blue hydrogen mitigates them
by applying carbon-capture and storage (CCS). Green hydrogen, generated through
electrolysis powered by renewable electricity, produces no direct CO2 emissions
during production. Linking hydrogen generation to First Nations-owned clean-
power resources—such as geothermal, solar, hydro, and wind—ensures that the
hydrogen life-cycle remains genuinely low-carbon.

In transportation applications, green hydrogen can virtually eliminate tailpipe
emissions. Conventional urban delivery trucks emit about 310 grams of CO: per
ton-kilometre (g/t-km), but these emissions can be removed entirely by replacing
diesel or gasoline engines with hydrogen fuel-cell systems using compressed green
hydrogen. The use of hydrogen fuel-cell electric vehicles (FCEVs) also reduces
noise and improves air quality in urban and industrial corridors.

Modular hydrogen production technologies could offer a flexible, scalable, and
cost-efficient pathway for First Nations participation. These prefabricated, self-
contained units include essential components such as electrolysis cells and can be
deployed rapidly on-site, enabling incremental expansion as demand grows. This
approach may reduce construction risks, support the use of locally generated green
electricity, and provide a practical entry point for First Nations to participate in
hydrogen production.
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By adopting modular systems, communities could develop hydrogen projects at a
range of scales—from small-megawatt installations to larger gigawatt-level
operations—allowing gradual, cost-effective growth aligned with local needs and
resources.

At the community level, developing localized hydrogen markets could enhance the
economics of small-scale production. Targeted applications — such as using
hydrogen fuel cells as a carbon-neutral alternative for local transportation fleets —
may offer viable alternatives to diesel and gasoline systems. By ensuring that
revenues remain within the community, First Nations hydrogen projects could
strengthen local economic resilience and reduce reliance on external fossil-fuel
sources. These initiatives can not only advance environmental sustainability but
also embed clean energy into local economic systems, creating long-term benefits.

16.2 First Nations Environmental Stewardship

Considering the central role of renewable energy in hydrogen production, the role
of First Nations as stewards of natural resources extends well beyond ownership or
project participation. It includes ensuring that the development of green energy
resources aligns with community environmental standards, sustainable land and
water use principles, and broader social responsibilities.

Indigenous communities view land, water, and energy as interconnected elements
that must be managed responsibly and with long-term care. Overseeing a hydrogen
supply chain may therefore involve evaluating the availability and reliability of
renewable energy sources—such as geothermal, solar, or wind—while also
ensuring that proposed projects complement existing land uses and community
priorities. Hydrogen initiatives should be designed to achieve strong environmental
performance while remaining consistent with Indigenous values, governance
systems, and economic aspirations.

This stewardship perspective guides project design from the outset, requiring
proponents to consider the cumulative impacts of hydrogen production—from
resource development to conversion, storage, transportation, and final utilization.
Hydrogen facilities should be designed and operated for long-term sustainability
and community benefit. Efficiency in this context refers not only to maximizing
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energy output but also to minimizing waste, emissions, and unnecessary energy
losses during production, storage, and transportation.

Efficient project design should include strategic siting of facilities to minimize
transportation distances, deployment of advanced hydrogen storage systems to
optimize energy balance between supply and demand, and integration with existing
renewable generation assets.

The strategic use of hydrogen is another element of efficiency. Fuel cells represent
one of the most efficient hydrogen applications, converting hydrogen and oxygen
into electricity, heat, and water with overall efficiencies of 50—60 % or higher in
combined heat and power (CHP) systems. Fuel cells are substantially more
efficient than internal combustion engines and can serve vehicles, stationary
power, and industrial operations—including mining—without emitting air
pollutants or greenhouse gases.

Communities may choose to prioritize internal energy needs—such as district
heating, local transportation, or power generation—before marketing hydrogen
externally. This approach could strengthen energy independence, improve
resilience, and ensure that community benefits are maximized.

As hydrogen projects expand in scale and complexity, First Nations will require
practical tools and performance metrics to monitor and manage environmental and
economic outcomes. These tools are essential for effective governance and for
licensing projects in partnership with large-scale producers and investors.

Environmental metrics for hydrogen could include reductions in greenhouse gas
(GHGQG) emissions (including hydrogen leakage itself), eco-costs (monetized
environmental impacts such as material footprints of solar panels), and life-cycle
carbon intensity. These parameters should be evaluated through a Life Cycle
Assessment (LCA) approach that compares “green,” “blue,” and “gray” hydrogen
pathways.

Proper tools and monitoring systems enable continuous oversight to ensure
development remains aligned with community-defined thresholds and
sustainability objectives. Key areas of environmental monitoring include:
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« Hydrogen leakage: Hydrogen’s small molecular size makes it highly prone
to leakage throughout the value chain, which could reduce overall climate
benefits by increasing atmospheric water vapor and indirectly enhancing
concentrations of other greenhouse gases.

o NOx emissions: Hydrogen combustion at high temperatures can produce
nitrogen oxides—air pollutants linked to asthma, smog, and acid rain.

o CO: and other air pollutants: While green hydrogen is considered carbon-
neutral, blue and gray hydrogen production emit significant CO: and may
release particulate matter or volatile organic compounds (VOCs), which
should be tracked and mitigated.

Environmental monitoring should reflect community-driven socio-environmental
priorities. To strengthen these efforts, hydrogen projects should incorporate
Environmental Management Plans (EMPs) that outline baseline environmental
conditions, measurable performance indicators, reporting procedures, and clear
responsibilities for community environmental guardians. EMPs are most effective
when co-developed with Elders, knowledge keepers, and technical specialists,
combining traditional knowledge with scientific methodologies to achieve both
ecological integrity and community empowerment.

17.0 Metrics for Assessing the Benefits of Hydrogen Projects for First Nations

The benefits of hydrogen projects for First Nations should be evaluated through an
integrated set of economic, social, cultural, and environmental indicators. These
metrics extend beyond conventional financial measures to include elements of self-
determination, community well-being, and environmental stewardship.

Economic and social indicators may include employment and skills development—
such as the number of local jobs created during construction and operation,
together with programs that equip community members with hydrogen-related
technical skills. They may also encompass business and procurement opportunities,
reflecting the value of goods and services such as hydrogen production, storage,
and transportation procured from First Nations-owned enterprises. This helps
expand local business capacity and strengthens community economies.
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Revenue sharing and ownership are equally significant. The extent of Indigenous
equity participation in hydrogen projects, determines the scale of financial returns
distributed through dividends, royalties, or profit-sharing arrangements.
Infrastructure enhancement is another important metric, measured through
investments in assets such as hydrogen storage facilities, pipelines, or fuel-cell
transportation systems that contribute to long-term community resilience and
economic diversification.

Beyond financial outcomes, hydrogen development should also be assessed
through its environmental, cultural, and governance dimensions. Land and resource
stewardship is critical, as many First Nations possess lands ideally suited for
renewable-energy generation. Their stewardship ensures that development
proceeds responsibly, safeguarding ecosystems and traditional land uses.
Indigenous environmental governance further adds value by ensuring that
hydrogen projects minimize ecological footprints and align with clean-energy
principles. Traditional knowledge provides essential guidance in project siting and
design, helping ensure that development respects local ecosystems, sacred sites,
and community priorities while fostering trust and shared ownership of outcomes.

Together, these metrics create a balanced framework for evaluating hydrogen
production, storage, and utilization projects. Applying a life-cycle-based
assessment supports transparent benefit-sharing and recognizes the leadership role
of First Nations across the hydrogen value chain.

Geographic isolation continues to shape the socio-economic conditions of many
First Nations in British Columbia, with more than half of on-reserve residents
living over fifty kilometres from the nearest service centre or population hub
(Statistics Canada, 2021; ISC, 2023). These communities often rely on imported
diesel for power and heating, creating high energy costs, greenhouse-gas
emissions, and local air-quality issues such as particulate matter that contribute to
respiratory illness.

A diversified clean-energy mix combining wind, solar, and hydrogen could provide
a practical alternative. While wind and solar resources are intermittent, hydrogen
offers long-duration energy storage and grid-balancing capacity, improving
reliability, reducing diesel dependence, and stabilizing local energy costs.
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Integrating hydrogen into community microgrids may also enhance energy
sovereignty, health, and long-term sustainability.

To accelerate hydrogen development, First Nations could benefit from existing
federal and provincial supports, including investment tax credits and Indigenous-
specific clean-energy funding streams. These benefits can be formalized through
hydrogen benefit agreements negotiated with governments and industry partners in
line with British Columbia’s commitment to collaborative hydrogen partnerships.

Such agreements may include training and capacity-building initiatives that
develop local expertise in environmental management, project development, and
hydrogen technologies; clear participation pathways across the value chain—from
renewable-energy generation to hydrogen storage and fuel-cell use; recognition of
environmental incentives such as carbon-credit sharing; and long-term
commitments to community economic development through employment, revenue
sharing, and infrastructure investment.

In summary, the participation of First Nations should be recognized not merely as a
project input but as a foundational element of a resilient, inclusive, and sustainable
hydrogen economy for British Columbia.

18.0 Framework for Developing Bankable Hydrogen Projects for First
Nations

For a hydrogen project to be considered bankable, it must demonstrate clear
financial viability and stable returns sufficient to attract private investors or qualify
for commercial financing. The proposed framework is flexible and region-agnostic,
allowing First Nations to assess opportunities based on local renewable-energy
potential, hydrogen storage and transportation infrastructure, logistics, and
prevailing market conditions.

A successful hydrogen project begins with well-defined objectives. These may
include strengthening community energy security, creating sustainable revenue
streams, advancing climate and air-quality goals, improving public health,
supporting employment growth, and upholding environmental stewardship. Each
initiative should align with community priorities and follow a sustainable and
culturally grounded approach to clean-energy development.

Page | 87



At the core of every hydrogen initiative is its primary energy source. The
availability, quality, and intermittency or continuity of green-energy resources—
such as hydro, geothermal, wind, or solar—will define project feasibility and
optimal scale.

Right-sizing the project is a critical planning step. The capacity of the hydrogen
production or storage facility should match market demand, resource availability,
revenue potential, and capital and operational budgets. Projects that are oversized
may face high costs or underutilization, whereas undersized projects may struggle
to recover capital expenditures. Optimal sizing should reflect minimum viable
capacity, modular scalability, and opportunities for incremental expansion as
market conditions evolve.

Evaluating a project’s financial performance requires a detailed economic model
that captures both capital expenditures (CAPEX)—engineering design, equipment
procurement, site preparation, and supporting infrastructure such as roads, power
lines, and pipelines—and operating expenditures (OPEX) including maintenance,
transportation, and storage monitoring. Revenue streams may include long-term
hydrogen offtake contracts, carbon-credit revenues, renewable-energy certificates,
and the sale of hydrogen-derived products such as green ammonia or synthetic
fuels.

Financial analysis should apply discounted-cash-flow metrics, including Net
Present Value (NPV), Internal Rate of Return (IRR), Debt-Service Coverage Ratio
(DSCR), and both simple and discounted payback periods. A sensitivity analysis is
essential to test how shifts in hydrogen prices, renewable-electricity costs, policy
incentives, or carbon-credit values may influence project viability.

Risk management is another key element. Risks may include variability in
renewable-energy input, uncertainty in hydrogen and by-product pricing, evolving
regulatory requirements, or volatility in carbon markets. Higher perceived risk
generally increases discount rates and lowers NPV. These risks can be mitigated
through long-term supply and offtake agreements, structured financing, insurance
coverage, and risk-sharing partnerships with technology providers or utility buyers.
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Ownership and governance structures are central to ensuring long-term community
benefit. This framework emphasizes community-led development, identifying
pathways for First Nations to achieve and sustain meaningful ownership and
control. Options may include fully community-owned corporations, joint ventures,
or equity partnerships with experienced developers, depending on each Nation’s
strategic vision and capacity. Strong governance ensures transparent decision-
making, fair revenue distribution, and ongoing investment in technical training and
institutional development to maintain local leadership.

Understanding market valuation and demand dynamics is equally important. This
includes analyzing current and projected hydrogen prices, carbon-credit markets,
and long-term purchase agreements with industrial, transport, or utility partners. In
British Columbia, utilities such as BC Hydro and FortisBC—which currently serve
many off-grid and industrial clients—could develop hydrogen-purchase programs
providing First Nations producers with stable, regulated pricing frameworks.
Securing such long-term agreements may substantially enhance project bankability
by providing predictable revenue streams and reducing exposure to market
volatility.

18.1 Generic Cashflow Model for Hydrogen Projects

Once the technical, environmental, and logistical feasibility of a hydrogen project
has been confirmed, a detailed financial assessment becomes essential to determine
long-term viability and attract investment. A generic cashflow model for hydrogen
projects typically includes four key cost categories: capital, operating, ownership,
and reclamation, all of which should be evaluated over the project’s lifecycle using
discounted cash flow (DCF) principles.

Capital Costs (CAPEX):

These encompass land acquisition and preparation, site development, and
construction of renewable energy generation systems (such as solar, wind, hydro,
or geothermal fields) that provide power for hydrogen production. CAPEX also
includes electrolysis units, compression and storage infrastructure, pipelines,
control systems, and interconnection facilities. In many cases, hydrogen storage
and transportation infrastructure represent a major share of upfront costs,
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especially for projects integrating underground hydrogen storage (UHS) or long-
distance distribution networks.

Operating Costs (OPEX):

These represent recurring annual expenses such as personnel salaries, equipment
maintenance, transportation, utilities, insurance, property taxes, and third-party
service contracts. OPEX also includes monitoring, safety compliance, and risk
management activities, which are particularly important for hydrogen due to its
high diffusivity and specific storage requirements. Efficient OPEX planning
ensures long-term operational reliability and reduces lifecycle costs.

Ownership Value:

The economic value of First Nations’ assets—including land, infrastructure, or
other natural resources that may be affected or utilized in hydrogen production—
should be explicitly recognized and equitably reflected in partnership or equity
agreements. Ownership value may also encompass lease payments, profit-sharing
structures, or community benefit contributions, ensuring that local stakeholders
derive ongoing value from project operations.

Reclamation and Rehabilitation Costs:

These are the end-of-life costs associated with restoring project sites to a stable,
productive, and environmentally sustainable condition once hydrogen operations
cease. Rehabilitation may include decommissioning of facilities, removal of
pipelines and aboveground equipment, re-vegetation, and long-term monitoring.
Integrating these costs into early project planning is critical for compliance with
environmental regulations, upholding community expectations, and protecting land
integrity.

19.0 Review of Economic Parameters in a Cash Flow Model

Developing a comprehensive economic framework for First Nations hydrogen
projects requires a careful assessment of how communities can derive direct
financial benefits, equitable compensation, and sustainable long-term revenue from
the resources they contribute. This includes evaluating and negotiating the
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economic value of land, infrastructure, and other natural assets to ensure that
Indigenous ownership and stewardship are properly recognized within the project’s
financial model.

Land, as a foundational resource, cannot be appraised using standard market or
financial metrics alone. Its true value is shaped by ecological, cultural, historical,
and opportunity-based dimensions. Valuation should also consider alternative uses
forgone when land is dedicated to hydrogen or related green-energy projects—such
as biodiversity conservation, ecotourism, agriculture, cultural practices, or
community development initiatives. These factors make Indigenous land valuation
a multidimensional exercise requiring both economic and cultural evaluation
methods.

With provincial, national, and global emissions-reduction targets for 2030 and
2050, the future market value of avoided carbon emissions is expected to increase
significantly. This anticipated rise should be incorporated into carbon-credit
valuation models, ensuring that global environmental benefits are captured in local
financial returns and reflected in long-term cashflow projections.

Unlike technology, which often decreases in cost over time, land retains or
increases in value due to its cultural significance, ecological integrity, and regional
economic trends. For First Nations, the spiritual, cultural and stewardship
connection to land adds a further dimension that cannot be monetized through
conventional appraisal methods. This underscores the need for a nuanced and
inclusive valuation framework combining both quantitative and qualitative
indicators.

Land valuations for hydrogen and renewable-energy developments should account
for several dynamic parameters, including:

1. Potential land degradation: Possible impacts of project construction or
operation on soil quality, vegetation, water resources, and aquifer systems,
particularly regarding water withdrawal and discharge associated with
electrolysis.
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2. Alternative land use: The opportunity cost of dedicating land to hydrogen
production instead of agriculture, forestry, conservation, or traditional land
use.

3. Loss of biodiversity: The ecological cost of altering natural habitats and
species diversity, requiring mitigation plans and restoration commitments.

These interrelated factors are complex and site-specific, necessitating multi-
disciplinary assessments that integrate environmental science, economics, and
traditional knowledge. Cashflow models should therefore incorporate a negotiated
escalation rate reflecting both quantitative value growth (e.g., inflation, carbon-
credit appreciation) and qualitative community values, ensuring that First Nations
land contributions are fairly represented and protected throughout the project
lifecycle.

Financing and Debt Structuring

A debt-to-equity ratio of approximately 3:1 is generally considered reasonable and
financeable for large-scale hydrogen projects. This structure—where about 75 % of
total project cost is financed through debt and 25 % through equity—balances the
advantages of leveraging external capital while ensuring equity holders retain a
meaningful stake and governance influence. Such an arrangement can enhance
returns on equity while maintaining sufficient liquidity during the early operational
phase, when revenue streams are still stabilizing.

Yearly debt-service obligations (principal and interest) should be scheduled
according to loan maturity, interest rate, and grace periods, ensuring that repayment
aligns with the project’s cash-flow ramp-up profile. Hydrogen projects often
benefit from tenor extensions (15—-20 years) under green-infrastructure financing
programs, allowing for smoother amortization and stronger debt-service coverage
in the early years.

The discount rate plays a pivotal role in assessing project feasibility, as it defines
the present value of future cash flows and determines the project’s economic
attractiveness. Unlike conventional infrastructure assets, hydrogen projects operate
in evolving policy, technology, and market conditions, requiring an adjusted or
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risk-weighted discount rate that reflects both opportunities (e.g., carbon credits, tax
incentives) and uncertainties (e.g., policy or demand volatility).

The discount rate typically comprises three key components:

1. Interest Rate: Reflecting the base cost of borrowing, it depends on market
conditions, the creditworthiness of project sponsors, and the lending
institution’s risk profile. Access to green-bond or sustainability-linked
financing can significantly lower borrowing costs and improve financial
metrics such as Net Present Value (NPV) and Internal Rate of Return (IRR).

2. Risk Premium: Hydrogen projects entail technology, policy, and market
risks, including uncertain long-term demand, changes in regulatory
frameworks, and evolving equipment performance. The risk premium
compensates lenders and investors for these uncertainties and typically
ranges from 2 % to 6 % depending on project maturity and contractual
stability.

3. Opportunity-Cost Premium: This represents the return foregone by investors
who commit their capital to the hydrogen project instead of alternative
ventures. It ensures the discount rate reflects the true cost of capital from the
investor’s perspective.

Discount Rate (%) = Interest Rate (%) + Risk Premium (%) + Opportunity-Cost
Premium (%)

This formulation provides a benchmark for evaluating profitability and comparing
hydrogen investments with other renewable-energy and clean-technology
opportunities.

A robust cash-flow model is essential to securing financing and building investor

confidence. This model functions as the project’s financial blueprint, detailing the
timing and magnitude of all inflows and outflows across the full lifecycle—from

construction to decommissioning. It should incorporate:

« Debt-repayment schedules showing principal and interest obligations in
alignment with expected revenues;
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« Operating-cost projections covering personnel, maintenance, logistics,
insurance, and administrative overhead;

« Revenue forecasts grounded in credible data such as hydrogen production
capacity, price forecasts, and offtake contracts; and

« Financial-performance indicators including NPV, IRR, Return on Investment
(ROI), and payback period.

These metrics allow investors and community partners to assess whether the
project generates adequate returns, manageable repayment risk, and long-term
financial sustainability.

Cash Flow and Project Life Cycle

A 20-year cash flow model is a key tool for evaluating the economic feasibility and
financial performance of hydrogen projects. This period reflects industry-standard
financial modeling horizons, aligning with typical debt repayment schedules (15—
20 years) and bankability frameworks used by the Canada Infrastructure Bank,
IEA, and Deloitte Hydrogen Economics Handbook (2023).

While financial models typically cover a 20-year horizon, physical hydrogen
infrastructure—such as underground storage caverns, pipelines, and modular
plants—can remain operational for 30—40 years with proper maintenance and
reinvestment. This ensures financial sustainability within the financing period and
long-term asset value beyond it.

Government incentives—including grants, tax credits, and clean fuel subsidies—
play a vital role in improving project economics. They reduce upfront capital costs,
enhance metrics such as NPV and ROI, and align financial outcomes with public
policy goals like greenhouse gas reduction and Indigenous energy sovereignty.

Incorporating these incentives into financial models demonstrates how government
support de-risks hydrogen investments while promoting environmental objectives.
Sensitivity analyses using best-, mid-, and worst-case scenarios provide a
transparent risk profile by testing variations in electricity cost, hydrogen price, and
production efficiency.
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The project lifespan should align with the energy source and technology employed.
Hydrogen production, storage, and transportation systems are typically designed
for 20-30 years of operation, with storage caverns and pipelines potentially
extending beyond 40 years under proper management.

Revenue Sharing and Modular Facilities

Revenue sharing can help ensure that First Nations communities receive equitable
and lasting benefits from hydrogen projects while reinforcing their role as key
partners and rights-holders. By contributing land, renewable energy resources, and
traditional stewardship expertise, communities can participate as equity partners
rather than passive beneficiaries. These contributions may be valued within the
project’s financial model, allowing First Nations to share proportionally in returns
such as Net Present Value (NPV) and Return on Investment (ROI), thereby
supporting long-term economic empowerment and self-determination.

Alternatively, investors may compensate First Nations upfront by paying market
value for land access and other resources, along with structured royalty payments
that provide stable income throughout the project’s lifespan. Including these
arrangements in capital expenditure (CAPEX) ensures fair recognition of both
tangible and intangible contributions, while providing flexibility for communities
to determine how they wish to participate—through ownership stakes, royalties, or
hybrid benefit agreements.

Modular hydrogen production facilities offer a cost-effective, scalable, and low-
risk entry point for smaller First Nations—led projects. These facilities require
minimal site preparation, enable faster deployment, and can expand incrementally
as demand grows. This modularity is particularly advantageous in remote and off-
grid areas, where hydrogen can replace diesel as a clean, locally produced energy
source.

Co-locating modular hydrogen plants with renewable power sources—such as
geothermal, hydro, wind, or solar fields—further enhances project value. Local
energy generation reduces dependence on external fuel supplies, improves energy
security, and strengthens community resilience.
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The phased investment structure of modular projects also minimizes upfront
financial risk and supports adaptive scaling. Communities can begin with small
pilot systems, build operational experience, and expand capacity over time as
technical knowledge and financial resources increase.

Overall, modular hydrogen facilities provide a practical, scalable pathway for First
Nations to advance clean energy development, environmental stewardship, and
economic self-reliance, aligning local sustainability objectives with national and
global decarbonization goals.
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