Comparative Retrofit Technologies and Hydrogen Storage Strategies for
Alberta’s Rail Network: Toward Al-Enabled Zero-Emission Mobility

Abstract

The decarbonization of heavy rail transport is a critical step toward achieving climate targets, especially in
regions like Alberta with extensive freight operations and no existing electrified rail infrastructure. This paper
presents a comprehensive analysis of retrofit technologies for converting Alberta’s diesel locomotive fleet to
zero-emission propulsion. In particular, we compare battery-electric retrofits, alternative fuels, and hydrogen
fuel cell systems, finding that hydrogen fuel cell hybrids emerge as the most promising retrofit technology for
heavy-duty freight locomotives. We then examine hydrogen storage strategies including compressed gas,
cryogenic liquid, metal hydrides, and liquid organic hydrogen carriers evaluating each for cost-efficiency, safety,
and scalability in a rail context. Our analysis draws on recent pilot projects and studies, notably Canadian Pacific
Kansas City’s (CPKC) Hydrogen Locomotive Program in Alberta, which demonstrated the viability of hydrogen
fuel cell retrofits in real-world service. We present data on energy densities, fueling requirements, and lifecycle
costs, supplemented by tables and graphs to illustrate comparative performance. Additionally, the integration
of artificial intelligence (Al) into hydrogen-powered rail operations is explored as a futuristic approach to
optimize efficiency and reliability. Al techniques from energy management and routing optimization to
predictive maintenance can significantly enhance the performance and safety of zero-emission trains. Our
results indicate that hydrogen fuel cell retrofits, combined with advanced hydrogen storage solutions and Al-
enabled operational strategies, can achieve a zero-emission rail network in Alberta with performance
approaching conventional diesel systems, while addressing the challenges of cost and infrastructure through
innovation and scale. Key findings include: (1) Hydrogen fuel cell locomotives offer superior range and refueling
times compared to battery-electric options for long-haul service[1]; (2) Compressed hydrogen gas storage is
currently the most practical onboard storage method, though liquid hydrogen and novel carriers could play a
role as technologies mature[2][3]; (3) Al can be leveraged for smart energy management, infrastructure
planning, and maintenance, further improving the economics and feasibility of hydrogen-powered rail. The
paper concludes with recommendations for industry and government stakeholders on advancing hydrogen fuel
cell retrofits and associated digital technologies to achieve zero-emission mobility in Alberta’s rail sector.

Introduction

Rail transportation is a backbone of Alberta’s economy, moving bulk commodities such as minerals, petroleum
products, grain, and forestry goods across long distances. However, freight rail is also a significant source of
greenhouse gas emissions and air pollution due to its reliance on diesel-electric locomotives. In the face of
climate change and new emissions regulations, there is growing pressure to transition towards zero-emission
mobility in the rail sector. The challenge is pronounced in regions like Alberta that lack overhead electrification;
installing catenary lines over thousands of kilometers of track is financially and logistically daunting. This
situation calls for innovative retrofit solutions that can convert existing diesel locomotives to zero-emission
propulsion without requiring expansive wayside infrastructure upgrades.

Multiple technologies have been proposed or trialed for decarbonizing locomotives. These include battery-
electric systems (replacing the diesel engine with large battery packs), hydrogen fuel cell powertrains (using
hydrogen gas to generate electricity for the traction motors), and even hydrogen-fueled internal combustion
engines (burning hydrogen in modified diesel engines). Each approach has its merits and limitations. Pure
battery-electric locomotives produce no onboard emissions and boast high drivetrain efficiency; however,
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batteries have low energy density, leading to limited range and long charging times that hinder use in long-haul
freight service[1]. Conversely, hydrogen fuel cell locomotives can carry an energy-dense fuel (hydrogen) and
refuel relatively quickly, but they require new fueling infrastructure and must manage the complexity of
onboard hydrogen storage safely. Alberta’s context characterized by long distances between stops, heavy loads,
and extremely cold winters further constrains the feasible options. In this context, hydrogen fuel cell hybrid
locomotives have gained traction as a potentially optimal retrofit technology, offering a combination of long
range, quick refueling, and operational similarity to diesel that battery-only solutions cannot easily match[1].
Recent real-world demonstrations lend credence to this view, notably the CPKC Hydrogen Locomotive Program
supported by Emissions Reduction Alberta, which converted diesel locomotives to hydrogen fuel cell power and
achieved successful freight operations[4][5].

The Alberta pilot project provides a concrete case study that hydrogen fuel cell retrofits can work in practice.
By 2024, CPKC had built and tested three hydrogen locomotives (a yard-switcher and two line-haul freight units)
under Alberta’s Hydrogen Locomotive Program[7]. The hydrogen locomotives, each equipped with fuel cell
“power skids” and battery packs, achieved similar hauling performance to diesel units and even pulled heavy
revenue freight trains in mountainous terrain[5][8]. Perhaps most significantly, the project found that pure
battery-electric locomotives were not practical for heavy-duty service due to weight and range limitations,
whereas hydrogen fuel cell hybrids proved viable [9]. Hydrogen was chosen over batteries because of its higher
effective energy density, better hauling capacity, and much shorter refueling time, all of which more closely
mirror the operational profile of diesel locomotives[1]. These factors are decisive for long-haul routes where a
locomotive might need to run hundreds of kilometers between refueling and cannot afford lengthy downtime.
Hydrogen fuel cell systems also offer scalability in energy supply: the amount of energy (fuel) stored on board
can be increased by adding more hydrogen tanks without proportionally increasing the powertrain weight or
volume, something batteries cannot achieve as easily[10][1].

Hydrogen fuel cell trains, often dubbed “hydrail”, are gaining momentum globally for similar reasons. In
Germany, Alstom’s Coradia iLint hydrogen passenger trains have entered regular service on non-electrified lines,
offering ranges up to 1000 km and refueling in under 20 minutes[11]. These trains demonstrate that hydrogen
fuel can replace diesel in regional rail with no emissions at the point of use. In North America, besides CPKC'’s
project, other rail companies and manufacturers are investing in hydrogen: Wabtec, for example, is developing
a line-haul locomotive using fuel cell modules (in partnership with GM’s Hydrotec division) for future
commercialization[12]. Such initiatives align with government strategies; Canada’s national hydrogen strategy
and Alberta’s Hydrogen Roadmap both identify transportation including rail as a key market for clean hydrogen
adoption[13][14]. Alberta in particular, with its large fossil fuel sector, is interested in leveraging hydrogen
(including “blue” hydrogen from natural gas with carbon capture) to reduce domestic emissions and create new
economic opportunities. The presence of large hydrogen production projects in Alberta (e.g. a $1.3 billion Air
Products hydrogen complex near Edmonton[15]) means a local supply of low-carbon hydrogen fuel is emerging,
which can be synergistic with hydrogen-powered locomotives[8].

While hydrogen fuel cell retrofit technology shows great promise, several challenges remain to be addressed
for broad deployment. Hydrogen storage is a pivotal technical and economic challenge: hydrogen’s physical
properties (very low-density gas) make storing sufficient fuel on board a train difficult without advanced
solutions. We must determine which storage methods high-pressure gas cylinders, cryogenic liquid hydrogen,
metal hydride tanks, etc. are most feasible for locomotives, considering factors of energy density, safety, cost,
and scalability of supply. Additionally, the safe handling and refueling infrastructure for hydrogen needs to be
built out alongside the locomotives. Finally, as rail systems become more advanced, there is an opportunity to
integrate Artificial Intelligence (Al) and data analytics to optimize the operation of these zero-emission trains.
Al can help in routing and logistics (ensuring hydrogen refueling is efficiently scheduled), in on-board energy
management (smart control of fuel cells and batteries to minimize fuel consumption), and in maintenance
(predictive diagnostics for fuel cell stacks, hydrogen tanks, and other new components). An Al-enabled hydrogen
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rail network could operate with higher reliability and efficiency than conventional systems, mitigating some of
the cost hurdles by improving asset utilization and lifespan.

The remainder of this paper is organized as follows. First, we present a Comparative Analysis of Retrofit
Technologies for zero-emission rail, making the case for hydrogen fuel cells as the optimal choice for Alberta’s
freight network. We include quantitative comparisons of energy and performance characteristics and cite
results from recent studies and pilots. Next, we delve into Hydrogen Storage Strategies, examining the types of
storage (compressed gas, liquid hydrogen, metal hydrides, and liquid organic carriers) with respect to their
energy density, cost-effectiveness, safety implications, and scalability for a fleet of trains. We provide tables and
graphs to illustrate the trade-offs among storage options. Finally, we discuss the Integration of Artificial
Intelligence in the context of a future hydrogen-powered rail system how Al can enhance scheduling, energy
management, and maintenance to ensure that the adoption of hydrogen technology is successful and
sustainable. In the Conclusion, we summarize the key findings and offer recommendations for industry
stakeholders and policymakers on implementing hydrogen retrofit projects, hydrogen supply infrastructure, and
Al systems in tandem, steering Alberta’s rail network toward a zero-emission future.

Methodology

Our research approach combines a literature review, case study analysis, and quantitative evaluation of
technologies. We surveyed a wide range of sources, including academic papers, industry reports, government
studies, and news releases, to gather data on locomotive retrofit technologies and hydrogen storage methods.
Key sources include the Emissions Reduction Alberta (ERA) final report on the CPKC Hydrogen Locomotive
Program[4][7], technical assessments by rail and energy researchers (e.g., International Journal of Hydrogen
Energy studies on rail applications[16]), and economic analysis reports such as the International Council on Clean
Transportation (ICCT) brief on zero-emission locomotive pathways[17][18]. We also incorporated findings from
European rail trials (like the VDE study comparing battery and hydrogen train costs[19][20]) to ensure a
comprehensive international perspective.

To compare retrofit technologies, we identified the main performance criteria as: energy density (both
gravimetric and volumetric, which affects vehicle range and weight), refueling/charging time, locomotive duty
cycle compatibility (ability to handle long distances and high-power output), and infrastructure requirements.
We compiled technical specifications and operational data for battery-electric locomotives and hydrogen fuel
cell locomotives. For instance, we used the CPKC hydrogen locomotive data (fuel capacity, range achieved, etc.)
as a benchmark for hydrogen, and data from battery-electric locomotive pilots (e.g., yard switching locomotives
with batteries) for the battery case. Where data was not directly available, we performed estimations using
known energy consumption figures of freight trains. Formulas were applied to estimate energy needs: for
example, the energy required to pull a typical heavy freight train over a given distance was calculated based on
locomotive power output and efficiency. A simplified estimate for comparative purposes:

E(route) = Fiequivalenty x d

where Eroute) is the energy required for a route (in kWh), d is the distance, and Fequivalent) is an equivalent
constant force (in kN) representing rolling resistance and grade forces. While real train resistance varies with
speed and terrain, this provides an order-of-magnitude energy figure. We then evaluated how different
technologies supply this energy: e.g., how many kilograms of hydrogen (with fuel cell efficiency considered) or
how many tonnes of batteries (with typical battery specific energy) would be needed to meet Eroute). This
guantitative exercise clarifies the practical feasibility of each technology.

For hydrogen storage, we gathered data on storage capacity, cost, and efficiency from energy technology
references. We tabulated values such as hydrogen density (kg H, per cubic meter) and storage system cost (per
kg of H, capacity) for compressed gas tanks, liquid hydrogen tanks, metal hydride systems, and liquid organic
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hydrogen carrier (LOHC) systems. These data were drawn from sources like the U.S. Department of Energy and
a recent comprehensive review of hydrogen storage techno-economics. For each storage type, we also reviewed
safety considerations (e.g. pressure ratings and leak rates for compressed gas, boil-off rates for liquid hydrogen,
etc.) from technical standards and safety studies.

We present some of this data in tables and graphs for clarity. For example, one table compares the energy
content and expected range contribution of 1,000 kg of diesel fuel vs the equivalent weight in batteries vs the
equivalent weight in hydrogen (with appropriate efficiency factors). Another table (or figure) compares the key
metrics of hydrogen storage options side-by-side. By visualizing these comparisons, the relative advantages of
hydrogen fuel cells especially in terms of energy-per-weight become evident.

In discussing the integration of Al, our methodology was to identify specific operational challenges in a
hydrogen-powered rail network that Al could address. We reviewed case examples of Al in rail and other
transport modes (such as Deutsche Bahn’s use of Al for predictive maintenance[22] and experiments in Al-
driven energy management systems). We also looked at conceptual studies where Al algorithms (like
reinforcement learning) have been applied to optimize fuel cell hybrid vehicle performance[23]. Although such
Al applications are in early stages for rail, we extrapolated their potential impact on efficiency and cost savings.
The discussion is qualitative but supported by examples and pilot implementations (for instance, an Al-based
system adjusting train acceleration and coasting to save energy[24]).

By combining empirical data from real projects with analytical reasoning and projections, our methodology aims
to cover technical, economic, and operational dimensions of the problem. All intermediate data and statements
are substantiated with citations to ensure credibility. The analysis intentionally focuses on Alberta’s scenario,
but the findings can be generalized to similar heavy-haul rail operations elsewhere.

Comparative Analysis of Retrofit Technologies for Zero-Emission Rail

Retrofitting existing diesel-electric locomotives to eliminate emissions can follow several technological
pathways. The major candidates include: (1) Battery-Electric Propulsion, where large battery packs replace the
diesel engine; (2) Hydrogen Fuel Cell Propulsion, where one or more fuel cell systems generate electricity from
hydrogen fuel, often in combination with a smaller battery for peak power and regenerative braking; (3)
Hydrogen Internal Combustion Engines (H,-ICE), where the diesel engine is modified or replaced with an engine
that burns hydrogen; and (4) Overhead Electrification, effectively converting the route to electric operation with
power drawn from external lines (though not a true “retrofit” of the locomotive, it's a competing solution for
decarbonization). We compare these options on key performance criteria, especially as they pertain to heavy
freight service in Alberta. Table 1 provides a high-level comparison of the main retrofit options:

Energy
Retrofit Source & | Range and | Refueling/Charging | Infrastructure | Notable Pros &
Option Storage Endurance Time Needs Cons
Diesel Diesel fuel | 1200-1600 km | ~30 minutes to | Widespread Pros: High energy
(Baseline) (liquid) in | per refuel | refuel full tank fuel stations; | density fuel; fast
onboard tank | (multi-day mature supply | refuel; well-
(15,000- operation)[11] chain understood. Cons:
20,000 L Large CO, and
typical) pollutant
emissions;
increasingly
regulated.
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Energy

Retrofit Source & | Range and | Refueling/Charging | Infrastructure | Notable Pros &
Option Storage Endurance Time Needs Cons
Battery- Grid 150-300 km Several hours for | Charging Pros: Zero
Electric electricity per charge | full charge (faster | stations or | onboard
(Battery stored in | (estimated, with  high-power | periodic emissions; very
Locomotive) large lithium- | varies with | chargers or battery | electrified high energy
ion  battery | battery size | swap) segments; no | efficiency (~77%
packs (could | and engine fuel | traction
be in | route)[18][25] supply needed | efficiency)[26];
locomotive regenerative
and/or a braking  recovers
tender car) energy. Cons: Low
energy per weight
(~100-200 Wh/kg);
heavy and large
battery
requirements for
long range; long
charging
downtime;
potential need for
many charging
sites.
Hydrogen Fuel | Hydrogen gas | 800-1000 km | ~15-20 minutes | Hydrogen Pros: Zero
Cell (Fuel Cell | (compressed | per refuel | refueling for full | production emissions (water
Hybrid or liquid) in | (with sufficient | tanks[11] and refueling | only); fuel cell + H,
Locomotive) onboard H, storage)[11] infrastructure | offers ~3x energy
tanks;  fuel (e.g. per mass of
cells electrolyzers, | diesel[27][2]; fast
generate compressors, | refuel similar to
electricity + a storage at | diesel; better
buffer yards) suited for long
battery range than
batteries[1]. Cons:
Hydrogen fuel
currently  costly;
storage tanks
bulky; new
infrastructure

required; fuel cell
system adds
complexity
(though hybridized
with battery).
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Energy
Retrofit Source & | Range and | Refueling/Charging | Infrastructure | Notable Pros &
Option Storage Endurance Time Needs Cons
Hydrogen ICE | Hydrogengas | ¥800 km per | ~15-20 minutes | Same as | Pros: Uses familiar
(Conversion or | fuel refuels (similar | refuel (same as fuel | hydrogen fuel | engine technology;
New H, | combustedin | to fuel cell, | cell, using H; fuel) cell - H,| potentially lower
Engine) engine limited by H; supply up-front cost than
(spark- storage) needed; fuel cells; can
ignition or engine retrofit | reuse parts of
dual-fuel components diesel engine.
conversion of Cons: Lower
diesel efficiency than fuel
engine) cells (30-40% vs
50-60%); can
produce NOx
emissions (not
zero-emission
unless
aftertreatment
used); engine wear
and maintenance
could be
significant.
Overhead External Essentially N/A  (continuous | Extensive Pros: Zero local
Electric electricity unlimited power, no refueling | electrification | emissions; high
(Catenary from range needed) of tracks with | efficiency; proven
electrification) | overhead (continuous catenary technology for
lines, picked | power supply) wires, high-speed and
up by substations, heavy rail; no
pantograph etc. heavy fuel
(no onboard onboard. Cons:
fuel storage) Extremely high
infrastructure cost
for new
electrification;
inflexible  (trains
must stay on
electrified routes);
long
implementation
time for a network.

Table 1: Comparison of zero-emission locomotive retrofit options for freight rail. Sources: Energy and range data
are based on references[11][18][2] and pilot projects (CPKC hydrogen locomotives, battery switcher trials).
Efficiency figures from ICCT and DOE analyses[26][18].

Among these options, hydrogen fuel cell retrofits stand out as the most viable for Alberta’s freight rail
conditions. The decisive advantages of hydrogen fuel cell locomotives over battery-electric locomotives can be
summarized as follows:
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Energy Density and Weight: Hydrogen contains much higher energy per unit mass than batteries. Even
after accounting for the efficiency of a fuel cell (~50% from hydrogen energy to traction, versus ~90% for
battery to traction), the net energy per kilogram of hydrogen is far greater. For example, 1 kg of H, (at
700 bar) has about 33.3 kWh of chemical energy; at 50% fuel cell efficiency that yields ~16.5 kWh of
electricity. In contrast, 1 kg of advanced lithium-ion batteries provides at most 0.15-0.20 kWh usable
energy[18]. In practice, this means a few hundred kilograms of hydrogen can do the work of tens of tons
of batteries[1]. Alberta’s freight locomotives often weigh 180-200 tons and haul trains of >10,000 tons;
dedicating tens of tons to batteries significantly reduces payload or requires multiple battery tender cars,
which is operationally inefficient[18][25]. Hydrogen, stored in high-pressure cylinders or a tender, does
not encumber the train with nearly as much weight. The CPKC project noted that hydrogen fuel cells
coupled with hydrogen storage delivered the needed energy without grossly exceeding the weight
envelope of a conventional locomotive[5], whereas a battery-only solution sized for long range would
have been prohibitively heavy.

Refueling Time and Duty Cycle: A battery-electric locomotive might need several hours of charging after
exhausting its energy, unless battery swap systems are employed (which themselves require
infrastructure and spare battery sets). This downtime is incompatible with freight rail operations that
value high asset utilization —locomotives may only dwell for short crew changes or refueling stops before
continuing. In contrast, hydrogen locomotives can be refueled with compressed gas in a timeframe
comparable to diesel refueling. Actual demonstrations have shown hydrogen trains refueled in under 20
minutes for a full load[11]. This enables a duty cycle where a locomotive can run a full day (up to 18
hours, ~1000 km) on one refuel and quickly turn around for another assignment[11]. Such capability
closely mirrors diesel operations and minimizes changes to scheduling. Hydrogen’s fast refueling is a
major advantage over batteries for long-distance services.

Hauling Power and Range: Fuel cell locomotives are typically designed as hybrids with onboard
batteries. The fuel cell provides steady power and energy for range, while a battery (usually a smaller
high-power lithium-ion pack) handles peak loads (such as accelerating a heavy train or climbing a grade)
and captures regenerative braking energy[28][29]. This combination means hydrogen locomotives can
meet the high horsepower (3,000-4,400 HP or 2.2-3.3 MW) requirements of freight service. Battery-
only locomotives can also produce high power but only until their charge is depleted — which, given
current battery energy densities, severely limits range under continuous heavy load. For instance, a
recent analysis noted that batteries, while highly efficient, have shorter range and would require either
frequent recharging stops or expensive en-route electrification for long routes[18][30]. CPKC explicitly
chose hydrogen fuel cells over pure batteries because it offered better hauling capacity and endurance
for long routes, especially in cold climates where battery performance can degrade[1]. The ability to
retrofit existing diesel-electric drive trains with fuel cells and hydrogen storage — essentially swapping
the energy source but keeping traction motors allowed CPKC to retain the locomotives’ full pulling
capability[31]. Indeed, in September 2024 a single prototype hydrogen locomotive successfully pulled a
fully loaded coal train (3 kilotons) through the Rocky Mountains in British Columbia, a route demanding
both high power and significant energy reserve[8]. This milestone demonstrated that range and power
were sufficient for real-world freight service, validating the choice of hydrogen over batteries in this
context.

Operational Similarity and Scaling: A less technical but important factor is how easily the new
technology integrates into existing operations. Hydrogen fuel cell locomotives, from the crew’s
perspective, operate similarly to diesel-electric ones: they can be refueled at a fueling facility in the yard
during normal stops, and then run without needing wayside power or frequent stops. Battery
locomotives would likely force operational changes (e.g. mandatory dwell periods for charging or adding
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extra locomotives to leapfrog charging intervals). Additionally, the fueling model for hydrogen (tanker
trucks or pipeline supply to fueling stations) can piggyback on some existing fuel logistics knowledge,
whereas handling gigawatt-level electric charging in remote yards is a new challenge for railroads.
Hydrogen allows scaling up energy supply by simply increasing fuel deliveries or electrolyzer capacity,
without modifying the locomotive design, fuel cells can be added in modules and hydrogen tanks sized
as needed[10][7]. Batteries, on the other hand, face diminishing returns when scaled up (due to
weight/space and the need for more charging input). From an economic perspective, a study for the
Province of Alberta concluded that battery-electric heavy locomotives were not economically practical,
whereas hydrogen was a viable solution for long-term fleet conversion[9]. The hydrogen approach
leverages Alberta’s emerging hydrogen economy, creating a use-case that can consume locally produced
hydrogen (including “blue” hydrogen derived from natural gas with carbon capture) and justify further
investment in hydrogen infrastructure[32][33].
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It is important to acknowledge some drawbacks or challenges of hydrogen fuel cell retrofits as well, to paint a
balanced comparison:

Upfront Capital Cost: Hydrogen fuel cell locomotives are currently more expensive to build than either
a new diesel locomotive or a battery retrofit. Fuel cell systems (stacks, power electronics, cooling) are
produced in relatively low volume today, keeping prices high. Moreover, fuel cells have limited life —
typically requiring stack refurbishment or replacement every 20,000-30,000 hours which adds
maintenance cost over the locomotive’s life[34][20]. A German study by VDE found that for regional
passenger trains, the total cost of ownership of a hydrogen multiple-unit could be about 35% higher than
a battery-electric multiple-unit, largely due to fuel cell replacements and hydrogen fuel costs[19][20].
The study even noted hydrogen trains might be more expensive to operate than diesel in certain cases
if only high-cost green hydrogen is used[20]. These findings underscore that cost is a moving target — as
technology matures and scales up, costs can come down, and fuel prices (electricity vs hydrogen) vary
by region and over time. In Alberta’s case, hydrogen fuel might be available at relatively low cost due to
local production (including byproduct hydrogen or natural gas reforming with carbon capture, which can
be cheaper than electrolytic hydrogen)[35]. Additionally, CPKC’'s project has already seen cost
improvements: by building multiple units and streamlining the design, they significantly reduced the
retrofit cost per locomotive, aiming for eventual cost parity with a standard diesel overhaul[36]. Over
the long term, economies of scale and learning could make fuel cell locomotives financially competitive,
especially if carbon pricing penalizes diesel use. Notably, a Canadian analysis projected that while early
hydrogen locomotives have higher operating costs, the gap narrows over time and hydrogen could even
bring net savings in fuel and maintenance as the technology evolves[37].

Hydrogen Fuel Supply and Infrastructure: Deploying hydrogen locomotives requires setting up a
network of hydrogen refueling stations along the rail corridors or at least at strategic yard locations. This
is a significant endeavor, akin to building a new fueling ecosystem from scratch. Alberta has taken initial
steps (the CPKC pilot built two hydrogen production and fueling facilities in Calgary and Edmonton, each
producing ~350 kg H, per day[38]), but these are pilot-scale and serve a handful of locomotives. Scaling
up to dozens or hundreds of locomotives would demand a robust hydrogen supply chain: centralized
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large-scale hydrogen production (which Alberta is investing in[32]), distribution via pipeline or truck, on-
site storage, and high-throughput dispensers capable of refueling large tanks quickly. The complexity of
handling hydrogen (which is a very low-density, flammable gas) is greater than diesel fuel — it requires
high-pressure equipment and stringent safety protocols (topics we explore in detail in the next section
on storage and safety). However, it’s worth mentioning that these are engineering challenges that are
being solved in parallel industries (such as heavy-duty trucking and hydrogen fueling stations for
vehicles). Alberta’s energy sector expertise can be leveraged to design safe and efficient rail fueling
systems. Overhead electrification, by contrast, requires different infrastructure continuous electrified
track which is even more capital-intensive upfront but then uses the existing grid for “fuel.” Each
approach has infrastructure hurdles: hydrogens are at the fueling nodes; electrifications are along the
entire route. For Alberta, with its vast distances and lower traffic densities on some freight lines, building
a few hydrogen stations is far more economical than stringing catenary wires over thousands of
kilometers of track[25][39].

Efficiency and Environmental Impact: On a pure efficiency basis, battery-electric trains are clear winners
they use electricity directly with minimal loss, whereas hydrogen trains convert electricity to hydrogen
(via electrolysis or other production) and then back to electricity in fuel cells, incurring losses at each
step. This means that if the electricity is coming from the grid, using it to charge batteries is more energy-
efficient than converting it to hydrogen first. Indeed, analyses often cite that hydrogen trains use 2—3
times more energy per kilometer than battery trains due to these conversion losses[26][40]. However,
efficiency isn’t the only factor in real operations[41]. The flexibility and range of hydrogen can outweigh
its lower tank-to-wheel efficiency. Moreover, hydrogen can be produced at times when electricity is
cheap or excess (e.g., overnight wind power), effectively storing energy that would otherwise be
curtailed[42]. In Alberta’s case, if hydrogen is produced from natural gas with carbon capture (“blue
hydrogen”), the efficiency comparison shifts to a different basis (fuel-to-motion efficiency vs diesel). The
key environmental point is that hydrogen locomotives eliminate tailpipe emissions entirely — no CO,, no
particulate matter, no NOx (assuming fuel cells, or near-zero NOx if using H,-ICE with proper controls).
Thus, even if upstream efficiency is lower, the climate benefit can be high if the hydrogen is low-carbon.
Studies have found that even hydrogen made from natural gas (with CO, byproduct) can cut lifecycle
GHG emissions by ~45% compared to diesel, and nearly 100% reduction is possible with green
hydrogen[43][44]. These environmental benefits are a driving force behind hydrogen retrofits,
supported by policies and funding (for example, Alberta’s ERA provided $15 million to kick-start CPKC’s
hydrogen project[45] as part of a climate initiative).
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In summary, our comparative analysis finds that hydrogen fuel cell retrofits offer the best alignment with the
operational needs of Alberta’s freight rail network while achieving zero emissions. Battery-electric locomotives,
despite their efficiency and simplicity (with no fuel except electrons), face too many constraints in range and
charging for the heavy freight use-case. Hydrogen internal combustion, an interesting alternative, does not fully
eliminate emissions (some NOx and lower efficiency) and thus is likely a transitional or niche solution at best —
rail companies like CPKC and CN have shown more interest in fuel cells than H,-ICE for mainline service[46][47].
Overhead electrification remains the ultimate solution in many high-density corridors (Europe, Asia), but in
Alberta’s situation the costs and timeframe for electrifying all major routes make it impractical in the near-to-
mid term. Hydrail technology, proven by projects in Canada, Germany, and elsewhere, strikes a balance: it is
deployable in a modular way (one locomotive at a time) and does not require immediate, system-wide
infrastructure overhauls.

The case for hydrogen fuel cells is bolstered by industry momentum. As of mid-2025, CPKC is expanding its
hydrogen locomotive fleet to 7 units, including high-horsepower models for revenue service[48]. Partnerships
are forming (CPKC with CSX in the U.S. to commercialize hydrogen retrofits[49], locomotive manufacturers with
fuel cell companies like Ballard and Cummins) indicating that hydrogen retrofit kits could soon be available at
scale. Once a few dozen locomotives demonstrate reliable operation and costs come down, a tipping point could
be reached where railway companies begin large-scale fleet conversions, especially for routes that cannot easily
be electrified. Alberta’s rail corridors many of which are long-distance and connect to resource industries — are
prime candidates for such conversion.

Having established hydrogen fuel cells as the preferred retrofit technology, we now turn to one of the critical
enablers of this technology: hydrogen storage. The following section explores how hydrogen can be stored on
board locomotives and at refueling sites safely and efficiently, which methods are most cost-effective, and how
these compare in terms of practical implementation for a hydrogen rail network.

Hydrogen Storage Strategies: Cost-Efficiency, Safety, and Scalability

Effective hydrogen storage is fundamental to the success of hydrogen-powered trains. Unlike diesel, which is a
dense liquid easily stored in a locomotive’s fuel tank, hydrogen is the lightest element and has very low density
under ambient conditions. This presents challenges in packing enough fuel on board to achieve long range.
Several storage methods exist, each with different trade-offs between volume, weight, cost, safety, and
complexity. The primary hydrogen storage options relevant to rail applications are:

1. Compressed Hydrogen Gas (CH;) Storage — storing hydrogen in gaseous form at high pressure (typically
350 bar or 700 bar, i.e., about 5,000—-10,000 psi) in specialized cylinders.

2. Liquid Hydrogen (LH;) Storage — cooling and storing hydrogen in cryogenic liquid form at —253 °C in
insulated tanks.

3. Metal Hydride Storage — storing hydrogen by chemically bonding it within metal alloys, which absorb
and release hydrogen reversibly.

4. Liquid Organic Hydrogen Carriers (LOHCs) — storing hydrogen via a reversible chemical reaction in a
liquid organic compound (for example, converting biphenyls or other carriers by hydrogenation).

5. (Additionally, Ammonia can be considered as a carrier for hydrogen, since ammonia (NHs) can be cracked
to produce hydrogen, but using ammonia directly in fuel cells or engines is a separate approach and
beyond the scope of onboard storage; we mention it briefly for context of Alberta’s hydrogen economy
since ammonia is seen as an export medium[14]).

Each of these methods has been developed to varying degrees in other industries (automotive fuel cell vehicles,
aerospace, stationary energy storage) and can be adapted or considered for rail. Table 2 summarizes key
characteristics of the main hydrogen storage methods for a comparative perspective:
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Table 2: Comparison of hydrogen storage methods for transportation applications. (Gravimetric density refers
to the fraction of system mass that is hydrogen. Note: * wt% for compressed gas and LOHC includes storage
vessel or liquid; values given are approximate ranges.) Data sources: hydrogen densities and costs from Ram &
Lakshman Lama (2025)[2][52][21][54], Fuel Cell Store technical blog[53], DOE Hydrogen Program targets.
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Compressed Hydrogen Gas Storage

Compressed gas storage is the most straightforward and widely used method for storing hydrogen in vehicles
today. In this method, hydrogen gas is compressed to high pressure and stored in cylinders made of high-
strength materials. Modern composite cylinders (Type IV, for example) have a plastic liner wrapped in carbon
fiber and resin, enabling high pressures (up to 700 bar) while keeping weight manageable. At 700 bar,
hydrogen’s density is about 39 kg/m?3 (and about 23 kg/m?3 at 350 bar). While this is still quite low compared to
diesel (which is 832 kg/m3), compression allows a useful amount of fuel to be stored in a cylinder of reasonable
size. For instance, a 1 m3 tank at 700 bar holds roughly 39 kg of H,, which contains about 1300 kWh of energy
(LHV) enough, in principle, for perhaps 80—100 km of operation of a heavy freight train (depending on terrain
and train mass). In practice, multiple cylinders would be used. The CPKC hydrogen locomotives in Alberta use
arrays of high-pressure cylinders (manufactured by Hexagon or similar, typically) to store hydrogen on the
locomotive and a tender car. By using a tender car (an extra car right behind the locomotive filled with hydrogen
tanks), the system can carry more fuel without space constraints of the locomotive body. This approach
sacrifices a small amount of train length and weight to fuel, but it significantly extends range.

From a cost-efficiency standpoint, compressed gas storage is relatively expensive per kg of hydrogen capacity,
due to the advanced materials and manufacturing required for high-pressure tanks. As shown in Table 2, capital
costs of around \$500-\$1000 per kg H, capacity are expected for 700 bar systems[51]. This means, for example,
a tank set capable of storing 100 kg of H, might cost on the order of \$50,000-\5100,000. However, these costs
are coming down gradually and are often amortized over many refilling cycles. The operational cost adder due
to storage can be a few dollars per kg H, (when factoring in tank lifespan). The storage efficiency also has a
penalty: compressing hydrogen to 700 bar uses about 10-15% of the hydrogen’s energy content in the form of
compressor work[58]. At 350 bars, the compression energy is a bit lower (<10%). This is energy lost from the
overall well-to-wheel efficiency, but it is generally accepted given the trade-off of not needing cryogenics.

Safety considerations for compressed hydrogen revolve around the high pressure and the flammable nature of
H,. Fortunately, hydrogen has some safety advantages: it is not toxic, and if it leaks, the gas is so light that it
rises and disperses quickly (much faster than gasoline vapor). Tanks are designed with multiple safety features:
pressure relief devices (PRDs) that vent the hydrogen in a controlled manner if the tank is overheated (such as
in a fire) to prevent explosion, and excess flow valves to stop catastrophic leaks. Industry experience from
hydrogen fuel cell buses and cars over the past decade has shown that high-pressure hydrogen can be handled
safely with proper engineering. For locomotives, additional precautions might include hydrogen sensors in the
engine compartment and ventilation systems to prevent any accumulation of gas. The ERA report noted that
part of the Alberta project was to help inform hydrogen rail safety standards[49] indeed, new codes are being
developed for things like tunnel safety (ensuring a hydrogen train in a tunnel poses no undue risk). Overall, while
a rupture of a 700-bar tank is a serious event, the likelihood is extremely low with certified tanks (they undergo
gunfire, drop, and bonfire tests to assure integrity).

Scalability of compressed gas is moderate. It is currently the go-to solution for early hydrogen trains because it
uses off-the-shelf technology (tanks from automotive/bus industries). To scale up to a full fleet, many tanks will
be needed, but manufacturing can ramp up as demand grows. From a fueling perspective, compressors and
storage at the fueling station must be sized to fill the train’s tanks (which might be 200-400 kg H, for a mainline
locomotive) in the desired time. This implies very high flow rates; compressors that can deliver 20-40 kg H, per
minute would be used (or multiple in parallel). Alberta’s pilot stations at Calgary and Edmonton compress
hydrogen onsite from electrolyzers and can refuel the prototype locomotives scaling those up would involve
bigger compressors or more of them, and larger buffer storage tanks at the station. These are engineering and
cost issues, but not deal-breakers. Compressed gas is thus the baseline storage strategy for current hydrogen
locomotives and likely the near-term future.
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Liquid Hydrogen Storage

Liquid hydrogen (LH,) storage offers a significantly higher volumetric density than compressed gas — roughly
70.8 kg H2/m3 when fully liquefied at 1 atm[3]. That’s nearly 3x the density of 700 bar gas. The appeal of liquid
hydrogen is that one can store a large mass of hydrogen in a relatively small tank volume, which could be
advantageous for applications like locomotives where space might be constrained (e.g., fitting within a loading
gauge). However, achieving liquid hydrogen is an energy-intensive process: hydrogen liquefaction consumes
about 30-35% of the hydrogen’s own energy content[3][52]. Essentially, you “spend” a third of your fuel’s
energy just to make it liquid. This makes LH, a less energy-efficient storage method compared to compressed
gas. But it might be worthwhile for the density gain in some scenarios.

LH, must be stored in cryogenic tanks — double-walled containers with vacuum insulation (like a giant thermos)
to keep heat out. Even with advanced insulation, some heat leak is inevitable, leading to boil-off: a small
percentage of the hydrogen will evaporate each day (on the order of 0.1-1%/day)[52]. In a locomotive that is
used frequently, boil-off can be managed by consuming the hydrogen; vented gas can be routed to the fuel cell
or a flare. But if a train sits idle for long, it would lose fuel over time or require reliquefaction. Boil-off is a key
disadvantage of LH, for transportation unless usage is constant.

The safety aspects of liquid hydrogen are different from compressed gas. LH, is extremely cold, so any spill can
embrittle materials and cause severe frostbite. When liquid hydrogen evaporates, it forms very cold gaseous
hydrogen that can cause condensation of air (potentially enriching oxygen which is a hazard). However, like
gaseous H,, once it warms up, it disperses quickly. A potential hazard scenario is if a large release happened in
a confined space, it could create a flammable mixture. But in open air, hydrogen tends to dissipate. Modern LH,
tanks have multiple safety systems: pressure buildup from boil-off is managed by venting or by active cooling in
some designs; overpressure relief valves are present; and hydrogen detectors can sense leaks.

In terms of cost, liquid hydrogen storage systems are relatively expensive. The tanks themselves are costly
(estimated \$1000-\53000 per kg H, capacity)[52] because of the stainless steel, insulation, and vacuum system.
Additionally, the infrastructure to produce and handle liquid hydrogen is significant: liquefaction plants (which
Alberta is actually investing in for trucking fuel[59]) have high capital and operating costs. If Alberta’s hydrogen
economy includes a liquefaction facility (like the one in North Vancouver for trucking, or a proposed one near
Edmonton[32]), rail could piggyback on that supply.

From a scalability perspective, LH, could become viable if long-distance hydrogen supply chains are built (for
example, shipping hydrogen as liquid to distribution hubs). In rail, one concept is that instead of many small
high-pressure tanks, a locomotive or tender could have one large cryogenic tank storing, say, 1000 kg of LH,,
enabling very long range without refueling. There have been proposals in Europe and the U.S. to test liquid
hydrogen locomotives, but as of 2025 none are in service. It is an area of R&D. If successful, LH, could allow a
hydrogen locomotive to run perhaps 2—3 times further than a compressed H, locomotive between refills, which
might reduce the number of fueling stations needed on a network.

However, given the complexity, in the near term, LH, is unlikely to be adopted in Alberta’s retrofit projects. The
additional energy cost and boil-off may not justify the gains for the current routes which can be managed with
350/700 bar tanks. In the longer term, as technologies improve (e.g., novel insulation, better cryocoolers, more
efficient liquefiers) and if absolute maximum range is needed, LH, remains an intriguing option. It’s worth noting
that in space launch and some experimental aircraft, LH, is common, so the tech base exists — translating it to
rail will require demonstration projects.
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Metal Hydride Storage

Metal hydride storage represents a fundamentally different approach: storing hydrogen by chemically locking
it into a solid matrix. Certain metals and alloys (like magnesium hydride, lanthanum-nickel alloys, etc.) can
absorb large quantities of hydrogen gas into their crystalline structure, forming metal hydrides. This can achieve
extremely high volumetric hydrogen densities — in some cases greater than liquid hydrogen. For example, some
metal hydrides can store 100 kg of H, in a cubic meter of solid[21], which is higher than LH,’s 71 kg/m?3.
Moreover, once absorbed, the hydrogen is at effectively low pressure, making it very safe: it won’t
spontaneously combust or leak out rapidly; it’s trapped in the metal until released by heating.

However, metal hydride systems are very heavy. The metals themselves add a lot of mass. A system might only
be 2-5% hydrogen by mass (meaning 95-98% is the container and metal). For example, 100 kg of a typical alloy
might store 5 kg H,[53]. Including the tank and heat exchangers, the effective hydrogen fraction could drop to
2-3%. In Table 2, we noted 1-4 wt% at system level. This gravimetric penalty is why metal hydrides have seen
use in submarines and stationary storage where volume is tight (submarine) or weight is less critical (stationary)
but not in normal vehicles.

The cost is also a barrier: the specialized metal alloys (often containing rare earths or nickel) are costly, on the
order of \$1500+ per kg H, capacity[60]. That is an order of magnitude higher than compressed gas tanks.
Additionally, the charging and discharging of metal hydrides requires thermal management: they absorb
hydrogen exothermically (releasing heat) and release it endothermically (requiring heat input). This means to
fill a hydride tank, you often need to cool it (to absorb the heat of reaction), and to supply hydrogen from it, you
need to heat it. This needs an integrated heating/cooling system, e.g., using waste heat from fuel cells or a
dedicated heater. The kinetics (speed) of these reactions can be moderate — not nearly as fast as pumping gas
into a tank. So, refueling a hydride could take significantly longer unless multiple tanks are swapped out or pre-
cooled.

From a safety perspective, metal hydrides are quite safe: the hydrogen is not free gas, so there is little
fire/explosion risk under normal conditions. If the tank is breached, the solid might release hydrogen slowly
rather than an instantaneous large gas release (though if it gets powdered and heated, it could release fast).
There’s also no high pressure. The downside safety-wise is that some hydrides operate at high temperatures
(some require 300 °C to release H,), so the system can be hot and that needs to be managed.

Considering rail applicability: metal hydride storage could be potentially useful for compact hydrogen storage
in confined spaces like perhaps a shunter locomotive that operates in a refinery (where hydrogen supply is
plentiful but space is tight). But for a line-haul locomotive, the weight penalty is too severe. An entire locomotive
could be filled with metal hydride tanks and still not match the range of a few compressed gas tanks. Until there
are breakthroughs in lightweight hydrides (e.g., novel materials with >10 wt% storage and low cost), this method
remains impractical for mainstream rail. It is, however, a very safe form of storage, so one can envision niche
applications or perhaps auxiliary storage to minimize high-pressure gas on board (like a hybrid approach: use
hydrides to buffer the gas usage).

Liquid Organic Hydrogen Carriers (LOHC)

LOHCs are a relatively novel approach gaining attention for hydrogen transport and storage in liquid form
without cryogenics. The concept is to have a carrier liquid that can uptake hydrogen chemically. A common
example is dibenzyl toluene (often referred to by a brand name like Hydrogenious’ carrier), which can absorb
hydrogen to become perhydro-dibenzyl toluene. The hydrogenated liquid can be handled like a regular fuel (it’s
stable at ambient conditions, not particularly flammable or volatile). Then, when hydrogen is needed, the liquid
is passed through a dehydrogenation unit (a reactor with a catalyst at 300 °C) to release H,, and the now-
depleted liquid is stored to be hydrogenated again later.
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The volumetric density of LOHCs is fairly good around 57 kg H,/m3 for some carrier liquids[55], which is in
between compressed gas and liquid hydrogen. The gravimetric storage (how much of the LOHC+reactor system
mass is hydrogen) is modest because the liquid itself is heavy, and the reactor adds weight. But one advantage
is that the system can use standard fuel tanks (just like diesel) to hold the liquid, and hydrogen is only present
in significant amounts in the reactor unit at any time.

For rail, LOHC could be attractive because one could theoretically use existing diesel tenders or fuel tanks to
carry the hydrogen-rich liquid, which is not pressurized and not cryogenic — simplifying the storage problem.
The main challenges are the energy efficiency and reactor complexity. The hydrogenation/dehydrogenation
cycle consumes energy. Typically, extracting hydrogen from LOHC requires high heat (which could be partially
supplied by fuel cell waste heat, but likely not fully). This process can consume perhaps 30% of the energy
content of the hydrogen, similar to liquefaction losses. Also, a heavy reactor with a catalyst bed must sit on the
vehicle, taking space and adding maintenance questions (catalyst might degrade over time). Currently, LOHC
technologies are being tested in stationary and trucking contexts; for rail, research is ongoing (one study
modeled a LOHC train system, indicating additional mass and cost from the reactor)[61].

Safety of LOHC is excellent in terms of hydrogen risk — the liquid is typically combustible like diesel but not
explosive, and hydrogen is only freed in controlled reactors. The spent and unspent liquids can be handled with
fuel pumps, making it operationally familiar.

Cost: The LOHC itself is a chemical that can be reused many times; the cost given (Table 2: \$5-\$8 per kg H, for
storage([55]) likely refers to the operational cost (including the energy for dehydrogenation and the amortized
cost of the liquid and equipment). Capital cost per kg H, is estimated \$500-\5$1500[55], which is on par with
compressed gas tanks or even a bit lower. But that may not include the reactor cost fully.

For now, LOHC is more of a future option. If hydrogen fueling infrastructure remains limited, one could imagine
a scenario where instead of building H, filling stations, railways could use tank cars pre-filled with hydrogen-rich
liguid to fuel locomotives, and then send back the depleted liquid for recharging. This could leverage existing
liquid fuel logistics. However, the complexity of onboard dehydrogenation and the weight of that system likely
make it less attractive than compressed gas in the near term. The CPKC project and others have not pursued
LOHC for their prototypes.

Ammonia and Other Carriers (briefly)

Ammonia (NHs) is often mentioned in Alberta’s hydrogen discussions[14] as a means to transport hydrogen
(especially for export). Ammonia carries 17.6% hydrogen by weight and is a liquid at moderate pressure (10 bar
at 25 °C or atmospheric at —33 °C). In theory, ammonia could fuel locomotives either by cracking it to hydrogen
for use in a fuel cell or by burning it in an engine directly (ammonia combustion). Some research has explored
ammonia-fueled engines for ships and maybe locomotives. However, ammonia is toxic and its combustion still
produces NOx (and possibly unburned ammonia slip which is problematic). Fuel cells for ammonia (solid-oxide
types) are another route but not yet practical for traction.

Given those issues, ammonia is not considered a primary onboard storage for a retrofit hydrogen fuel cell train.
It could, however, be a part of the supply chain (e.g., Alberta produces ammonia which is shipped to a hub and
cracked to hydrogen to fuel trains). The Norton Rose Fulbright report notes leveraging ammonia infrastructure
for hydrogen transport[62][63]. But within the train, direct ammonia use would complicate the vehicle design.


https://theannapurnaexpress.com/story/55415/#%3A~%3Atext%3Dmethod%20of%20storing%20hydrogen%20at%2Ccatalytic%20hydrogenation%20and%20dehydrogenation%20at
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5166745&%3A~%3Atext=Simulation%20and%20Optimisation%20of%20a%2Ca%20developed%20train%20speed
https://theannapurnaexpress.com/story/55415/#%3A~%3Atext%3Dmethod%20of%20storing%20hydrogen%20at%2Ccatalytic%20hydrogenation%20and%20dehydrogenation%20at
https://theannapurnaexpress.com/story/55415/#%3A~%3Atext%3Dmethod%20of%20storing%20hydrogen%20at%2Ccatalytic%20hydrogenation%20and%20dehydrogenation%20at
https://www.alberta.ca/hydrogen-roadmap#%3A~%3Atext%3DAmmonia%20represents%20an%20immediate%20opportunity%2Crail%20infrastructure%20and%20port%20facilities
https://www.nortonrosefulbright.com/en/knowledge/publications/3e641d23/understanding-hydrogen-in-canada#%3A~%3Atext%3Dtransported%20in%20four%20forms%3A%20compressed%2Cdestined%20for%20the%20US%20market
https://www.nortonrosefulbright.com/en/knowledge/publications/3e641d23/understanding-hydrogen-in-canada#%3A~%3Atext%3Dbenzene%2Cdestined%20for%20the%20US%20market

Storage Type Gravimetric | Volumetric | Refuel | System | Daily Loss | Safety | Winter
Capacity Density Time CapEx | (Evap/Leak Risk Loss (%)
(%) (kg/L) (min) ($/kg) %) Score
(1=low,
5=high)
GH2-350 bar 55 0.023 20 1200 0.1 2 7
GH2-700 bar 6.8 0.04 25 1400 0.08 3 5
LH2 (Liquid
Hydrogen) 12 0.071 30 2200 0.5 4 2
Hydrogen Storage Technologies Comparison (Normalized)
Refuel Time {(min)
GH2-350 bar
= Deich GH2-700 bat
— LH2 (Liquid Hydrogen)
System Capbk ($rkg)
Gravimotrjc Capacity (%)

Dally Loss (Evap/lLealk %)

Safety Risk Score (1=low, 5=high)

Storage Strategy Selection for Alberta’s Hydrogen Rail

Considering the above options, the practical choice for Alberta’s hydrogen locomotive retrofits in the 2020s is
Compressed Hydrogen Gas, likely at 350 bars with a tender car approach for maximum range (CPKC's
operational prototypes use 350 bar systems). This method is proven and was sufficient to demonstrate 1000 km
range in tests[11], which covers many key routes. As the network of hydrogen trains expands, compressed gas
is the easiest to implement with consistent standards (the automotive industry’s 700 bar fueling standard could
be extended to rail with modifications for higher flow).

Liquid hydrogen might enter the picture in the future if the demand for longer range or more compact storage
grows, and if Alberta’s planned hydrogen liquefaction capacity comes online. One could envision a second-
generation locomotive or tender design that uses a cryogenic tank, especially if boil-off can be minimized and if
fueling stations can handle both gaseous and liquid hydrogen. The cost trade-off between many high-pressure
cylinders versus one insulated tank might also evolve carbon fiber (for cylinders) is expensive, whereas insulated
tank cost could drop if mass-produced (though the liquefiers are expensive).
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Metal hydrides and LOHC are less likely in the medium term for locomotives due to their weight and complexity.
They remain interesting for niche scenarios or as a way to enhance safety (for example, a hybrid approach: store
a portion of hydrogen in hydride form to act as a buffer, so that even if the high-pressure system fails, the
hydride can supply emergency power safely this is speculative but conceivable for future safety-centric designs).

In summary, Alberta’s rail hydrogen storage strategy will prioritize compressed gas initially, leveraging existing
technologies and standards. Safety measures such as robust tank placement (possibly within reinforced
structures on the tender), regular inspections, and sensor systems will be critical. The experience from CPKC’s
pilot indicates that with training and proper protocols, crews can handle hydrogen fuel safely — the railway
reported no safety incidents and has been accumulating thousands of miles of hydrogen freight
operations[64][6]. This builds confidence in scaling up hydrogen use.

We should note that large-scale storage (off-board, at production sites or refueling depots) might involve
different choices, for example, underground storage of hydrogen in salt caverns is a strategy for seasonal
storage (but not directly relevant to day-to-day refueling), or liquid storage at a central hub with gas trucked
out. Alberta’s approach could mirror what’s done for fueling hydrogen buses: centralized hydrogen generation
and storage, then distribution via tube trailers (compressed gas) to stations. Over time, pipelines dedicated to
hydrogen could even connect major rail yards, eliminating the need for truck delivery.

With the retrofit technology and fuel storage aspects established, the next piece of the puzzle is ensuring these
hydrogen-powered trains operate efficiently and reliably. This is where integration of Al and advanced digital
systems can provide a significant boost. The following section explores how Al can be harnessed to optimize
hydrogen fuel usage, schedule refueling intelligently, maintain the new equipment proactively, and even
automate certain operations, thereby enabling a smarter and more resilient zero-emission rail network.

Integration of Al for Enhanced, Futuristic Zero-Emission Rail Operations

The transformation to hydrogen-fueled, zero-emission trains opens up opportunities to re-think and modernize
rail operations using Artificial Intelligence (Al) and data analytics. These technologies are not inherently tied to
hydrogen one could apply Al to diesel or electric trains as well but the introduction of a new propulsion system
is a catalyst for broader innovation. In particular, Al can play a pivotal role in addressing some challenges that
come with hydrogen technology (such as fuel management and new maintenance regimes) and in maximizing
the benefits (like energy efficiency and system optimization). Here we discuss several domains where Al
integration can enhance hydrogen-based rail mobility, and we cite early examples or plausible applications to
illustrate each:

1. Smart Energy Management and Fuel Optimization

Hydrogen fuel cell locomotives are essentially hybrid electric vehicles, with fuel cells, batteries, and potentially
other sources (e.g., regenerative braking) contributing to the power flow. Managing these energy flows
optimally is a complex control problem one well-suited for Al techniques like machine learning or advanced
optimization algorithms. For instance, researchers have proposed using deep reinforcement learning (DRL) to
develop energy management strategies for fuel cell vehicles that minimize hydrogen consumption while
meeting power demands[23]. In a train context, an Al agent could learn the optimal times to draw more power
from the fuel cell versus the battery, how to smooth the load to keep the fuel cell in a high-efficiency operating
range, and when to recharge the battery (using fuel cell power during low load portions of the route or using
regenerative braking). Such a system could dynamically adjust based on route profile (hills, curves), train load,
and even external conditions (e.g., reducing output if wheels are slipping in poor weather).

One specific example: A collaborative energy and thermal management system was designed using DRL in a
recent study for a hydrogen fuel cell train, achieving reductions in hydrogen consumption by intelligently
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controlling the fuel cell and cooling systems in tandem([23]. This indicates Al can find strategies that a human-
designed rule-based controller might miss, especially as the number of control inputs grows (fuel cell output,
battery current, regenerative braking levels, thermal management to keep fuel cell efficiency high, etc.).

Beyond onboard controls, Al can assist in optimizing fueling strategies. For instance, Canadian rail operators
could use Al to decide how much hydrogen to fuel in each locomotive given the day’s assignments, ensuring
each has just enough with some reserve but not overfueling (which could waste energy due to boil-off in
storage). At a macro level, data analytics can forecast hydrogen demand across the network by learning from
train schedules, routes, and tonnages[65]. A predictive model could take into account that a certain train will
consume X kg of H, on its route, and ensure that the destination yard’s hydrogen inventory is sufficient for
refueling it (and perhaps schedule an electrolyzer or delivery accordingly). Kavi Global, a rail analytics firm, notes
that Al can help by predicting demand for fuel based on train schedules and routes, and monitoring usage to
coordinate production and distribution of hydrogen[65]. This is critical because hydrogen, unlike diesel, might
be generated on-site or delivered just-in-time; having an Al that balances production (say, turning electrolyzers
on when needed, off when not) with consumption can reduce costs and prevent shortages or excess.

Furthermore, Al-driven driving optimization can yield energy savings. Just as some electric train operators use
Al for eco-driving (controlling speed to save electricity), hydrogen trains can use Al to modulate speed within
the timetable constraints to use less energy. For example, if a train is running ahead of schedule, an Al could
advise it to coast or run at a lower throttle setting, saving hydrogen. Deutsche Bahn has already implemented
Al systems that optimize train acceleration and braking, which cut energy use these techniques could apply
directly to hydrogen trains, resulting in extended range or fewer refuel stops[24]. By integrating route
topography data, the Al can plan when to use battery energy (for short bursts uphill), when to recover energy
(downhill stretches), and when to run the fuel cell at steady state (e.g., on flat sections) to maximize its
efficiency.
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2. Predictive Maintenance and Reliability

The shift to fuel cell technology introduces new components (fuel cell stacks, hydrogen storage systems, new
power electronics) that have different failure modes and maintenance needs compared to diesel engines. Al can
significantly aid in predictive maintenance, which is the practice of using sensor data and machine learning
models to predict when equipment is likely to fail or need service, so that maintenance can be performed
proactively and prevent unplanned downtime.

Fuel cell locomotives will be equipped with numerous sensors: pressures, temperatures, voltages, currents,
vibration sensors on compressors, hydrogen detectors, etc. Machine learning algorithms can be trained on this
data to recognize patterns that precede a fault. For example, a slight increase in a fuel cell stack’s voltage
variability under load might indicate developing degradation, or a rise in purge valve cycle frequency might
suggest contamination in the cell. An Al model could flag these subtle changes far in advance of an operator
noticing a performance drop. Predictive analytics could extend fuel cell life and ensure safety by detecting
hydrogen leaks or compressor wear early. In fact, traditional rail companies are already seeing benefits —
Deutsche Bahn reported that Al-based predictive maintenance on trains reduced unplanned locomotive
downtime by up to 30%[22]. For hydrogen trains, minimizing downtime is especially crucial in early adoption,
to build confidence that they can be as reliable as diesel.

Another area is maintenance scheduling optimization. Al can process large amounts of fleet data to schedule
maintenance when it least impacts operations. For hydrogen trains, one could coordinate maintenance with
hydrogen refueling or with times when renewable energy is low (if using green hydrogen, perhaps maintenance
could coincide with low renewable generation periods as trains might not run due to power cost, a hypothetical
scenario of future smart grids).

Al can also help manage the health of hydrogen storage systems. For instance, tracking pressure cycles on tanks
and using models to predict fatigue life can inform when tanks should be inspected or replaced. Similarly, Al
could monitor for hydrogen embrittlement issues in metal components over time by analyzing sensor data
(though embrittlement detection is an ongoing materials science challenge, Al pattern recognition might find
indirect indicators).

3. Operational Scheduling and Route Planning

Rail operations involve complex scheduling of trains, crews, and assets. Adding hydrogen fueling into the mix
introduces another layer of complexity — now locomotives must not only be scheduled for routes but also for
refueling at specific locations that have hydrogen. Al can assist human dispatchers by performing multi-variable
optimization. This includes:

e Refueling Logistics: Determine the optimal locations and times for each train to refuel such that it
doesn’t run low on fuel but also minimizes detours or waiting time for fuel availability. This might involve
routing some trains to pass by fueling hubs or scheduling a short fueling stop during a crew change. Al
algorithms (like integer linear programming or genetic algorithms) could find the best plan for an entire
day or week’s operations, considering fueling constraints.

e Fleet Assignment: Deciding which locomotives (hydrogen vs diesel, or among hydrogen ones with
varying fuel levels) to assign to which trains can be handled by an Al system. If hydrogen locomotives
have different states of fuel at a given time, an Al can ensure a loco with sufficient fuel is assigned to a
long route, whereas one needing fuel soon does a shorter trip that ends at a fueling site. In conventional
rail, this type of optimization is done for diesel fueling (to avoid running out) but Al can greatly improve
its efficiency.
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e Routing and Scheduling Under Uncertainty: Al can help adjust schedules on-the-fly in response to delays
or disruptions. For example, if a hydrogen fueling station goes offline unexpectedly, the Al can reroute
affected trains to the next available fueling point or insert a rescue diesel, if necessary, all while
minimizing delays. These are essentially real-time decision support tasks where Al excels at evaluating
many scenarios quickly.

A related concept is using Al for optimized train control (ATO). With communications-based train control and
positive train control systems, an Al could actually drive the train in an optimal manner. Autonomous or semi-
autonomous train operation is being piloted in some places. For hydrogen trains, ATO could ensure the train is
operated in the most energy-efficient way (e.g., adherence to optimal speed profiles) and also coordinate with
infrastructure (like ensuring a hydrogen fueling slot is free when the train arrives, by adjusting speed if needed).
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4. Safety Monitoring and Incident Prevention

Safety in railway operations can be enhanced by Al through advanced monitoring. We already see uses of
computer vision for track inspection and obstacle detection. Specifically for hydrogen trains, Al-based leak
detection and hazard monitoring could be vital. For instance, an Al system monitoring camera feeds in a
maintenance facility could detect a hydrogen flame (which is nearly invisible to the naked eye but can be seen
with UV/IR sensors) and automatically trigger alarms and fire suppression. Al could also integrate data from
trackside detectors (gas sensors in tunnels, thermal imaging cameras) to ensure that if any hydrogen were
leaking from a train, it is detected promptly and appropriate measures (like ventilation fans or train stoppage)



are taken. These are part of a broader “smart rail infrastructure” concept where Al continuously analyzes
various data points for anomalies.

Additionally, hydrogen trains being quiet and producing only water might introduce some changes in how they
are perceived (no diesel sound to warn workers by ear, etc.). Al-powered proximity detection and warning
systems for workers in yards could mitigate any new risks.

Cybersecurity is another aspect — as rail systems become more digitized and Al-driven, protecting them from
cyber threats becomes critical, which itself often involves Al for anomaly detection in network traffic or control
logic.
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Futuristic Vision: Al-Enabled Hydrogen Rail Network
If we tie it all together, we can envision a futuristic, Al-enabled zero-emission rail network in Alberta as follows:

e Dispatching Al manages train assignments, crew scheduling, and fueling stops seamlessly, ensuring that
each hydrogen locomotive efficiently navigates its routes and gets refueled with minimal idle time. It
uses predictive models to adjust operations around maintenance needs and energy supply fluctuations
(say, optimizing the use of green hydrogen when surplus renewable power is available, and scheduling
trains accordingly).

e Onboard Al co-pilots on each locomotive handle real-time energy management, working in concert with
track profiles and maybe even V2X (vehicle-to-infrastructure) communication to anticipate upcoming
conditions (grades, speed restrictions) and adjust power flows. They maximize the capture of
regenerative braking energy into onboard batteries and decide when to run fuel cells at higher power
(to charge batteries when efficient) versus when to idle them.

e Digital Twins of locomotives — a virtual Al-driven model replicating each physical loco — run in the cloud
to predict performance and wear. For example, before a long trip, the digital twin might simulate the
journey with various strategies and advise if any component might overheat or if fueling at an
intermediate point is necessary due to unexpected winds or cold temperatures increasing drag.

e Maintenance Al assistants analyze sensor data from every hydrogen train returning to the depot. They
automatically schedule any needed maintenance, order parts (like replacement fuel cell stacks or filters)
in advance, and guide technicians through AR (augmented reality) if new procedures are needed for
hydrogen systems. They ensure no component is overlooked and that every fix is done before failure.

e Infrastructure Al monitors the hydrogen production plants, storage tanks, and pipelines. It balances the
grid by ramping electrolyzers up or down in response to electricity supply, always meeting the rail fuel
demand while minimizing cost. It might even arbitrate hydrogen distribution if multiple sectors (rail,
trucking, industry) share supply, ensuring critical rail services get priority fueling during shortages (like
an Al-based rationing scheme if needed).

e Autonomous Trains: Eventually, Al may enable fully autonomous hydrogen freight trains on certain
routes (as mining companies in Australia have done with diesel). With no emissions, these trains could
operate in environmentally sensitive areas without concern, and Al would handle the driving and safety,
supervised remotely.

Such a vision is aspirational, but it builds on trends already underway. The railway industry, traditionally
conservative, is increasingly adopting Al for efficiency and cost reasons[67][68]. The addition of hydrogen
technology provides fresh data and impetus to implement these advanced tools from the ground up rather than
retrofitting them to century-old systems.

One concrete near-term application of Al with hydrogen trains is in reducing range anxiety and improving
reliability. By accurately predicting how far a train can go on its current hydrogen tanks (considering load,
weather, route), Al can give dispatchers and crews confidence. It can also advise a train to conserve fuel (slow
down, etc.) if it projects that high winds or other factors are causing higher consumption than expected,
ensuring it still reaches the next fueling point with margin. These kinds of intelligent advisories can make the
operation of hydrogen trains nearly as straightforward as diesel, which has been honed by decades of manual
experience.

It’s important to also consider that Al introduction is not without challenges: data quality issues, the need for
cybersecurity (an Al gone wrong or hacked could misroute trains or cause inefficiencies), and the need for
human oversight to maintain safety. However, with robust design (including fail-safes and human-in-the-loop
controls where appropriate), these concerns can be managed.
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In summary, Al serves as a force multiplier for zero-emission rail, amplifying the benefits of hydrogen retrofits
by streamlining operations and maintenance. As one industry analysis put it, “Al can turn data into decisions—
at scale and in real time”[69], which for rail means optimizing a complex system better than any single person
or traditional program could. When paired with green innovations like hydrogen trains, Al can accelerate the
decarbonization and efficiency gains to truly transform rail mobility[70]. Alberta stands to gain not only from
cleaner trains but from smarter trains, potentially establishing itself as a leader in both hydrogen rail technology
and its intelligent management.

Results and Discussion

Through this deep examination of retrofit technologies, hydrogen storage, and Al integration, several key results
and insights have emerged for Alberta’s pursuit of zero-emission rail:

Hydrogen Fuel Cells as the Preferred Retrofit: Our comparative analysis clearly indicates that for heavy
freight service, hydrogen fuel cell hybrid locomotives outperform battery-electric retrofits on critical
parameters like range, refueling time, and operational flexibility. This result is backed by both theoretical
comparison and the empirical evidence from the CPKC pilot locomotives. In quantitative terms,
hydrogen’s gravimetric energy density is about two orders of magnitude greater than current batteries
(even accounting for efficiency differences), enabling cross-provincial range with manageable onboard
fuel weight[1][27]. A single hydrogen locomotive with 200 kg of H, on board can haul a freight train 700+
km, which would likely require tens of thousands of kilograms of batteries to achieve — an impractical
proposition. The result is that hydrogen retrofits can achieve diesel-like performance (in range and duty
cycle) while eliminating tailpipe emissions, which battery retrofits cannot presently do for long-haul
freight. This finding aligns with the ERA/CPKC conclusion that battery-only heavy locomotives are not
practical economically or technically for mainline service[9]. It's worth noting that this does not diminish
the role of batteries entirely indeed, hydrogen locomotives are battery hybrids but rather positions
batteries as complementary (for short-term power and energy smoothing) rather than primary energy
source in this application.

Viability and Scalability Confirmed: A critical outcome from Alberta’s perspective is that hydrogen
retrofits have moved from theory to practice. The successful operation of hydrogen locomotives in
Alberta’s climate and terrain proves viability[5][8]. Moreover, the project has begun to tackle scalability:
costs of conversion dropped over iterations, and a pathway to cost parity with diesel over the locomotive
lifespan was identified via modular retrofit kits and local manufacturing[31][71]. The initiative also built
up local expertise (50 staff trained, partnerships with Alberta companies for manufacturing and fuel
supply)[72]. This suggests that scaling up to dozens of locomotives is feasible in the near term, especially
with continued support. The commitment of CPKC to build 7 hydrogen locomotives by 2025 and eyeing
over 200 in the pipeline for the future[73][74] demonstrates confidence in scaling. This could transform
Alberta into a global leader in hydrogen rail technology, with potential export of retrofit kits and know-
how.

Hydrogen Storage Trade-offs: Our analysis of hydrogen storage strategies found that compressed
hydrogen at 350-700 bar is the most practical current solution for locomotives, given its balance of
energy density and technological readiness. Compressed gas storage meets the needs when using
available space (including a tender car) and is supported by existing industrial capabilities (e.g., Type IV
tank production)[2]. We provided detailed metrics: e.g., at 700 bar one can achieve ~5.6 MJ/L (1.56
kWh/L) hydrogen density[75][2], which while much lower than diesel’s ~32 MJ/L, can be compensated
by using more volume on the train. The cost of tanks adds to upfront expenses, but it’s not prohibitive
at scale, especially as production ramps up (those costs, \$500-1000/kg, are expected to lower with mass
production and improved materials).
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We also found that liquid hydrogen could potentially increase range by ~70% for the same volume[3], but at a
significant energy cost (liquefaction energy penalty 30%[52]) and infrastructure complexity. This suggests a
possible future route for enhancement if longer routes or less frequent refueling is desired — for example,
perhaps the long and remote Alberta-to-Ports routes might benefit if refueling sites are sparse. However, given
current economic and practical considerations, the recommendation is to stick with compressed gas until
there’s a clearer case and readiness for liquid. An intermediate step might be using cryocompressed hydrogen
(cooled hydrogen at moderate cryogenic temp and high pressure) which some automotive research has
explored, but that remains experimental.

As for safety and loss: Compressed gas has minor leakage losses and known safety protocols, while liquid
hydrogen has boil-off issues and stricter handling needs. The data indicates that neither is insurmountable —
e.g., boil-off of <1%/day for a well-designed tank[52] means a locomotive used daily will lose little hydrogen to
evaporation, and any lost can be managed by vent recovery systems. We stressed that safety systems (PRDs,
hydrogen sensors) must be integral to designs, and indeed they have been in the prototypes with no incidents
reported. It’s notable that hydrogen’s safety in open-air is helped by rapid dispersal; an illustrative result from
studies is that a hydrogen flame from a small leak would likely burn upward and not heat the tank as severely
as say a gasoline pool fire — meaning hydrogen, while very flammable, can be safer than commonly perceived if
engineered correctly[76][77]. We saw that metal hydrides and LOHCs, while offering high density and safety,
are currently too heavy/complex to be recommended for locomotive primary storage. They remain more of
academic or specialized interest at this stage. This analysis informs decision-makers that focusing R&D and
investment on compressed gas (and maybe LH, readiness) is the optimal path, rather than spreading resources
across exotic storage methods that won’t pay off soon for rail.

e Economic and Environmental Outlook: The results show that transitioning to hydrogen fuel cell trains
can drastically cut greenhouse gas emissions from rail, aligning with climate goals. An estimate by
Transport Canada cited in the ICCT report suggested that adopting hydrogen for rail could avoid 78
million tonnes of CO,e by 2050 in Canada[78] a huge impact. Alberta’s share of that would be significant
given the freight volumes. Environmentally, the only direct emissions from hydrogen trains is water
vapor, and criteria pollutants (NOx, PM) are eliminated, which improves air quality along rail corridors.
This has local health benefits, especially in urban centers like Calgary/Edmonton where rail yards
currently emit diesel exhaust. The upstream emissions depend on hydrogen production; Alberta’s
strategy including blue hydrogen means initial hydrogen might have some CO, footprint, but even so, a
45% GHG reduction vs diesel was noted if hydrogen is from natural gas with no carbon capture[79], and
up to 100% reduction if using renewables or full carbon capture[79]. Thus, even in a transition phase,
hydrogen trains running on “industrial” hydrogen already cut emissions nearly in half, and in the best
case nearly eliminate them. This is an important result to communicate to stakeholders: hydrogen rail
can contribute to near-term and long-term emission targets, especially as the hydrogen gets cleaner over
time.
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In conclusion, the interpretation of our findings is very positive: it indicates that Alberta’s rail network can be
feasibly transformed into a zero-emission system by leveraging hydrogen fuel cell retrofits, and that this
transformation can be done in a way that maintains rail service levels and even improves some aspects (like
lower maintenance, less noise, etc.). The remaining obstacles are primarily economic and infrastructural, which
are being addressed through pilot projects, government funding (e.g., provincial and federal support for
hydrogen infrastructure[81][33]), and the natural scaling of technology. There is a strategic opportunity for
Alberta to capitalize on its position —abundant natural resources for hydrogen, existing rail expertise, and now
firsthand experience to lead in this niche. As a bonus, the development aligns with diversification goals (creating
new industries around hydrogen and Al, reducing reliance on diesel imports, etc.).

Conclusion
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