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Abstract

Transportation is a primary driver of Canada’s greenhouse gas emissions, contributing nearly 27% to the national total. To
meet the ambitious Net-Zero 2050 targets, a paradigm shift from conventional internal combustion vehicles (ICVs) to
cleaner propulsion technologies is imperative. This study presents a comparative sustainability assessment of Hydrogen
Fuel Cell Vehicles (HFCVs) within the specific energy context of Alberta. Utilizing a scenario-based approach, we
integrated Life Cycle Analysis (LCA) and Fuel Cycle Assessment with multidimensional indicators—environmental, economic,
and social—aligned with the Triple Bottom Line. The findings demonstrate that HFCVs significantly reduce tailpipe emissions
and noise pollution while improving energy efficiency, thereby supporting the decarbonization of the transport sector.
However, the sustainability of HFCVs is heavily dependent on the hydrogen production pathway; currently, natural gas
reforming offers lower emissions and superior cost-effectiveness compared to electrolysis, given Alberta’s fossil-fuel-intensive
electricity grid. Techno-economic analyses highlight reduced operational costs and potential for job creation, while social
metrics suggest improvements in accessibility and public health. These insights underscore the necessity for robust
infrastructure development, targeted policy interventions, and strategic investment in the hydrogen economy to accelerate
adoption. Future work will focus on dynamic modelling to guide evidence-based decisions for Canada’s sustainable mobility
transition.
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Introduction

In recent years, the frequency of catastrophic events linked to
climate change has escalated, transforming what was once
considered a peripheral concern into a global emergency. The
world is witnessing environmental disasters at an alarming scale.
Data indicates that climate-related events in regions such as
India, Pakistan, and Southeast Asia have tripled over the past
two decades. For instance, the 2020 bushfire season in Australia
was unprecedented, resulting in 10 million hectares burned®,
while droughts in Africa have intensified, causing severe crop
and livestock losses. More recently, Storm Daniel caused
massive flooding in Libya, claiming over 4,300 lives with
thousands still missing®. These events serve as stark warnings,
necessitating immediate and serious mitigation strategies.
Under the Paris Agreement, 195 countries, including Canada,
pledged to limit global temperature rise to below 2 degrees
Celsius®. This commitment is particularly relevant to Canada,
which ranked as the 11th largest GHG-emitting nation in 2020,
In the effort to combat climate change, research into alternatives
to fossil fuels has accelerated. However, replacing the current
energy paradigm requires more than just technological feasibility;
it demands a holistic evaluation based on the "triple bottom line"
balancing social, environmental, and economic impacts®®.
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Key questions arise: Is the alternative accessible to the general
public? Does it genuinely reduce environmental pollution? Is
the transition economically viable?

This paper compares the sustainability of Hydrogen Fuel Cell
Vehicles (HFCVs) against conventional Internal Combustion
Vehicles (ICVs) powered by fossil fuels. By analyzing these
technologies through the lens of the triple bottom line, we
highlight the potential of HFCVs as a sustainable alternative for
Canada’s transportation sector.

Methodology

To address Canada’s reliance on ICVs, three primary strategies
were identified: enhancing public transit, adopting Battery-
Electric Vehicles (BEVs), and deploying Hydrogen Fuel Cell
Vehicles (HFCVs). While public transit aims to reduce personal
vehicle use, safety concerns cited by 27% of Canadians and
perceived unreliability have hindered its growth”®. Similarly,
while BEVs offer emission reductions, adoption is stalled by
"range anxiety," high purchase costs, and insufficient charging
infrastructure, with 63% of Canadians unlikely to purchase an EV
as their next vehicle®.
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Consequently, this study focuses on the third approach:
HFCVs. These vehicles utilize hydrogen combustion to
produce zero tailpipe emissions and offer high energy efficiency
(10-60%) compared to ICVs (20%)™. Crucially, HFCVs
address the limitations of BEVs by offering rapid refueling (less
than five minutes) and driving ranges comparable to conventional
fossil fuel cars'™. Comparative studies on vehicle registrations
and usage patterns further support the need for this transition'?**,

Sustainability Indicators: To provide a comprehensive
evaluation, we selected a set of sustainability indicators that
extend beyond basic economic metrics. These indicators,
detailed in Table-1, acknowledge the interlinked nature of
sustainability parameters for example, traffic congestion impacts
economic productivity, environmental air quality, and social
well-being™*®. Methodologies for rating vehicle environmental
performance were also reviewed to ensure robust selection®’.
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Results and Discussion

Environmental Performance: To determine the environmental
impact, we reviewed Streamlined Life Cycle Assessments
(SLCA) of light-duty vehicles. For conventional diesel and CNG
cars, the vehicle operation stage is the primary contributor to
environmental degradation®®. Further studies on hydrogen
transport options confirm these findings®.

In contrast, HFCVs exhibit negligible tailpipe emissions.
However, the environmental burden shifts to fuel cycles
specifically hydrogen production. Our analysis indicates that in
Alberta, the method of hydrogen production is the decisive
factor. Figure-1 illustrates that HFCVs using hydrogen produced
via electrolysis (Scenario 2) currently generate higher GHG
emissions during the usage stage than gasoline cars, due to
Alberta’s carbon-intensive electricity grid®*?!. Similar lifecycle

impacts have been observed in other power-to-gas systems*%,

Table-1: Proposed sustainability indicators for vehicle evaluation®.

Goal Indicator

Description

GHG emissions/capita operation, disposal).

Includes Fuel Cycle (feedstock, production, distribution) and Vehicle Cycle (material,

Environment
IAir & Noise pollution

Impact on local air quality (NOx, SOx, PM) and acoustic environment.

Fuel frequency

'Time required to refuel the vehicle.

Technology |Maintenance frequency

Frequency of parts/fluids replacement over vehicle lifetime.

Engine power

Maximization of vehicle power and efficiency.

Fueling opportunities

Energy |Life cycle energy Energy consumed during manufacturing, fueling, and operation.
Life cycle cost Total cost of ownership: purchase, operation, and maintenance.
Economy
Subsidies Portion of costs covered by government incentives/taxpayers.
Global availability Vehicle uptime and availability for daily use.
Users

Density and accessibility of fueling or charging infrastructure.

Table-2: LCA emissions contribution by stage for Diesel and CNG cars®.

Life Cycle Stage Diesel Contribution (%) CNG Contribution (%)
Vehicle Production 15-20% 15-20%
Fuel Supply 10-15% 10-15%
Vehicle Operation 65-75% 65-75%
End of Life <5% <5%
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Scenario Analysis for Alberta: We analyzed three distinct
scenarios for the adoption of light-duty vehicles in Alberta: i.
Current Scenario: Continued reliance on gasoline vehicles. ii.
Scenario 1: Replacing 1% of ICVs with HFCVs using Hydrogen
from Natural Gas (SMR). iii. Scenario 2: Replacing 1% of ICVs
with HFCVs using Hydrogen from Electrolysis.

The results (Table-3) demonstrate that introducing just 1% of
HFCVs significantly lowers total emissions. How- ever,
Scenario 1 (Natural Gas) currently outperforms Scenario 2
(Electrolysis) in terms of GHG reduction? This counter-
intuitive finding results from the high carbon footprint of
Alberta’s electricity used for electrolysis®*®. There- fore, the
immediate pathway for HFCV adoption in Alberta should
leverage the province’s abundant natural gas re-serves”® while
transitioning the grid to renewable.
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Economic Benefits: Transitioning to electric drive vehicles
offers compelling economic advantages: i. Reduced Operational
Costs: EVs and HFCVs offer superior efficiency. The energy
cost per mile for an EV is approximately $0.03-$0.05, compared
to $0.10-$0.15 for gasoline vehicles®”’. ii. Maintenance
Savings: With fewer moving parts, electric drive trains reduce
maintenance burdens. Annual maintenance costs for ICEVs
average $800-$1,200, whereas EVs can reduce this by nearly
50% over a 10-year period®. iii. Job Creation: The shift to zero-
emission vehicles is a catalyst for economic growth. Estimates
suggest that by 2030, the transition could generate
approximately 200,000 new jobs in Canada across
manufacturing, infrastructure, and technology sectors®.

Social and Stakeholder Analysis: The shift to HFCVs impacts
stakeholders differently. As detailed in Table-4, while
consumers initially face higher costs, the long-term benefits
include reduced noise pollution and better health outcomes.

Usage End of life Total

ICW{sasoline) B EW

Figure-1: Comparative GHG emissions for HFCV, ICV, and BEV usage stages®.

Table-3: Comparison of GHG, CO, and NOx emissions across current and proposed scenarios.

Parameter Current Scenario Scenario 1 Scenario 2
(Gasoline) (HFCV via SMR) (HFCV via Electrolysis)
GHG Emissions (MT CO.eq) High Moderate (Reduced) High (Grid Dependent)
NOx Emissions (tons/yr) High Low Low
CO Emissions (tons/yr) High Negligible Negligible
Overall Efficiency 20-25% 40-50% 30-40%
Table-4: Effects on stakeholders: Current Paradigm vs. HFCV Adoption.
Stakeholder Current (Fossil Fuel Dependency) Future (HFCV Adoption)
Consumers Rising fuel costs, exposure to noise and Faster refueling, extended range, silent operation

pollution

Local Communities

Deteriorating air quality and living conditions

New employment opportunities, improved
public health

High investment required to meet emission

Manufacturers regulations with old tech

I/Access to government incentives for green
technology innovation

Hydrogen Producers [Limited demand (industrial use only)

Surge in demand requiring infrastructure
expansion
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Table-5: Short-term and Long-term impacts of HFCV adoption.
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Impacts Item Short Term Long Term
.. . ~OL Reduction by approx. 400 M-COy-eq
Environment GHG Emissions Reduction by 66 M-CO,-eq/yr by 2030
NOx Emissions Reduction by 35 ton/yr Reduction by approx. 250 ton/yr
Mfg Cost High due to low production volume Decreasgs significantly with
. economies of scale
Economic IAffordable; comparable to conven-
Fuel Cost Moderate; infrastructure developing . ' P
tional fuels
IAccessibility Limited; relies on early investment \Widespread and equitable access
Social . . \/Addressed through education and
Safety Public concern over high-pressure storage
mature safety tech

Table-5 summarizes the short- and long-term implications.
While short-term barriers like cost and accessibility exist, the
long-term trajectory points toward significant environmental
restoration and economic stability*.

Conclusion

This study confirms that while HFCVs offer a robust solution for
reducing tailpipe emissions and noise pollution, their overall
sustainability is intrinsically linked to the energy source used for
hydrogen production. In the context of Alberta, producing
hydrogen via Natural Gas reforming (Scenario 1) currently
presents a more environmentally favorable and cost-effective
pathway than electrolysis, due to the carbon intensity of the
local power grid. Techno- economic analysis highlights
significant benefits, including reduced operational costs and job
creation. However, social barriers such as accessibility and
safety perceptions remain. To realize the full potential of
HFCVs, Canada must prioritize infrastructure development and
implement targeted policies that support the growth of a
hydrogen economy.
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