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Abstract

The increasing anthropogenic greenhouse gas (GHG) emissions have led to the implementation of
various mitigation policies in order to limit the adverse impacts of climate change. However, it
becomes challenging as the growth in energy demand outbalances the GHG mitigation measures.
The transportation sector is predominantly reliant on fossil fuels and is responsible for 24% of

direct GHG emissions globally.

This study assesses low-carbon energy transition pathways for road transport in a fossil fuel-
dependent jurisdiction. In this research, a novel assessment framework is developed to analyze
long-term energy transitions in the road transport sector considering sectorial activities, vehicle
costs, market shares, energy use, and GHG emissions to 2050. The vehicle categories include cars,
sport-utility vehicles, pickup trucks, vans, school buses, intercity transit buses, urban transit buses,
and light, medium, and heavy freight trucks. Each fuel's full energy supply chain was modelled,
including resource extraction, conversion, transmission and distribution, and fuelling, allowing for
final and primary energy analysis. The framework was applied to the road transport sector in
Alberta, Canada, one of the most emission-intensive regions in Canada. Nine scenarios on the
effect of carbon prices, zero-emission vehicle mandates, and financial incentives on vehicle costs
and market shares, energy use, greenhouse gas emissions and social costs to 2050 were evaluated.
The findings show that carbon price and zero-emission vehicle incentives do not effectively
increase the market adoption of zero-emission vehicles on their own; zero-emission vehicle
mandates are needed to transition the sector to zero-emission vehicles fully. It was found that the
increase in carbon price from $0/tonne to $350/tonne increases the market share of zero-emission
vehicles by 11% in 2050 and incentivizing the zero-emission vehicles increases the share by 9%

in 2050. Assessing the current policies in Alberta, including $170/tonne carbon price by 2030 and

il



zero-emission vehicle sales mandate in current policy scenario, it was found that these policy
measures resulted in a 67% increase in the share of zero-emission vehicles in 2050. However,
when the ZEV sales mandate was applied to all sectors, it resulted in a 90% increase in the market
share of zero-emission vehicles in 2050. The market penetration potential for hydrogen fuel cell
vehicles is lower than battery electric vehicles in all categories. The system-wide GHG emission
footprints of hydrogen and battery electric vehicles are significantly below conventional gasoline
and diesel vehicles in all cases. It was found that the GHG emission footprint of hydrogen vehicles
supplied by auto-thermal reforming with 91% carbon capture was lower than for battery electric
vehicles powered by a primarily natural gas-based power grid (53.6% and 83.2% natural gas-based
electricity generation in 2030 and 2050). The findings on the effectiveness of carbon prices vs
incentives vs vehicle mandates should be considered by government policymakers who are aiming
to reduce GHG emissions from road transport and will inform infrastructure planners and other

energy stakeholders.
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1. Introduction!

1.1.  The global road transportation sector

The transportation sector contributed 24% to global greenhouse gas (GHG) emissions in 2020, or
7 gigatonnes (Gt) carbon dioxide equivalent (COze) [1]. The annual growth rate of transport
emissions is 1.7% which is the highest among the end-use sectors [2]. The contribution is expected
to reach 9 Gt COze in 2050 because of emerging markets and the absence of net-zero pledges in
developing countries [3], preference for larger and heavier vehicles, and gross domestic product
growth [1]. All of these increase the challenge of meeting the Paris Agreement target to limit the

global temperature rise to 1.5°C [4, 5].

The road transport sector contributes the largest segment of global transport emissions at 74% [6].
Petroleum-based fuels are the bedrock of road transport, but the emergence of zero-emission
vehicles (ZEVs) fuelled by electricity and hydrogen has been accelerating in recent years. Still,
battery electric vehicles (BEVs) and hydrogen fuel cell electric vehicles (Ho-FCEVs) only make
up 1% of vehicles globally [3]. Decarbonizing the road transportation sector is primarily dependent

on the transition to BEVs and H>-FCEVs [7]; these vehicles have higher fuel efficiency and are

! A section of this chapter is to be published as Haider M, Davis M, and Kumar A, “A framework

to assess the market share of low-carbon road vehicles in a fossil-fuel-dependent jurisdiction.”

I A section of this chapter is to be published as Haider M, Davis M, and Kumar A, “Development
of a framework to assess the greenhouse gas mitigation potential from the adoption of low-carbon

road vehicles in a hydrocarbon rich region.”



projected to be cost-effective. Additionally, these vehicles have the potential to achieve zero
emissions by decarbonizing the hydrogen and electricity production. Furthermore, the existence
of supportive policies facilitates the adoption of these vehicles. At the United Nations Climate
Change Conference 2021 (COP26), several countries committed to the ZEV Declaration to

accelerate the transition to ZEVs and achieve 100% ZEV sales by 2035 [8].
1.2. The road transportation sector in Canada

Canada ranked 10" in GHG emissions in 2018 and accounted for 1.5% of global emissions [9].
Figure 1.1 shows the emissions from the transportation sector in Canada. In 2019, the Government
of Canada mandated that by 2035 all new light-duty passenger vehicles added to the fleet be ZEVs
and initiated the 5-year, $280 million Zero Emission Vehicle Infrastructure Program (ZEVIP) to
increase the refuelling and charging stations for ZEVs [10]. In 2020, sales of new ZEVs were 2.5%
[11]. Initiatives like Electric Vehicle and Alternative Fuel Infrastructure Deployment Initiative
(EVAFIDI) are also announced to increase the charging and hydrogen refuelling infrastructure
[12]. It also launched the Incentives for Zero-Emission Vehicles (iZEV) Program for light-duty
vehicles and Incentives for Medium- and Heavy-Duty Zero-Emission Vehicles (iIMHZEV)
Program in order to encourage the adoption of zero-emission vehicles [13, 14]. The Government
of Canada established The Net-Zero Emissions Accountability Act in 2021 in support of achieving
net-zero emissions by 2050 [15]. In 2022, the Government of Canada released the 2030 Emissions
reduction plan to achieve to targets of the Paris Agreement and reach net-zero emissions in 2050
[15, 16]. It also launched Zero Emission Vehicle Awareness Initiative (ZEVAI) to increase

awareness regarding zero-emission vehicles [17].
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Figure 1.1: Emissions from the transportation sector in Canada [18].

Energy from biofuels can play an important role in achieving net-zero emissions. Canada adopted
the Pan-Canadian Framework on Clean Growth and Climate Change in 2016; at that time the
development of Clean Fuel Standard (CFS) was identified as a key action to reduce GHG
emissions from the transportation sector [19, 20]. The CFS was also identified as a key climate
change mitigation action to promote clean technology and create an opportunity for economic
growth [21]. The Canadian government set a GHG emissions reduction target of 30% below 2005
levels by 2030, through the transition to a low-carbon economy. The Canadian government has set
a goal of reducing 30 million tonnes of GHG emissions annually by 2030. The CFS mandates that
low-carbon intensity liquid biofuels be blended with fossil-based liquid fuels in order to reduce
the annual carbon intensity of fossil fuels. Fossil-derived fuels include gasoline, diesel, kerosene,
and light and heavy fuel oil. The CFS regulations require the transportation sector to reduce the

carbon intensity of gasoline and diesel to 84 g CO2e/MJ by 2030 [22] by fuel blending. The



Government of Canada introduced Renewable Fuels Regulations that require fuel suppliers and
importers to have an average of at least 5% renewable fuel in the gasoline produced in or imported
to Canada [23]. The regulations also require an average of at least 2% renewable fuel in the diesel

and heating oil produced in or imported to Canada.

1.3.  The road transportation sector in Alberta

Alberta, a western Canadian province, has the highest emissions in the country [24], with
emissions per capita at 64.3 tonnes of COze, more than thrice the national average of 19.6 tonnes
per capita, due to the prevalent use of fossil fuels for energy supply, energy export, and demand
[25]. Transport is the third-largest GHG-emitting sector in Alberta, accounting for 32.1 Mt COze
in 2018 [26, 27]. With the Natural Gas Vision and Strategy, the Government of Alberta aims to
produce and deploy hydrogen from natural gas to develop a clean hydrogen economy along with
expanding natural gas demand [28]. In 2019/20, the production of natural gas in Alberta was 11.1
billion cubic feet per day [28]. Alberta, moreover, is the largest producer of hydrogen in Canada,
producing 2.4 million tonnes of hydrogen per year [29]. It has two world-scale commercial Carbon
Capture Utilization and Storage (CCUS) projects for reducing GHG emissions and storage of
carbon dioxide [30]. In November 2021, the Government of Alberta released the Hydrogen
Roadmap with plans to capitalize on Alberta’s natural gas resources and energy infrastructure to
become a global centre for clean hydrogen production [30]. Recent studies by our research group
— 1.e., our comparative techno-economic and GHG emissions analysis of different hydrogen
production technologies in Alberta [31], techno-economic assessment of exporting Alberta
hydrogen [32], and evaluation of Alberta’s hydrogen production potential from wind and solar
[33] — contribute to the growing interest in hydrogen production and export to international

markets. Based on the federal government’s CFS, the Alberta Government’s 2020 Renewable

4



Fuels Standard (RFS) Regulation mandates minimum amounts of renewable fuel content in

gasoline and diesel — a minimum 5% ethanol in gasoline and 2% biodiesel in diesel [34].

However, it is not known what the most effective ways to bring about the transition are,
considering policy options, consumer costs, emissions, and broader energy system impacts. For
instance, the overall GHG reduction effectiveness of battery electric and hydrogen vehicles
depends largely on the emissions associated with the production of electricity and hydrogen. If a
region is heavily dependent on fossil fuels for energy, will a transition to electric and hydrogen
vehicles still offer effective GHG emission reductions? In another instance, what government
policy interventions will accelerate the transition to low-carbon transport most effectively, and

how much will it cost?

1.4. Transition to ZEVs

Several studies that consider a transition to ZEVs, focusing on the GHG emissions associated with
H>-FCEVs and BEVs were considered. For H>-FCEVs, Li and Kimura [35] compared the total
cost of ownership and emissions of H>-FCEVs in ASEAN countries. The study was done for mid-
size passenger cars, buses, and heavy-duty trucks. The study developed a total cost of ownership
(TCO) model for the estimation of the costs and emissions of owning and driving vehicles. The
results showed that H>-FCEVs are not economically competitive at present but are likely to
become competitive in the near future because of policies encouraging the transition to ZEVs. The
study projected the costs for 2030 and does not incorporate carbon price policy. It considers a
simplified factor based on energy consumption for hydrogen supply infrastructure, including
transportation, storage, and delivery. The authors built a well-to-wheel (WTW) model to study the

energy, costs, and emissions of different powertrains in future scenarios. The results also showed



that the emissions from H»-FCEVs are lower than from other powertrains, except BEVs. The study
considered hydrogen production in a mix of pathways and provided the cost and emissions for the
present and 2030 scenarios. The hydrogen pathways considered are natural gas reforming, lignite
gasification, biomass gasification, solar photovoltaic, and wind. It does not consider hydrogen
production by auto-thermal reforming. He et al. [36] studied the emissions and costs for passenger
H>-FCEVs in China. A GREET model was used to estimate the WTW emissions for different
hydrogen production pathways. The model compared the levelized cost of driving and WTW GHG
emissions for ICEVs, hybrid-electric vehicles (HEVs), BEVs, and H,-FCEVs. The results showed
that Ho-FCEVs have significant emission mitigation potential, and with an anticipated reduction
in the capital cost of electrolyzers and hydrogen storage, the levelized cost of driving could become
comparable with ICEVs. This study does not consider the entire energy demand and supply system
and the analysis is not over a long-term planning horizon. Choi et al. [37] projected the GHG
emissions of BEVs, plug-in HEVs, and H>-FCEVs in the passenger category up to 2030 in South
Korea. The authors also used a GREET model to calculate the WTW emissions in different
powertrains. The study considered the life cycle emissions of different transport fuels and
electricity and hydrogen production by different pathways and their associated emissions. The
results showed that H>-FCEVs have the lowest GHG emissions when hydrogen is produced by
naphtha cracking, followed by steam methane reforming (SMR) and electrolysis. The key
limitation of this study is that this does not consider the system level assessment. Staffell et al. [38]
reviewed the role of hydrogen and fuel cells in a low-carbon energy system. The authors studied
the potential of hydrogen in different energy systems including transport, heat and industry, and
power, and discussed hydrogen infrastructure from the perspective of hydrogen production

processes to distribution and storage. The authors also discussed the social factors and policy



drivers for the hydrogen market and concluded that hydrogen can play a major role, along with
electricity, in attaining a low-carbon energy system. This study does not consider all the different
hydrogen production technologies and focused solely on SMR and electrolysis. Ahmadi and
Kjeang [39] studied the life cycle emissions of passenger H>-FCEVs in four provinces in Canada.
They considered hydrogen production by SMR, electrolysis, and thermochemical processes and
concluded that greenhouse gases decrease drastically if an internal combustion engine vehicle is
replaced by a hydrogen fuel cell vehicle, and the greatest decrease is achieved by thermochemical
hydrogen production. The study also showed that H,-FCEVs considerably decrease the energy
cost during the lifetime of a vehicle, which can offset the high capital cost of these vehicles. In this
case, hydrogen production through SMR showed the most economic results but the study does not

focus on the whole energy system impacts due to the adoption of all the low-carbon vehicles.

For BEVs, Doluweera et al. [40] studied the impact of electric vehicles on emissions in Alberta.
The authors developed a hybrid simulation model for the province’s electricity system and
estimated the emissions for passenger vehicles in six scenarios with different BEV penetration
levels. The authors estimated emissions up to 2031 and compared the 2030 results with the policy
targets for 2030. One limitation of the analysis is that the level of EV penetration was considered
by assuming a constant annual rate for replacing ICEVs with BEVs and neglecting any cost-based
market adoption dynamics. The study concluded that the GHG emissions reduction potential of
electric vehicles is approximately 9% below Alberta’s 2005 GHG emissions. Krause et al. [41]
studied energy consumption and CO emissions in the European Union (EU) road transport sector
up to 2050. The authors modelled the share of BEVs and H»-FCEVs and calculated the demand
and tank-to-wheel emissions for various scenarios using the DIONE fleet impact model, a road

transport fleet projection tool that analyze long-term scenarios for activity, vehicle stock, energy,



and emission parameters. The study focused on all sectors of the road transport sector and
calibrated the vehicle fleet activity and stock with EU renewable energy and GHG targets for 2020
along with the policies agreed upon until 2014. The authors concluded that electrification has
substantial potential to decrease tank-to-wheel emissions and is feasible if combined with
measures such as efficiency improvements and annual vehicle activity reductions. Gémez Vilchez
and Jochem [42] studied the impact of electric cars on GHG emissions in various countries. The
study used a system dynamics (SD) model and developed a Transport, Energy, Economic,
Environment (T3E) model that takes variables such as GDP, vehicle stock, policies, infrastructure,
and market behaviour into consideration and projects demand and emissions up to 2030. The study
considered WTW emissions and showed that electric vehicles have great potential for decreasing
GHG emissions. Talebian et al. [43] studied the impact of the electrification of freight transport
on GHG emissions up to 2040. The study forecasted the freight vehicle stock using an average
increase in GDP and considered the fulfillment of current legislation in British Columbia as a
scenario. WTW emissions were considered and a mid-term target of a 64% GHG emission
reduction in the freight sector was assumed. The results showed that current policies fail to
decrease GHG emissions and that the share of all-electric freight trucks should be more than 65%

of the stock to achieve the 64% reduction target in British Columbia by 2040.

The studies that analyze the impact of various policies on GHG emissions were also reviewed.
Yan et al. [44] studied the impact of various policies in Ireland on the freight transportation sector
through 2050. The study developed a framework to assess the energy and emissions considering
four different policy scenarios. The results show that carbon pricing results in a moderate decline
in total energy and GHG emissions from the freight transportation sector. The study did not assess

the different fuel technology vehicle options in the freight sector, and they also did not consider



higher levels of carbon prices. Axsen et al. [45] compared the policy pathways to reach the goal
of 100% ZEV sales by 2035 for light-duty vehicles in Canada. The study used the AUtomaker-
consumer Model (AUM), a simulation model which assesses the impact of various policy options
for light-duty vehicles. The study modelled various policy options in the baseline scenario and
considered 9 different scenarios. The results conclude that the ZEV mandate is the most cost-
effective way to reach the target of 100% ZEV sales by 2035. However, the study did not consider
the market penetration of hydrogen fuel cell electric vehicles. It also considered an average WTW
emissions which does not does not account for the possible transition of electricity to renewables
over the long-term. Sykes and Axsen [46] modelled the light-duty passenger vehicles in British
Columbia to assess the effects of regional spillover in the adoption of ZEVs and the impact of ZEV
and other climate policies in the province. The study uses a simulation model, CIMS-ZEV that
assesses the market share, costs, and GHG emissions from the sector and simulated five policies
in different combinations and stringencies in different scenarios. The results show that corporate
average fuel economy (CAFE) and low-carbon fuel standard (LCFS) policies have a very low
impact on the market share of ZEVs. The ZEV shares, in a combination of CAFE and LCFE
policies, in medium and high stringency scenarios will reach 8.5% and 7.9% by 2050. The results
conclude that ZEV sales mandate is a stronger policy needed to achieve the GHG emission
reduction targets of 2050. Without ZEV sales mandate, CAFE, LCFS and carbon tax policies

achieve the 2050 GHG emission target only in 25% of the simulations.

Studies that consider a transition to ZEVs, focusing on the market share of the H>-FCEVs and
BEVs were also reviewed. Lepitzki and Axsen [47] modelled the road transportation sector in
British Columbia and assessed the impacts of various policies on the vehicle market shares for

passenger and freight sectors using the CIMS energy economy model in different scenarios. It is a



hybrid bottom-up/top-down model that calculates the impact of energy and climate mitigation
policies on technology adoption, costs, energy, and emissions across energy-intensive sectors [48].
The results showed that in the moderate policy scenario, the market share of passenger BEVs and
freight H>-FCEVs reaches 52% by 2050. However, the results also consider more stringent LCFS
along with other policies. The study provides a less-comprehensive categorization of the transport
sector and does not take into consideration the infrastructure for the recharging/refuelling of the
zero-emission vehicles. Krause et al. [41] studied road transport energy and emissions in the
European Union (EU) up to 2050. The study calculated the market share potential of various fuel
technology vehicles in different scenarios using the DIONE fleet impact model reference scenario
along with the assumptions derived from expert group discussions. DIONE is a bottom-up
optimization model used to assess the implications of vehicle fleet composition, vehicle activity,
cost of ownership, and energy consumption using a scenario-based approach. The results showed
that in a combined high electrification and hydrogen scenario, the market share of the H>-FCEV's
and BEVs reaches 9.4% and 78.5% respectively in 2050. The study is limited to assessing tank-
to-wheel energy consumption and CO; emissions of passenger vehicles and it focuses solely on
the examination of three electrification scenarios with only one of them considering hydrogen fuel
cell electric vehicles. Ou et al. [49] studied the number of BEVs in China up to 2050 in various
technology evolution scenarios considering different costs for vehicle technologies. The New
Energy and Oil Consumption Credits (NEOCC) model, an optimization-based bottom-up model
developed at the Oak Ridge National Laboratory is used to quantify the projections for BEVs
between 2020 and 2050. The results show that BEVs will be the dominant vehicle technology in
China by 2050 and the market penetration of BEVs will be around 30.4%—-64.6% in different

scenarios. However, the study focuses on BEVs and restricts its scope to passenger vehicles.
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Studies that investigated the costs of H>-FCEVs and BEVs were also reviewed. Ruffini and Wei
[50] studied the costs of H>-FCEVs and BEVs in California using a top-down model and projected
costs to 2050. The vehicle purchase cost, fuel operational cost, non-fuel operational cost, and
carbon social cost were considered. The study showed that H>-FCEVs have the greatest potential
for cost reduction, and the technology adoption rate in the initial years plays an important role in
their competitiveness relative to ICEVs. The study does not consider any policies in its analysis.
Morrison et al. [51] studied the TCO of H>-FCEVs and BEVs and the competitiveness of light-
duty passenger vehicles. The study uses Autonomie, a simulation model developed at the Argonne
National Laboratory, to conduct the analysis along with the assumption that United States
Department of Energy (US DOE) cost targets are met for both battery and hydrogen vehicles [52].
The result concluded that the BEVs have a great advantage over H>-FCEVs due to lower costs, but
these costs significantly diminish after 2030. The study also shows that SUVs and vans have a
relative cost advantage for H>-FCEVs over BEVs compared to passenger cars. The study does not
consider the cost of infrastructure for refuelling and recharging of hydrogen and battery electric
vehicles in the TCO analysis. Szumska et al. [53] studied the total cost of ownership of mid-size
passenger cars in the EU for various drivetrains including BEVs. The study conducted the TCO
analysis using the Alternative Fuel Life-Cycle Environmental and Economic Transportation
(AFLEET) tool, developed by the Argonne National Laboratory [54] which is used to calculate
the lifetime fuel consumption and costs of ownership of the vehicles. The results show that the
ownership cost of BEVs is the highest among all drivetrains including conventional and hybrid
vehicles due to high purchase costs and additional battery replacement costs. The study does not
include hydrogen fuel cell vehicles in its analysis or the infrastructure costs of BEVs. Also, the

study does not present TCO projections for the future. Zhou et al. [55] studied the lifetime costs
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of class-6 medium-duty trucks in Toronto, Canada. The study simulated the fuel consumption of
vehicle technologies using Autonomie [52] and calculated the lifetime total cost of ownership of
conventional diesel and battery electric trucks. The results show that the battery electric truck has
higher TCO than diesel trucks, but the costs can be lower than diesel trucks with more favourable
conditions like lower battery and recharging infrastructure costs. The study’s scope was limited to
a cost comparison for BEV and ICEV class-6 medium-duty trucks for 2014. Ajanovic and Haas
[56] studied the barriers to the adoption of hydrogen fuel cell vehicles and focused on economic
factors from hydrogen production to infrastructure and vehicle costs. They concluded that
hydrogen fuel cell vehicles have great potential to transform the transport system to a more
sustainable one. Current barriers such as lack of infrastructure, high costs, and lack of policies are
the major risks for this technology, and solving them would increase its competitiveness. The study
focused on hydrogen fuel cell electric vehicles and compared the economic factors with ICEVs for
passenger cars. Lee et al. [57] performed a techno-economic analysis of hydrogen delivery cost.
The authors used the hydrogen delivery scenario analysis model (HDSAM) developed by the
Argonne National Laboratory to analyze the hydrogen refuelling station and delivery costs. The
model showed that the higher capacity exponentially decreased the cost of the delivery
infrastructure. Reddi et al. [58] studied the costs involved in the refuelling of hydrogen using
HDSAM. The authors assessed the impact of the high cost of refuelling equipment, station capacity
and utilization on the total cost of refuelling and analyzed the potential decrease in refuelling cost
in the future. They concluded that although at present a great share in the levelized cost of hydrogen
delivery is due to hydrogen refuelling stations, increasing the number of stations and their capacity
would significantly decrease the station’s cost. The study focused on hydrogen delivery by tube-

trailers and does not provide cost projections. The study focused on hydrogen delivery by tube-
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trailers and does not provide cost projections. Nugroho et al. [59] studied the levelized cost of
hydrogen (LCOH) for long-haul heavy-duty vehicles in Germany in 2050. The study uses Node-
Capacitated Flow Refueling Location Model (NC-FRLM) to determine optimal locations for
hydrogen refuelling stations and calculate the various infrastructure costs. It also compared the
costs for on-site and centralized hydrogen production using electrolysis. The results show that the
LCOH is €6.50 per kg for on-site hydrogen production. It also slows that there is only a slight
decline in the LCOH for centralized hydrogen production and transport of hydrogen using
pipelines. The study focused on heavy-duty vehicles and solely considered hydrogen production

by electrolysis.

1.5. Knowledge gaps

The literature review suggests there has been limited assessment of the entire road transport sector;
instead, studies have mostly focused on a single subsector, such as passenger cars or freight, or a
single technology class, such as BEVs. There are no studies assessing the long-term impact of both
H>-FCEVs and BEVs in all categories of the road transport sector in the same analysis. In other
words, a study of the transition of the entire road transportation sector has not been done (to the
best of my knowledge). The literature review also found that no road transport studies considered
hydrogen production by auto-thermal reforming (ATR) with carbon capture and storage (CCS);
this gap should be filled since ATR-CCS has among the lowest emissions of any hydrogen

production process, according to Oni et al. [31].

A summary of the specific areas of the novelty of this thesis is:

e Many studies compare BEVs and/or H>-FCEVs with ICEVs based on life cycle GHG

footprints. Since the current road transport sector includes several other fuel technologies, it is

13



important to consider the impact of all the fuel technologies on the total GHG emissions from
the road transport sector. With my research colleagues, a novel framework was developed to
comparatively assess the energy and GHG footprints of a broad range of vehicles (conventional
gasoline and diesel ICEVs, HEVs, plug-in HEVs, compressed natural gas vehicles Ho-FCEVss,
and BEVs). This provides, for the first time, a holistic GHG impact assessment of all the fuel
technologies used in the road transport sector within a consistent analysis framework.

Most of the reviewed literature focuses on a specific category of the road transport sector; a
robust analysis should include the entire sector, but no such analyses were found. This study
modelled the entire road transport sector in detail by considering separate categories of cars,
sport-utility vehicles, pickup trucks, vans, school buses, intercity transit buses, urban transit
buses, light freight, medium freight, heavy freight, as well as each fuel’s associated energy
supply chain from resource extraction through conversion, transmission and distribution,
refuelling, and final consumption. This modelling is important to understand the total impact
on the road transport sector.

While there are studies that assess the impact of various policies, the analysis is limited to a
specific sector, policy, or fuel technology vehicle. None of the studies assessed the current and
proposed policy options considering both H>-FCEVs and BEVs single analysis framework so
that these options can be compared. There is a knowledge gap in studies that assess the
transition to ZEVs in which various policy option scenarios are assessed for the entire road
transport sector within the same framework so that the impact of these policy options on the
entire sector can be effectively compared.

None of the studies considered hydrogen production by ATR with CCS fuelling hydrogen

vehicles. This study considered hydrogen production from a range of low-carbon technologies,
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including ATR with CCS. A comparative analysis of different hydrogen production
technologies is important to identify the most favourable technology for effective GHG

mitigation (in terms of cost and scale).

1.6.  Objectives of the research

The main purpose of this study is to assess the GHG emission mitigation potential of low-carbon
vehicle technologies in road transport in fossil fuel-dependent jurisdictions. The study results are
important for policymakers to provide insight into the policy frameworks for the transition to

ZEVs.

The specific objectives are to:

Develop a framework to assess the GHG mitigation potential of H>-FCEVs and BEVs in fossil

fuel-dependant jurisdictions;

e Apply the framework to Alberta, Canada, as a case study;

e Project the system-wide energy use and GHG emissions associated with the road transport
sector considering all subsectors, vehicle technologies, fuels, and associated energy supply
chains; and

e Assess and compare the impact of carbon price, incentives, and zero-emission vehicle policy

mandates on vehicle market shares, energy consumption, GHG emissions, and social costs.

1.7. Limitations of research

There are certain challenges in projecting GHG emissions from the road transport sector. The
relative cost of the fuel technology is considered as the driving factor in market share projections

of different vehicles in a category. The ability to consider factors such as lack of vehicle
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availability and refuelling/recharging stations as well as intangible determinants is limited given

their unpredictable nature.

With respect to the cost analysis of the vehicles, there is limited data available on H>-FCEV costs
in all sectors. Cost parity with ICEVs was assumed for other fuel technologies at different time
steps, which might or might not be precise because of the unavailability of low-carbon fuel
technology vehicles in various sectors of road transport. H>-FCEV costs and parity with ICEVs
might also be affected by policies encouraging the adoption of such vehicles such as carbon
pricing, 100% ZEV sales, and incentivization. The vehicles are assumed to be scrapped after their
lifetime, and the present study does not consider a scrappage value for any of the vehicles because
of the range of scrappage costs for different vehicle fuel technologies. In any case, the scrappage

value after the entire lifetime would not be significant enough to affect the total cost of operation.

Another major challenge is that an annual activity is assumed for the vehicles in each sector. This
approach might not be precise for the freight sectors, which have varied duty cycles and might
affect the energy intensity of the vehicles and therefore the energy demand and GHG emissions

from these sectors.

1.8.  Thesis outline

This thesis comprises 4 chapters. Chapter 1 sets the scene for this thesis and describes the energy
and emissions from the road transportation sector from provincial and national perspectives. It
describes the current and proposed federal and provincial policy mandates for the sector. A detailed
literature review of the recent studies on policy mandates, costs, energy demand and emissions is
provided. The research questions are then defined, the objectives are provided, and the knowledge

gaps that are meant to be filled are outlined. The chapter also discusses the limitations of this study.
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Chapter 2 summarizes the method used to achieve the objectives defined in Chapter 1. Further
descriptions of the method are included in each of the following chapters as required. Chapter 2
describes the framework used to develop the road transportation model for market share analysis.
It examines the various costs used to calculate the total cost of ownership and the energy efficiency
of different fuel technology vehicles and provides the market share that is used in the demand side

of the LEAP modelling framework in Chapter 3.

Chapter 3 presents the method for developing the bottom-up LEAP model for the road
transportation sector. It provides the energy, GHG emissions, and social cost for the study period
in different scenarios. It describes the development of the transformation modules of the LEAP
framework and the various scenarios that are analyzed in this research. It also examines the

infrastructure for the supply of fuels for the zero-emission vehicles.

In the transformation module of the LEAP-Canada model, certain modules are utilized and
modified from the previous research in our group. The hydrogen production module was modelled
by Davis et al. [60] where all the input data and assumptions can be found. The electricity
generation module was modelled by Davis et al. [61]; a modified business-as-usual (BAU)
scenario was used in this study. The gasoline and diesel production modules were modelled based
on the data obtained from Talaei et al. [62]. Further details of these modules are given in Sections

3.1, 3.2 and 3.4, respectively.

For this study, a new demand module and several transformation modules were developed in the
LEAP-Canada model. These include dedicated modules for natural gas production, delivery, and
refuelling; biodiesel production and delivery; gasoline delivery and refuelling; diesel delivery and

refuelling; and hydrogen delivery and refuelling. Additionally, the ethanol production and delivery
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as well as electricity transmission and distribution modules were initially developed within the

research group and were modified for this study.

Chapter 4 assesses the contributions made with this research, and some overall conclusions are

drawn.

Chapter 2, and Chapter 3, are rewritten as two separate papers that will be submitted to different
academic journals for publication. Certain sections of Chapter 1 and Chapter 4 are also included

in these papers.
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2. Total Cost of Operation of Vehicles and Development of Market Share Model?

2.1. Methodology

2.1.1. Framework

Figure 2.1 shows the framework developed for the study. The framework comprises five modules:
the road transport module and the energy supply modules for hydrogen, electricity, natural gas,
and gasoline/diesel. The road transport module models vehicle stocks, costs, adoption, energy, and
emissions. The starting point in the framework is to calculate vehicle stocks in each year of the
study period. For each subsector, a vehicle stock model projects the demand for vehicles for each
year and determines the number of new vehicle sales based on existing stocks and scrappage rates
(share of vehicles discarded every year). The number of new vehicle sales is then allocated to
available vehicle technologies based on a market share equation using relative costs of ownership.
The annual activity of each vehicle creates demand for energy, which is supplied by the energy

supply modules (Chapter 3).

2.1.2. Vehicle stock, adoption, and activity modelling

The stock turnover model computes the number of vehicles in use each year. The total number of
vehicles (V) in a subsector (C) each year (%) is given by the product of population (P) and vehicle
use rate (W) in vehicles per person (Equation 2.1). The number of scrapped vehicles (S) is

calculated by Equation 2.2, where E is the existing vehicle stock in the base year (b), r is the

2 A version of this chapter is to be published as Haider M, Davis M, and Kumar A, “A framework

to assess the market share of low-carbon road vehicles in a fossil-fuel-dependent jurisdiction.”
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annual rate of scrappage, and L is the average lifetime of a vehicle. After the existing stock of
vehicles is scrapped, the scrapped vehicles equal the new vehicle sales (N) L years before t.
Equation 2.3 gives the new vehicle sales (N ), given by the growth in the total number of vehicles
and the scrappage. New vehicle sales are then allocated to the different vehicle types using a
market share multiplier (MS) [63] in Equation 2.4, found from the relative total cost of ownership
(TCO) of each vehicle (X). The parameter v determines the shape of the market share function. A
high value means that the market shares bias towards the technology with the lowest operation
cost. A lower value means that the market shares are distributed more evenly between all the
competing technologies. So, v can denote the sensitivity of technology choice to the relative cost
of options. Equation 2.5 calculates the TCO ($/km) based on the annualized capital cost (CC),
maintenance cost (MC), fuel cost (FC), and annual average distance driven (A). The FC is
calculated with vehicle energy intensity (EI) and energy cost (EC) in Equation 2.6, and energy
cost (EC) is given in Equation 2.7 and comprises energy production costs (PC) for each fuel (f),
energy delivery costs (DC), refuelling/recharging costs (RC), and externality cost (EX) (price on

carbon).

For the case study, the indicator for vehicles per person (W) for each subsector was derived using
annual stock data from National Resources Canada (NRCan) [27] and population data from the
Canada Energy Regulator (CER) [64]; historical annual stock data for vehicles in each subsector
was used up to 2018 and the 2018 value for W was used with population projections [64] for future
years. An average annual distance travelled for each vehicle type was used [27]. An average
vehicle lifetime (L) of 10 years was assumed for new vehicles. It was assumed that existing vehicle
stocks (E) in the base year (b), 2019, are scrapped at a rate (r) of 10% per year. Values of 2.9 for

v and 22.6% for i were used [65].
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Figure 2.1: A framework to assess the GHG mitigation potential from the adoption of low-carbon road vehicles in a fossil-fuel-

dependent jurisdiction.
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2.1.3. Vehicle costs, energy, and GHG emissions modelling

The total annual distance travelled for each vehicle technology and its energy intensity was used
to calculate the final energy demand. As mentioned in the framework section, Intergovernmental
Panel on Climate Change (IPCC) Fifth Assessment Tier 1 emission factors were applied to the
energy consumption to calculate GHG emissions. Vehicle purchase and maintenance costs were
approximated from values of existing vehicles and their projections are based on recent reports
and publications. All costs were calculated per vehicle-km for passenger transport and vehicle-km

(and average tonnage) for freight transport. All costs are in 2020 CAD.

Table 2.1 shows the breakdown of costs and energy intensities for the passenger category in 2020
and 2050. The capital cost of a H>-FCEV car is assumed to start at $65,000 in 2020. The capital
cost is assumed to decline and reach parity with an ICE ($30,000) by 2040. Our starting values are
approximated from those reported by others $57,215 — $82,800 [66-68]. The current price of Ha-
FCEV cars is $54,990-$76,750 ($49,500-$66,000 USD) [69]. The IEA and two studies have
reported maintenance costs of $0.04-$0.19 per km [67, 70, 71]; a maintenance cost of $0.085 per
km was assumed. The capital cost of a BEV car is assumed to be $50,000 on average and to reach
parity with gasoline cars by 2030; the capital cost range is large as there is already a variety of
BEV cars in the market [72-76]. The values were approximated from the peer-reviewed studies
[68, 77, 78]. The maintenance cost is assumed to be $0.042 per km; this value is considered from
the range of $0.04-$0.08 reported by other peer-reviewed studies [67, 68, 71, 78]. The capital cost
of the PHEV car is assumed to be $39,000; it is assumed from the values used by others in the
range of $36,857-$57,999 [53, 68, 79]. The maintenance cost is assumed to be $0.07 per km; this

value is approximated from a range of $0.08-$0.11 [67, 78]. For the HEV car, the capital cost is
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assumed to be $34,500; this value is assumed from values used by others in the range of $35,526-
$48,498 [53, 68, 78, 79]. The maintenance cost is assumed to be $0.07 per km; a comparable range

of $0.08-$0.11 was found [67, 78].

The capital cost of a H-FCEV SUYV is assumed to be $75,000 and to reach parity with ICEVs by
2040; the value is approximated from the values of $51,147-$78,345 reported by others [80, 81].
The maintenance cost is assumed to be the same as the Ho-FCEV car, $0.085 per km. For BEVs,
the capital cost is assumed to be $75,000; a comparable value of $85,909 was found in a paper by
Burnham et al. [80]. The cost of the Tesla Model X is $158,310 [82]; this is at the higher end of
the cost range. The maintenance cost is assumed to be $0.07 per km; a comparable range was
found in the literature [80, 83]. The capital cost of HEVs is assumed to be $45,000; the value is
approximated from a comparable range of $45,106-$69,970 found in other studies [80, 83]. The
maintenance cost is assumed to be $0.09 per km; studies show comparable values [80, 83]. The
capital cost of PHEVs is assumed to be $55,000; studies report a range of $66,695-$101,614 [80,
83] and are used to approximate the value for this study. The maintenance cost is assumed to be

$0.09 per km; studies show comparable values [80, 83].

The costs for the van and passenger truck are assumed to be the same. The capital cost of a Ho-
FCEV is assumed to be $65,000; it is assumed from a range of $65,167-$87,209 provided by
automobile manufacturers [84, 85]. The maintenance cost is assumed to be the same as the H»-
FCEV car, $0.085 per km. The capital cost for a BEV is assumed to be the same as a H>-FCEV.

The maintenance cost is assumed to be the same as an SUV, $0.07 per km.

The energy intensity of vehicles is taken from approximate values of existing vehicles and their

projections are based on recent reports and publications. The efficiency of hydrogen fuel cell
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vehicles is 40-60%; a gasoline vehicle drivetrain’s efficiency is ~20% [39]. The fuel economy of
a H>-FCEV car is assumed to be 97.63 km per kg H> (the current fuel economy of available H»-
FCEVs in North America) and to improve over time [86]. The International Energy Agency [67]
provides a comparable value. The fuel economy of a BEV car is assumed to be 0.57 MJ/km; the
value is assumed from studies that provide comparable values [77, 87, 88]. The efficiency of a
PHEV car is assumed to be 1.42 MJ/km gasoline and 0.45 MJ/km electricity; Kamiya et al. [87]
provide a comparable value. The efficiency of an HEV car is assumed to be 1.69 MJ/km; similar
values were reported in peer-reviewed studies that are used to assume the value for this study [87,
88]. Among SUVs, the fuel efficiency of a H»-FCEV is assumed to be 1.23 MJ/km; the
International Energy Agency [67] provides a comparable value. The fuel economy of a BEV SUV
is assumed to be 0.57 MJ/km; studies have provided comparable values [77, 87, 88]. The efficiency
of a PHEV SUV is assumed to be 1.27 MJ/km for gasoline and 0.60 MJ/km for electricity; Cihat
Onat et al. [83] provide a comparable value. The efficiency of an HEV SUV is assumed to be 2.08
MJ/km; it is considered from studies that provide similar values [80, 83, 89]. Among vans and
passenger trucks, the fuel efficiency of H>-FCEVs is assumed to be 9.45 MJ/km; a comparable
value was found in a study by Lee et al. [90]. The efficiency of BEVs is assumed to be 0.85 MJ/km;

Burke and Miller [91] provides a similar value.

Table 2.2 shows the breakdown of costs and energy intensities for the competing vehicles for the
bus category in 2020 and 2050. The capital cost of a bus is assumed to be $1,500,000; it is
approximated from studies that reported a range of $620,778-$1,413,430 [91, 92]. The
maintenance cost is assumed to be $0.47 per km and to decline to $0.3 per km by 2040; this is
comparable to values found in peer-reviewed studies [71, 93]. The capital cost of a BEV is

considered to be $1,300,000; a comparable range of $705,304-$1,357,858 was found in several
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studies [91, 92, 94-97]; our value is assumed from this range. The capital cost of a trickle-charged
transit bus in Edmonton is ~ $1,146,639 [98]. The maintenance cost of an urban transit bus is
assumed to be $0.09 per km; it is assumed from studies that show a comparable range, $0.04-$0.3
per km [71, 95, 97]. The capital cost of compressed natural gas (CNG) buses is assumed to be
$1,000,000; it is considered from studies that provide a comparable range of $477,143-$528,056
[92, 94]. The maintenance cost is assumed to be $0.31 per km; Lajunen and Lipman gives a

comparable value [92].

The fuel efficiency of a H>-FCEV bus is assumed to be 9.2 MJ/km. The value is comparable to
values given in other studies [99, 100] and were used to assume this value. The fuel efficiency of
a BEV bus is assumed to be 4.41 MJ/km. It is approximated from other studies that show a

comparable value [88, 91, 95, 97, 100].

Table 2.3 shows the breakdown of costs and energy intensities for the competing vehicles for the
freight category in 2020 and 2050. The capital cost of a heavy-duty H>-FCEV truck is assumed to
be $287,500; this value is approximated from those reported in other studies ($237,223-$444,799)
[91, 101-103]. There is very limited data available for fuel cell freight trucks. Most studies
speculate the costs and therefore the range is very wide. The cost of the Nikola H>-FCEV truck is
expected to be $188,174 [104]. The maintenance cost is considered to be $0.15 per km; a
comparable range was found in a white paper [101]. The capital cost of a BEV heavy-duty freight
truck is assumed to be $235,000, considered from other estimates [101-103, 105]. The cost of a
Tesla Semi truck is expected to be ~ 180,000 USD [106]. The maintenance cost is assumed to be

$0.19 per km; published studies provide a comparable value [101, 105].
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The capital cost of a medium-duty H>-FCEV truck is assumed to be $200,000; our value is assumed
from the value given by Burke and Miller [91]. The maintenance cost is assumed to be the same
as heavy-duty trucks, $0.15 per km; a comparable range was found in a study by Moultak et al.
[101]. The capital cost of medium-duty BEV trucks is assumed to be 165,000. The maintenance
cost is assumed to be the same as that of heavy-duty trucks, $0.19 per km. The capital cost of light-
duty H>-FCEV trucks is assumed to be $164,000; Burke and Miller give a comparable value [91].
The maintenance cost is assumed to be the same as heavy-duty trucks, $0.15 per km; a comparable
range was found in the literature [101]. The capital cost of a light-duty BEV is assumed to be
$134,000; value is assumed from the value provided by Burke and Miller [91]. The maintenance

cost is assumed to be the same as heavy-duty trucks, $0.19 per km.

For the freight sector, hydrogen fuel energy is within 53-81% of diesel energy per distance
travelled depending on the duty cycle. The fuel efficiency is considered to be 9.45, 5.74, and 3.93
MJ per km, for heavy, medium, and light trucks, respectively; the value is approximated from
values found in two studies [91, 107]. The fuel efficiency of BEV trucks is assumed to be 5.08,
3.18, and 1.43 MJ per km for heavy, medium, and light trucks, respectively; a comparable value

is found in two studies [55, 91].

2.2. Results and discussion

2.2.1. Vehicle costs

The ownership cost of vehicles per km for the passenger sector is shown in Figure 2.2 and for bus
and freight sectors is shown in Figure 2.3. In all cases, H>-FCEV and BEV ownership costs
decrease from 2021 to 2050. At present, the fuel cell stack and battery costs are very high, which

leads to the high capital cost of these vehicles. There is no established infrastructure for the
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delivery and refuelling of electric and hydrogen vehicles, thus the energy cost of these vehicles is
also high. These costs decline as the technology becomes established. Improvements in the energy
efficiency of the battery also decrease vehicle energy costs. Conventional vehicle costs decline as
well following the decline in purchase costs and energy efficiency improvements. Carbon pricing
has the greatest impact on conventional vehicles. As carbon pricing increases, it increases the total

cost of these vehicles.

The ownership cost of a H>-FCEV car in 2021 is calculated to be $1.58/km. This includes capital,
maintenance and operation, energy, and carbon costs. The energy cost includes the cost of energy
production, storage, delivery/transmission, and the refuelling station. The International Energy
Agency [108] gives a value of $1.13/km ($0.85/km USD). The H>-FCEV cost will decline to
$0.77/km in 2050. The International Energy Agency [108] gives a long-term (for the years after
2030) value of $0.66/km ($0.5/km USD). The ownership cost of a BEV car in 2020 was $1.08/km
in 2021 and will decline to $0.70/km in 2050. The International Energy Agency [108] gives

comparable values of $0.80/km and $0.64/km for 2021 and 2050.

The ownership cost of a H>-FCEV SUYV is calculated to be $1.74/km and $0.86/km in 2021 and
2050. The ownership cost of the BEV SUV is $1.60/km and $0.83/km in 2021 and 2050. The
ownership cost of the H>-FCEV van and passenger truck was found to be $2.82/km in 2021 and to
decline to $1.41/km in 2050. The ownership cost of a BEV van is $1.41/km and $0.93/km in 2021

and 2050.
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Table 2.1: Data inputs for passenger vehicles

Cars SUVs Van/Passenger truck
Technology Variable 2020 2050 2020 2050 2020 2050
H>-FCEV Capital cost (§) 65,000 30,000 75,000 35,000 65,000 40,000
Maintenance cost ($/km)  0.09 0.09 0.09 0.09 0.09 0.09
Energy intensity (MJ/km) 1.23 1.19 1.23 1.19 9.45 8.90
BEV Capital cost (§) 50,000 30,000 75,000 35,000 65,000 40,000
Maintenance cost ($/km) 0.04 0.04 0.07 0.07 0.07 0.07
Energy intensity (MJ/km) 0.57 0.57 0.85 0.85 0.85 0.85
G-ICEV Capital cost (§) 30,000 30,000 35,000 35,000 40,000 40,000
Maintenance cost ($/km)  0.07 0.07 0.10 0.10 0.10 0.10
Energy intensity (MJ/km) 2.83 2.59 2.70 1.47 5.51 5.19
PHEV Capital cost (§) 40,000 30,000 55,000 35,000 - -
Maintenance cost ($/km) 0.07 0.07 0.09 0.09 - -
Energy intensity (Gas) (MJ/km) 1.42 1.29 1.27 1.09 - -
Energy intensity (Electric) (MJ/km) 0.45 0.45 0.60 0.60 - -
HEV Capital cost (§) 35,000 30,000 45,000 35,000 - -
Maintenance cost ($/km)  0.07 0.07 0.09 0.09 - -
Energy intensity (MJ/km) 1.69 1.55 2.08 1.78 - -
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Table 2.2: Data inputs for buses

Urban transit

School buses

Intercity buses

Technology Variable 2020 2050 2020 2050 2020 2050
H>-FCEV Capital cost (§) 1,600,000 820,000 1,600,000 820,000 1,600,000 820,000
Maintenance cost ($/km) 0.47 0.3 0.47 0.3 0.47 0.47
Energy intensity (MJ/km) 9.2 8.66 9.2 8.66 9.2 8.66
BEV Capital cost ($) 1,300,000 820,000 1,300,000 820,000 1,300,000 820,000
Maintenance cost ($/km) 0.09 0.09 0.09 0.09 0.09 0.09
Energy intensity (MJ/km) 4.41 3.07 4.41 3.07 4.41 3.07
G-ICEV Capital cost ($) - - - - 850,000 820,000
Maintenance cost ($/km) - - - - 0.31 0.31
Energy intensity (MJ/km) - - - - 14.21 14.21
D-ICEV Capital cost ($) 850,000 820,000 850,000 820,000 850,000 820,000
Maintenance cost ($/km) 0.31 0.31 0.31 0.31 0.31 0.31
Energy intensity (MJ/km) 19.66 15.45 34.47 34.47 14.21 14.21
CNGV Capital cost ($) 1,000,000 820,000 1,000,000 820,000 - -
Maintenance cost ($/km) 0.31 0.31 0.31 0.31 - -
Energy intensity (MJ/km) 18.42 18.42 18.42 18.42 - -
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Table 2.3: Data inputs for freight vehicles

Heavy freight Medium freight Light freight
Technology Variable 2020 2050 2020 2050 2020 2050
H>-FCEV Capital cost (§) 287,500 152,000 205,000 140,000 164,000 85,000
Maintenance cost ($/km) 0.15 0.14 0.15 0.14 0.15 0.14
Energy intensity (MJ/km) 9.45 8.90 5.74 5.74 3.93 3.48
BEV Capital cost (§) 235,000 162,000 168,000 115,000 134,000 92,000
Maintenance cost ($/km) 0.19 0.19 0.19 0.19 0.19 0.19
Energy intensity (MJ/km) 5.08 4.14 3.18 2.66 1.43 1.30
G-ICEV Capital cost (§) - - 125,000 137,000 100,000 110,000
Maintenance cost ($/km) - - 0.20 0.20 0.20 0.20
Energy intensity (MJ/km) - - 6.97 5.82 4.3 3.7
D-ICEV Capital cost ($) 175,000 192,000 125,000 110,000 - -
Maintenance cost ($/km) 0.20 0.20 0.20 0.20 - -
Energy intensity (MJ/km) 11.08 9.82 7.73 6.65 - -
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For passenger vehicles, the TCO of H2-FCEVs is higher than BEVs largely due to higher capital
cost of these vehicles. The decline in capital costs rapidly decreases the TCO of both H>-FCEVs
and BEVs by 2050. The difference in the TCO of these vehicles also decreases as they reach cost
parity; this difference is driven by the greater decline in the capital cost of H>-FCEVs. Hydrogen
delivery and refuelling infrastructure is currently very limited and comparatively have higher costs
than electricity transmission and recharging. The decline in the delivery and refuelling/recharging
infrastructure cost for both H>-FCEVs and BEVs due to economies of scale also declines the TCO

of these vehicles.
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Figure 2.2: The total cost of operation for passenger sector.
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The ownership cost of the Ho-FCEV urban transit was found to be $8.48/km in 2021 and to decline
to $4.26/km in 2050. The ownership cost of BEV urban transit is $5.87/km and $3.75/km in 2021
and 2050. The ownership cost of a H>-FCEV school bus was found to be $14.21/km in 2021 and
will decline to $7.28/km in 2050. The ownership cost of a BEV school bus was found to be
$10.58/km and $6.76/km in 2021 and 2050. The ownership cost of a H>-FCEV intercity bus was
found to be $9.66/km in 2021 and to decline to $5.06/km in 2050. The ownership cost of a BEV

intercity bus was found to be $6.79/km and $4.37/km in 2021 and 2050.

For buses, due to higher capital cost, H>-FCEVs have higher TCO than BEVs, both of which
decline over the study period. However, the difference in the capital cost of H>-FCEVs and BEVs
is less than that in the passenger vehicles. Higher delivery and infrastructure cost for H>-FCEVs
than transmission and recharging cost for BEVs increases the difference in TCO of these vehicles.
The higher maintenance cost of H>-FCEV buses also increases the TCO of these vehicles. These
costs are expected to decline with the advancement of technology but remain higher than BEV

buses.

The ownership cost of a H>-FCEV light-duty fright truck is $3.49/km and $1.81/km in 2021 and
2050. The ownership cost of a BEV light-duty fright truck is $2.65/km and $1.86/km in 2021 and
2050. The ownership cost of a H>-FCEV medium-duty freight truck was found to be $2.78/km in
2021 and decline to $1.70/km in 2050. The ownership cost of a BEV medium-duty freight truck
was found to be $1.89/km and $1.37/km in 2021 and 2050. The ownership cost of a H>-FCEV
heavy-duty freight truck was found to be $2.37/km in 2021; the International Energy Agency [108]
gives a comparable value ($2.23/km). In 2050, the cost will decline to $1.08/km; a comparable
value of $1.62/km is provided by the International Energy Agency [108]. The ownership cost of a

BEV heavy-duty freight truck was found to be $1.24/km and $0.91/km in 2021 and 2050.
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Comparable values of $1.53/km and $1.26/km in 2021 and 2050 are given by the International

Energy Agency [108].
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Figure 2.3: The total cost of ownership for bus and freight sectors.



For freight vehicles, The TCO of H>-FCEVs is higher than BEVs due to higher capital cost and
hydrogen delivery and refuelling cost. The capital cost of H>-FCEVs, although currently higher
than BEVs, is expected to reach parity with BEVs in 2030s. This declines the TCO of H>-FCEVs
by 2050. The delivery and infrastructure cost for H>-FCEVs is higher than transmission and
recharging costs for BEVs; which along with the activity and energy consumption of H,-FCEVs
increases the difference in the TCO of these vehicles. All these costs are expected to decline by

2050, but the TCO of H2-FCEVs remains higher than that of BEVs.

2.2.2. Market shares

2.2.2.1. Market shares in different scenarios

Figure 2.4 to Figure 2.6 shows the market share of the different fuel technology vehicles in
different sectors. The REF scenario charts show the baseline results. A “no carbon price” policy is
assumed for the reference scenario. BEVs and H>-FCEVs are introduced into the fleet in 2023 and
2026, respectively. H>-FCEV and BEV shares of passenger vehicles are 2% and 15%, respectively,
by 2030. The H»-FCEV share reaches 16% by 2050; the BEV has a larger share (31%) by 2050.
H»>-FCEV buses have a share of 4% by 2030 that increases to 23% by 2050. BEVs grow from 13%
in 2030 to 27% by 2050. H>-FCEV freight trucks have a share of 6% in 2030 that increases to 27%
by 2050. BEVs have a share of 22% in 2030 and grow to 36% by 2050. As the share of ZEVs
increases, ICEVs decrease to 24%, 30%, and 37% in the passenger vehicle, bus, and freight
categories, respectively, by 2050. The shares of other fuel technologies are limited as the ZEV

becomes economical in the later years.

Figure 2.4 shows the market share in carbon price scenarios. The increase in carbon price increases

the shares of H>-FCEVs and BEVs. This is because as the carbon price increases, the total cost of
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ownership of conventional and hybrid fuel technology vehicles experience a greater increase
compared to H>-FCEVs and BEVs. As a result, H>-FCEVs and BEVs become more competitive,
leading to a higher market share of these vehicles. The TCO of ICEVs, PHEVs, and HEVs
increases at a greater rate because carbon price increases the direct carbon cost for these vehicles
due to tailpipe emissions along with the increase in fuel production and delivery costs. In H»-
FCEVs and BEVs, the increase is seen solely due to an increase in the cost of fuel production and
delivery processes. At a $50/t carbon price, H>-FCEVs increase by 3.2%, 3.3%, and 2.4% from
the baseline in the passenger vehicle, bus, and freight categories by 2030. The H»-FCEV growth
rate slackens because the ownership cost of BEVs is lower; the increase in shares due to carbon
price are 2.3%, 2.4% and 1.7%, respectively, by 2050. The impact of the carbon price on BEVs is
comparatively lower; vehicle shares increase by 1.8%, 2.1% and 1.2% by 2050. At a $170/t carbon
price, the growth rate has the same trend. The H2-FCEV shares increase by 7.5%, 8.4%, and 5.2%
from the baseline by 2030 and decline slightly to 6.0%, 6.8%, and 4.4% by 2050. BEV shares
increase by 6.2%, 6.5%, and 3.1% by 2030 and 6.0%, 6.7%, and 4.6% by 2050. At a $350/t carbon
price, H>-FCEV shares increase by 14.2%, 16.3%, and 9.3% from the baseline compared to BEVs,
which increase by 12.5%, 13.0%, and 7.0% in the passenger vehicle, bus, and freight categories
by 2030. Post 2030, H>-FCEVs grow at a lower rate than BEVs and increase by 11.4%, 13.1%,

and 7.9%, whereas BEVs increase by 12.5%, 13.7%, and 10.1% by 2050.

The results show that BEV and H>-FCEV passenger vehicle shares increase to 35% and 18% by
2050 with the increase in carbon price from $0/t to $350/t. Plug-in hybrid and hybrid vehicle shares
decline with the increase in carbon price and have shares of 13% and 14% by 2050; ICEVs make
up a 20% share by 2050 at a $350/t carbon price. BEV and H>-FCEV buses increase to 30% and

26% by 2050 at a $350/t carbon price. CNGVs and ICEVs have shares of 15% and 29% by 2050.
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In freight, BEV and H>-FCEV shares increase to 40% and 29% with only a 31% share remaining

of ICEVs by 2050 at a $350/t carbon price.

Figure 2.5 shows the market share in incentivization and current policy scenarios. The impact of
incentivization by considering rebates on the capital cost of the vehicles as incentives for ZEVs,
thereby decreasing the TCO of these vehicles, resulting in an increase in the market share.
Incentives of 10% for BEVs and H>-FCEVs and 5% for PHEVs, HEVs, and CNGVs were
considered. The results show increases of 10.8% and 6.8% in BEV and Hx-FCEV passenger
vehicles by 2050. In buses, increases of 12.7% and 9.0% are seen and in freight vehicles, 8.4%

and 6.1% by 2050.

The shares of BEV and H;-FCEV passenger vehicles reach 35% and 17% by 2050 in an
incentivized scenario at the same carbon price. BEV and H2-FCEV buses reach shares of 30% and

25% by 2050 and freight, shares of 39% and 29% by 2050.

A current policy scenario is considered with a $170/t carbon price and 100% sales of ZEV
passenger vehicles after 2035. ICEVs remaining after 2035 retire at the end of their lifetimes. The
results show increases of 7.5% and 6.2% in H>-FCEV and BEV passenger vehicles from the
baseline by 2030. This is because of the increase in carbon price from $0/t to $170/t, which leads
to an increase in the market share of H-FCEVs and BEVs. By 2050, shares of other fuel
technologies are zero and shares of H>-FCEVs and BEVs increase by 125.7% and 102.7% from
the baseline and make up 36% and 64% of the shares, respectively. In buses, the shares increase
by 6.8% and 6.7% for H>-FCEVs and BEVs, whereas in freight the shares increase by 4.4% and

4.6%, respectively, by 2050.
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Figure 2.6 shows the market share in ZEV+ scenarios. The ZEV sales policy is extended to all the
sectors and the results show that BEVs will have a higher share than H>-FCEVs by 2050 in all
categories because of lower TCO of these vehicles. By 2050, H>-FCEV shares increase to 36%,
47%, and 41% in the passenger, bus, and freight categories. The BEV shares will be 64%, 53%,

and 59%, respectively.

The ZEV sales policy was modified to consider electric and hydrogen bias scenarios in which
BEVs and H>-FCEVs are incentivized by 30% across the road transport sector. In the ZEV+EV
scenario, capital cost of EVs declines by 30% that decreases the TCO of BEVs. Due to cost
competitiveness, the shares of H>-FCEVs increase by 22.8% and 8.5% in the passenger and bus
categories and decrease by 8.5% in the freight category from the baseline by 2050. On the other
hand, shares of BEVs increase by 156%, 181%, and 109%, respectively, by 2050. Shares of H»-
FCEV and BEV passenger vehicles increase to 20% and 80%; bus shares to 25% and 75%; and
freight shares to 25% and 75%, respectively, by 2050. In the ZEV+H; scenario, the capital cost of
H>-FCEVs declines by 30%, and decreases the TCO of Hz-FCEVs, resulting in an increased
market share. In this scenario, BEV shares increase by 51.2%, 78.4%, and 15.8% in the passenger,
bus, and freight categories by 2050. H>-FCEV shares increase by 226.0%, 126.8%, and 116.4%,
respectively, by 2050. The shares of H>-FCEV and BEV passenger vehicles and buses increase to

53% and 47% in both categories and freight to 58% and 42% by 2050.
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Figure 2.4: REF shows market shares in a “no carbon price” scenario.
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CP50 shows market shares

in a $50/t carbon price scenario

wherein the applied carbon price is $40/t in 2022, $50/t in 2023, and increases with inflation beyond 2023. CP170 shows market shares
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in a $170/t carbon price scenario wherein the applied carbon price is $40/t in 2021, $50/t in 2022, increases linearly to $170/t by 2030,
and increases with inflation beyond 2030. CP350 shows market shares in a $350/t carbon price scenario wherein the applied carbon

price is $40/t in 2021, $50/t in 2022, increases linearly to $350/t by 2030, and increases with inflation beyond 2030.
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Figure 2.5: INC shows market shares in a “no carbon price and incentivized” scenario wherein low-carbon vehicles are incentivized for
all the sectors. Incentives of 10% for ZEV and 5% for HEV, PHEV and CNGV were assumed. CP shows market shares in the current
policy scenario wherein the applied carbon price policy is $170/t along with the ZEV sales policy that mandates that all passenger
vehicles be zero-emission by 2035. After 2035, battery electric and H>-FCEVs are added to the fleet and existing vehicles will retire

after their lifetime.
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Figure 2.6: ZEV+ shows market shares in a “no carbon price” environment with a ZEV policy applied to all the categories. ZEV+EV
shows market shares in a “no carbon price” environment with a ZEV policy applied to all the categories combined with a 30% incentive
on capital cost for BEVs. ZEV+H; shows the market share in a “no carbon price” environment with a ZEV policy applied to all the

categories combined with a 30% incentive on capital cost for H,-FCEVs.
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2.2.2.2. Market shares of passenger vehicles

Figure 2.7 shows the market shares of light-duty passenger cars, light-duty passenger SUVs, light-
duty passenger vans, and light-duty passenger trucks for REF, CP, and INC scenarios. The TCO
of H2>-FCEVs will consistently remain higher than that of BEVs, and therefore, the market share
of H>-FCEVs will always be higher than BEV in all categories and scenarios. In the REF scenario,
shares of H>-FCEV and BEV passenger cars are found to be 17% and 24% by 2050. Low-carbon
technology options like PHEVs and HEVs are found to have lower TCO than H>-FCEVs and
BEVs. Due to cost competitiveness, they will have significant shares, PHEVs and HEVs have
shares of 19% and 21% by 2050. The H2-FCEV and BEV SUVs have shares of 20% and 23% by
2050. The shares of BEV vans and passenger trucks are 53% and 52%; while the shares of H»-
FCEV vans and passenger trucks are 11% by 2050. G-ICEVs will still have a considerable share

in all categories of passenger vehicles.

In the CP scenario, H>-FCEV and BEV passenger cars have shares of 41% and 59% by 2050. All
other fuel technology vehicles have phased out and all new vehicle sales post 2035 are of ZEVs.
SUVs have relatively similar shares (47% H2-FCEVs and 53% BEVs) by 2050. By 2050, BEV
vans and passenger trucks have the same shares of 17% and H>-FCEV vans and passenger trucks

have shares of 83% by 2050.

In the CP scenario, shares of both H>-FCEVs and BEVs increase by 2.5 in passenger cars and 2.3
times in SUVs from the REF scenario by 2050. This is because of the combined influence of $170/t
carbon price and ZEV sales mandate after 2035. In vans, H>-FCEVs increase by 1.5 times and
BEVs increase by 1.6 times from the REF scenario by 2050. In passenger trucks, both H>-FCEVs

and BEVs increase by 1.6 times from the REF scenario by 2050.
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In the INC scenario, H>-FCEV and BEV passenger cars have shares of 18% and 26% by 2050.
Similarly, H>-FCEV and BEV SUVs have shares of 22% and 26% by 2050. The shares of G-
ICEVs are found to be 16% and 18% in passenger cars and SUVs by 2050. H>-FCEVs have shares
of 11% in vans and passenger trucks, while BEVs have shares of 59% and 57% in vans and trucks

by 2050.

In the INC scenario, incentives for the H>-FCEVs and BEVs increase the cost competitiveness of
these vehicles, therefore, increasing their share. The shares of H>-FCEVs and BEVs increase by
1.08 and 1.12 times from the REF scenario in passenger cars by 2050. In SUVs, the shares increase
by 1.09 and 1.10 times for H>-FCEVs and BEVs by 2050. The increase in the shares of H>-FCEVs
from the REF scenario is found to be insignificantly small (less than 1%) for both vans and
passenger trucks by 2050 while the BEV shares increase by 1.10 and 1.11 times from the REF

scenario by 2050. This is due to the cost competitiveness of BEVs in these categories.

2.2.2.3. Market shares of buses

Figure 2.8 shows the market shares of urban transit, school, and intercity buses for REF, CP, and
INC scenarios. In the REF scenario, H>-FCEV and BEV urban transit buses have shares of 23%
and 29% by 2050. D-ICEVs have lower TCO and therefore, still have a considerable share (26%)
in the REF scenario. In school buses, the shares of H,-FCEVs and BEVs are found to be 24% and
25% by 2050. Comparatively, shares of H>-FCEVs are slightly less than urban transit and school
buses because the other fuel technology vehicles in intercity buses demonstrate greater cost
competitiveness than H>-FCEVs. The H2-FCEV and BEV intercity buses have shares of 20% and

27% by 2050.
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In the CP scenario, H>-FCEVs have the same share of 25% for urban transit and school buses by
2050. BEV urban transit buses have a share of 32% and BEV school buses have a share of 26%

by 2050. Intercity buses have shares of 22% and 29% for H>-FCEVs and BEVs by 2050.

In the CP scenario, shares of both H>-FCEVs and BEVs increase by 1.1 in urban transit buses and
1.05 times in school buses from the REF scenario by 2050. In intercity buses, the shares increase
by 6% for both H>-FCEVs and BEVs by 2050. This is because of increase in carbon price from
$0/t to $170/t in CP scenario, which leads to an increase in TCO of ICEVs, and makes H>-FCEVs

more economically competitive.

In the INC scenario, H>-FCEV and BEV urban transit buses have shares of 25% and 32% by 2050.
By 2050, the shares of H>-FCEV and BEV school buses are found to be 26% and 28% whereas

the shares of H,-FCEV and BEV intercity buses are found to be 23% and 31%, respectively.

In the INC scenario, incentives provided in the form of rebates for the capital cost of vehicles,
decline the TCO of H>-FCEVs and BEVs, consequently leading to an increase in their market
share. H>-FCEV shares increase by 1.07 times and BEV shares increase by 1.12 times from the
REF scenario for urban transit buses by 2050. In school buses, the shares increase by 1.1 and 1.13
times for H>-FCEVs. and BEVs by 2050. And in intercity buses, the shares increase by 1.11 and

1.16 times for H,-FCEVs. and BEVs by 2050.

2.2.2.4. Market shares of and freight vehicles

Figure 2.9 shows the market shares of light-duty, medium-duty, and heavy-duty freight trucks. In
the REF scenario, the shares of H>-FCEV and BEV light-duty freight trucks are found to be 35%
and 39% by 2050. The higher annual activity of freight trucks decreases the relative difference in
the TCO of different fuel technology vehicles in the freight category. This thus increases the share
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of H>-FCEVs and BEVs in freight vehicles. The H>-FCEV and BEV medium-duty freight trucks
have shares of 15% and 30% whereas H>-FCEV and BEV heavy-duty freight trucks have shares

of 20% and 43% by 2050.

In the CP scenario, shares of H>-FCEV and BEV light-duty freight trucks are found to be 36% and
39% by 2050. The shares of medium-duty freight trucks are 17% and 33% and the shares of heavy-

duty freight trucks are 23% and 48% for H>-FCEVs and BEVs by 2050.

In the CP scenario, shares of both H>-FCEV and BEV light-duty freight trucks increase by 1.02
times from the REF scenario by 2050. Similarly, from the REF scenario, the shares of H>-FCEV
and BEV medium-duty freight trucks increase by 1.1 and 1.09 times and the shares of H>-FCEV
and BEV heavy-duty freight trucks increase by 1.16 and 1.12 times by 2050. This is solely because

of the increase in carbon price from $0/t to $170/t.

In the INC scenario, H>-FCEV and BEV light-duty freight trucks have shares of 37% and 41% by
2050. The shares of H>-FCEV medium-duty and heavy-duty freight trucks are found to be 17%
and 20% and the shares of BEV medium-duty and heavy-duty freight trucks are found to be 34%

and 46%, respectively, by 2050.

In the INC scenario, the shares of both H>-FCEV and BEV light-duty freight trucks increase by
1.02 times from the REF scenario by 2050. The shares of H>-FCEV and BEV medium-duty freight
trucks increase by 1.1 and 1.09 times and the shares of Ho>-FCEV and BEV heavy-duty freight
trucks increase by 1.16 and 1.12 times from the REF scenario by 2050. This is because of 10%
incentives for H>-FCEVs and BEVs that decrease the TCO of these vehicles, consequently

increasing the market share.
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Figure 2.7: Market shares of light-duty passenger car, light-duty passenger SUV,

truck for REF, CP, and INC scenarios.
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Figure 2.8: Market shares of urban transit, school bus, and intercity bus for REF,
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Figure 2.9: Market shares of light-duty freight, medium-duty freight and heavy freight for REF, CP, and INC scenarios.
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3. Development of LEAP Model for Transport Sector and System-Wide Energy and GHG

Emissions?

LEAP is an energy-environment modelling tool developed by the Stockholm Environment
Institute (SEI) [109]. LEAP was chosen because it allows the user to model integrated energy
systems from the bottom-up and has a built-in scenario analysis capability. The work done for this
study is an extension of a previously developed LEAP model of Canada (LEAP-Canada) [26, 61,
110]. New transport demand module and associated energy supply systems were developed for
this study. The road transport module (Chapter 2) was implemented in LEAP-Canada’s demand
module. The energy supply modules (Chapter 3) were implemented in LEAP-Canada’s
transformation module. The IPCC’s Fifth Assessment Tier 1 emission factors were applied to the
consumption of energy in the LEAP-Canada model [111]. The time scale is 1990-2050, with 1990-
2018 as the model validation period and 2019-2050 as the projection period for scenario analysis.
Nine scenarios were developed to investigate the effect of carbon prices, zero-emission vehicle
mandates, and financial incentives on vehicle costs and market shares, energy use, and GHG

emissions to 2050; these scenarios are described in Section 3.5 of this chapter.

The energy supply modules consider the energy and emissions associated with the upstream
processes required to supply each fuel. A detailed description of the supply chain modelling of the

fuels is described in Sections 3.1-3.4 of this chapter.

3 A version of this chapter is to be published as Haider M, Davis M, and Kumar A, “Development
of a framework to assess the greenhouse gas mitigation potential from the adoption of low-carbon

road vehicles in a hydrocarbon rich region.”
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3.1. Hydrogen energy supply chain modelling

Figure 3.1 shows the framework developed for the hydrogen supply chain. Hydrogen production
was assumed to be from SMR-85%-CCS, an established technology, until 2030 and from ATR
with 91% CCS from 2030 to 2050, allowing time for the commercial scale-up of ATR-CCS. The
hydrogen production module was modelled in one of our previous studies, where all the input data

and assumptions can be found [60].
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Figure 3.1: Hydrogen energy supply framework.

Table 3.1 shows the inputs used to model hydrogen delivery and refuelling. Hydrogen
transportation from the production site to refuelling stations is assumed to be with 100% high-
pressure tube-trailer transportation in 2020 and to transition linearly to 100% pipeline delivery by
2050 at an average distance of 100 km. Yang and Ogden [112] shows that pipeline delivery is a
more cost-effective and less GHG-intensive mode for transporting larger amounts of hydrogen.

The tube-trailer delivery cost was modelled using the HDSAM, a bottom-up model that focuses
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on the delivery and refuelling of hydrogen [113]. HDSAM inputs were modified to use Alberta-
specific values for population, geographical area, total stock, and annual activity of delivery trucks.
Population data is from the CER [64]. The urban scenario was used with a 50% hydrogen vehicle
market. Hydrogen is dispensed using the 70 MPa dispenser and a high production volume was
selected for the cost estimates. HDSAM provides the costs in 2016 USD, therefore the costs are
converted to 2020 CAD at a conversion rate of 1.3 CAD/USD and inflation of 2.15%. All the other
inputs use default HDSAM values. The delivery cost is assumed to be $2.67/kg in 2020 and
$0.14/kg in 2050; our value is considered from similar values that were found in other studies

[114, 115]. The resulting delivered costs are in Table 3.2.

Table 3.1: Input data for hydrogen refuelling stations and delivery

Refuelling and delivery inputs 2020 2050 unit
Tube-trailer hydrogen delivery cost 2.67 2.67 $/kg

Fuel delivery energy consumption (diesel) 0.027  0.006  MJ/km
Pipeline hydrogen delivery cost 0.14 0.14 $/kg
Refuelling station capital cost 8.15 2.72 $/kg
Refuelling station operating cost (non-energy) 0.05 0.019  $/MJ
Refuelling station operating energy (electricity) 0.10 0.10 MIJ/MJ H»

The refuelling station capacity is assumed to be 200 kg/day in 2020 and increases to 1,000 kg/day
by 2050. The capital cost of the hydrogen refuelling station is assumed to be $8.15/kg of Ha
delivered for 2020 and decline to $2.72/kg in 2050; it is approximated from similar values found

in other studies [116, 117]. The operating cost of the hydrogen refuelling station is assumed to be

51



$0.05/MJ in 2050 and decline to $0.019/MJ in 2050; several studies have provided similar values

[114, 116-118]; the values provided by these are used to approximate value for this study.

Table 3.2: Endogenous hydrogen supply costs ($/GJLuv)

Hydrogen production Total cost
Year CP0! CP50%2 CP170° CP350* DC RC CP0' CP50> CP170° CP350*
2020 (SMR85%CCS) 19 20 22 25 20 118 157 158 160 163
2025 (SMR85%CCS) 19 20 22 25 17 105 141 142 144 147
2030 (ATR91%CCS) 16 17 18 19 14 92 122 123 124 125
2035 (ATR91%CCS) 16 17 18 19 11 80 106 107 108 109
2040 (ATR91%CCS) 16 17 18 19 7 67 90 91 92 93
2045 (ATR919%CCS) 16 17 18 19 4 54 75 76 77 78
2050 (ATR91%CCS) 16 17 18 19 1 42 59 60 61 62

! Carbon price policy of $0/t

2 Carbon price policy of $40/t in 2021 and $50/t from 2022 to 2050
3 Carbon price policy of $40/t in 2021, $50/t in 2022, rising linearly to $170/t by 2030, then increasing with inflation
4 Carbon price policy of $40/t in 2021, $50/t in 2022, rising linearly to $350/t by 2030, then increasing with inflation
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3.2.  Electricity energy supply chain modelling
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Figure 3.2: Electrical energy supply framework.

Figure 3.2 shows the framework developed for the electricity supply chain. The electricity supply
modules comprise the electricity generation module, electricity transmission and distribution
module, and charging modules. The electricity generation module was developed in previous work

by Davis et al. [61]; it is a detailed representation of Alberta’s electricity sector.

For the present study, the electricity generation module is modified. This study uses the business-
as-usual (BAU) scenario from Davis et al. [61] with the wind maximum annual capacity additions
changed to 1,000 MW for CP0 and 4000 MW for CP50, CP170, and CP350. The model is solved
using the Next Energy Modelling system for Optimization (NEMO) (version 1.9.0) [119] and
CPLEX solver (version 20.1.0) [120]. The transmission cost of electricity is assumed to be
$0.011/MJ and losses to be 8.7%. The cost value is from the Alberta Electric System Operator

[121]. The inputs for modelling electricity transmission, distribution, and recharging are given in

Table 3.3.
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Table 3.3: Input data for battery charging and electricity transmission and distribution

Recharging and transmission and distribution inputs 2020 2050 unit
Recharging station capital costs H* 0.025 0.013 $/MJ
W’ 0.040 0.020 $/MJ

DCFC” 0.050 0.025 $/MJ

Recharging station operating costs (non-energy) 0.01 0.01 $/MJ
Transmission and distribution costs 0.011 0.011 $/MJ
Losses 8.7 8.7 Percent

* (H) home charging; (W) work charging; (DCFC) Direct current fast charging/commercial charging station

Table 3.4: Endogenous electricity supply costs for mix charging ($/GJLuv)

Electricity production Total cost

Year CPO0O CPS0 CP170 CP350 TC RC CP0 CP50 CP170 CP350

2020 30 42 42 44 11 45 86 98 98 100

2025 40 53 58 67 11 42 93 106 111 120
2030 41 50 49 50 11 39 92 100 99 100
2035 41 48 48 49 11 36 88 95 95 97

2040 40 46 47 49 11 33 85 90 92 93

2045 40 44 46 48 11 30 81 85 88 89

2050 40 43 45 47 11 28 78 82 84 85
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The electricity prices were taken considering 50% residential and 50% commercial sector prices
for passenger transport. For battery charging, passenger car transport is assumed to have 50%,
25%, and 25% charging at home, work, and commercial charging stations, respectively. The
electricity prices were taken considering the commercial sector prices for bus and freight transport.
For electric freight and bus transport, DC fast charge is considered at commercial charging
stations. Commercial charging station costs decline over time as the availability of charging
stations increases. The delivered costs for mixed charging are given in Table 3.4 and commercial

charging in Table 3.5.

The capital costs of electric recharging stations are assumed to be $0.025/MJ, $0.04/MJ, and
$0.05/M1J for home, work, and commercial charging stations for 2020. A range of $0.023-$0.041
per MJ was found in several studies [122-124] and used to approximate the values for this study.

The capital costs are assumed to decline to $0.013/MJ, $0.02/MJ, and $0.025/MJ by 2050.

Table 3.5: Endogenous electricity supply costs for commercial charging ($/GJLuv)

Electricity production Total cost

Year CPO0O CPS0 CP170 CP350 TC RC CP0 CP50 CP170 CP350

2020 24 34 35 36 11 60 95 105 106 107
2025 32 43 48 54 11 56 99 110 114 121
2030 34 41 40 41 11 52 96 104 103 104

2035 33 39 39 40 11 48 92 97 98 99

2040 33 38 39 40 11 43 87 92 93 94
2045 32 36 38 39 11 39 83 86 88 89
2050 32 35 37 38 11 35 78 81 83 84
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The operating cost of an electric charging station is assumed to be $0.01/MJ. It is considered based
on a similar value found in a National Renewable Energy Laboratory study [117]. The transmission
and distribution cost is assumed to be $0.011/MJ. Rahman et al. [125] provide a value of $0.09/MJ.
The levelized cost of charging when the electricity grid is supplied with hydro and wind energy

was found to be $0.31/MJ and $1.55/M7J [126].

3.3.  Natural gas energy supply chain modelling

Figure 3.3 shows the framework for the natural gas supply chain. The natural gas supply module
comprises the natural gas generation module, natural gas distribution module, and recharging
station module. The inputs for modelling natural gas delivery and refuelling are given in Table 3.6.
The natural gas prices are taken considering the commercial sector prices. The CER provides
annual end-use prices projected up to 2050 [64]. Natural gas station refuelling costs for CNGVs

were added considering large-scale station costing.
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Figure 3.3: Natural gas energy supply framework.
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Table 3.6: Input data for natural gas refuelling station and delivery

Refuelling and delivery inputs 2020 2050 unit
Refuelling station costs (non-energy) 26 26 $/GJ
Refuelling station operating energy (electricity) 0.10 0.10 MI/MJ
Fuel delivery energy (diesel) 0.0025 0.0022 MI/MJ

The capital cost of natural gas refuelling stations is assumed to be $26 per GJ of natural gas

delivered. It is assumed from a similar value reported by the US Department of Energy [127].

The delivered costs are given in Table 3.7.

Table 3.7: Endogenous natural gas supply costs ($/GJLav)

Natural gas production Total cost
Year CPO CP170  CP350 RC CP0 CP50 CP170 CP350
2020 4 6 6 26 30 32 32 32
2025 5 10 15 26 31 34 37 41
2030 5 14 24 26 31 35 41 50
2035 5 14 24 26 31 34 41 50
2040 5 14 24 26 31 34 41 50
2045 5 14 24 26 31 34 41 50
2050 5 14 24 26 31 34 40 50
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3.4. Gasoline and diesel energy supply chain modelling

Figure 3.4 shows the framework for the gasoline and diesel supply chain. The gasoline and diesel
modules include crude oil extraction, bitumen extraction, bitumen upgrading, petroleum refining,
and delivery and refuelling. The inputs used to model gasoline and diesel are given in Talaei et al.
[62]. For the present study, the modules were modified to include the delivery and refuelling of
gasoline and diesel. The inputs are provided in Table 3.8. The CER provides annual end-use prices
projected up to 2050 [64]. The gasoline prices used for the transport sector are $27.73/GJ and
$30.74/GJ for 2020 and 2050. The diesel prices used are $27.84/GJ and $31.53/GJ for 2020 and
2050. The delivered costs of gasoline and diesel are given in Table 3.9 and the inputs for modelling

gasoline, diesel and biofuels are given in Table 3.10.

Table 3.8: Input data for gasoline and diesel refuelling station and delivery

Refuelling and delivery energy 2020 2050 unit
Gasoline

Refuelling station operating energy (electricity) 0.025 0.025 MI/MJ
Fuel delivery energy (diesel) 0.0013 0.0011 MIJ/MJ
Diesel

Refuelling station operating energy (electricity) 0.025 0.025 MI/MJ
Fuel delivery energy (diesel) 0.0012 0.0010 MI/MJ
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Table 3.9: Endogenous gasoline and diesel supply costs ($/GJLuv)

Year Total cost* Total cost”
Gasoline Diesel
CP0 CP50 CP170 CP350 CPO CP50 CP170 CP350

2020 28 31 31 31 28 31 31 31
2025 35 40 44 49 36 40 44 50
2030 35 39 48 62 35 40 49 63
2035 34 38 47 61 34 39 47 61
2040 33 37 46 60 33 38 46 60
2045 32 36 45 59 32 37 46 60
2050 31 35 44 58 32 36 45 59

* Includes refuelling and delivery costs
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Figure 3.4: Gasoline and diesel energy supply framework.

60



Table 3.10: The input data for conventional fuels and biofuels production

Process

. Auxiliary fuel use (GJ Emission Emission factor (g
Fuel Processes effi(co;e; y fuel/GJ production) Output fuel source COz2e¢/MJ/Source)
(1]

Wheat grain

harvest and 100 Diesel 6.13E-04  Wheat

transport

. Electricity 6.12E-04 .. All auxiliary EFs are from

Ethanol Con}:/ers1lon 20 Ethanol Auxiliary IPCC 2014 111]

to ethano Natural gas 3.85E-01

Transport Diesel 8.04E-04  Ethanol

and delivery

Canola 31
Biodiesel conversionto 100 - Biodiesel

biodiesel Heaps 2022 [109]
Natural Production

asu and 99.34 Natural gas 9.34E-02  Natural gas

g processing

In situ . 100 Bitumen Fugitive  25.68

. extraction
Gasoline
/Diesel Electricity 8.79E-03
Auxiliary
Natural gas 1.43E-01
Diesel 5.29E-04
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Process
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Heavy crude
oil
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3.5. Scenario analysis

A reference scenario and eight alternative scenarios were assessed and compared; they are listed
in Table 3.11. The reference scenario (REF) serves as a baseline to compare the scenarios.
Alternative scenarios allow us to investigate the impacts of carbon price and ZEV policies. For
carbon price policies, a wide range of carbon prices is considered, since applied carbon prices can
vary widely depending on the policy and jurisdiction. The four carbon price scenarios were
labelled CP0O, CP50, CP170, and CP350. The impacts of a ZEV sales policy and incentivization
were assessed based on current and proposed policies [128, 129]. A scenario examining the effect
of low-carbon vehicle incentives (INC) considers rebates on the purchase price of ZEV and hybrid
vehicles. A CP scenario replicates Canada’s current policy framework, which uses CP170 and a
mandate that all personal passenger vehicle sales starting in 2035 are ZEVs. The ZEV+ scenario
considers a policy mandate for ZEVs only by 2035 across all sectors. The ZEV+EV and ZEV+H»

combine the ZEV+ with a 30% purchase rebate incentive for BEVs and H2-FCEVs.

Table 3.11: Scenario descriptions

Scenario name Description

CPO (REF) The reference scenario, no carbon price policy.

CP50 Carbon price policy: $40/t in 2022, $50/t in 2023, then increases with
inflation beyond 2023.

CP170 Carbon price policy: $40/t in 2021, $50/t in 2022, increases linearly to
$170/t by 2030, then increases with inflation.

CP350 Carbon price policy: $40/t in 2021, $50/t in 2022, increases linearly to
$350/t by 2030, then increases with inflation.
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Scenario name

Description

CP

INC

ZEV—+

ZEV+EV

ZEV+H;

Current policy scenario includes a ZEV mandate policy for all personal
passenger vehicle sales to be ZEVs by 2035 and CP170.

10% and 5% purchase price rebate for ZEVs and hybrid vehicles,
respectively.

ZEV mandate policy for all vehicle sales to be ZEVs by 2035.

ZEV mandate policy for all vehicle sales to be ZEVs by 2035 combined
with 30% purchase price rebate for BEVs.

ZEV mandate policy for all vehicle sales to be ZEVs by 2035 combined
with 30% purchase price rebate for H>-FCEVs.

To analyze the scenarios, the market shares, annual final and primary energy use, annual GHG

emissions, and primary energy footprints and GHG footprints were calculated and compared.

LEAP’s energy analysis results were used to calculate the final and primary energy requirements

and associated GHG emissions for each scenario to develop the results shared in Section 3.7.1.

3.6.  Cost analysis

The social costs for all nine different scenarios were assessed and compared. Marginal cost of the

scenarios for the study period was calculated, to show the increase or decrease in the total cost

between 2020 and 2050 for decreasing one tonne of GHG emissions during the period. The GHG

mitigation cost (GM) was calculated by Equation 3.1 where SC is the scenario cost and SE is the

scenario emissions of the scenario (s).

GM,

_ 85Cs2050 — SCs2020 SES Equation 3.1

SES,ZOSO - SES,ZOZO
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The scenario costs include all the costs for the road transportation sector in the particular scenario.
It includes the capital costs, maintenance costs, and fuel costs of all the vehicles in the road
transportation sector. The fuel costs include the costs of fuel production, delivery,
refuelling/recharging, and carbon costs. These costs are calculated by Equation 3.2 based on
capital cost (€CC), maintenance cost (MC), fuel cost (FC), of the vehicles and the total number of

vehicles (V). The fuel cost is calculated using Equation 2.6 and Equation 2.7.

ZC'X ceCtLET, Equation 3.2
SCs,t = [CCc,t,x,s + MCc,t,x,s + FCc,t,x,s] *V
cx

xXEX,SES

The scenario emissions include the emissions from the demand and transformations. The demand
emissions are direct tailpipe emissions from the vehicles and the transformation emissions include

the upstream processes emissions from fuel production, delivery and recharging/refuelling.
3.7.  Results and discussion

3.7.1. Energy and emission results

3.7.1.1. Energy and GHG emission projections

Figure 3.5 shows the energy and emissions for the reference scenario. The freight sector is the
largest contributor to emissions and energy demand; system-wide emissions from the sector are
66% in 2020 and 74% in 2050, and corresponding system-wide energy requirements are 67% and
74%. In the freight sector, heavy trucks contribute to ~30% of energy demand and emissions in
2020 and ~28% of energy and emissions in 2050. The freight sector accounts for 33% of the total
vehicles in road transport. But the sector’s energy demand is exceptionally high due to significant

annual activity and fuel consumption of the freight trucks. System-wide emissions from the

66



passenger sector decline from 30% in 2020 to 24% in 2050; corresponding system-wide energy
requirements are 31% in 2020 and 23% in 2050. In passenger vehicles, cars are the largest
contributor with ~11% of energy and emissions in 2020 and ~8% of energy and emissions in 2050.

Buses contribute to 2% of system-wide emissions and energy requirements in 2020 and 2050.

=900
v}

= 800
£ 700

50
Q

m Car Passenger Light Truck ® School ™ Urban Transit ®Intercity ® Light Truck W Medium Truck ® Heavy Truck ® Motorcycle

Figure 3.5: Energy demand (top left) and GHG emissions (top right) from the road transport sector,
and system-wide energy (bottom-left) and system-wide emissions (bottom-right) from the

transport sector for reference scenario in Alberta.

The passenger sector accounts for 67% of the total vehicles, but these vehicles are comparatively
more fuel efficient and have significantly lower annual activity than the freight sector, leading to

lower energy demand requirements as compared to the freight sector. A comparatively higher fuel
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consumption and vehicle activity is seen in the buses, but they account for only 0.7% of the total

vehicles and do not have a significant impact on the energy demand and GHG emissions.

Figure 3.6 and Figure 3.7 show the total and incremental energy and GHG emissions in the
different scenarios. The top left chart shows the energy demand from the road transport sector. In
the carbon price scenarios, the change in energy demand from the baseline was found to be no
more than 5.9% by 2050 when the carbon price increases from $0/t to $350/t. There is an 11%
increase in the shares of ZEVs with the increase in carbon price, and this does not change demand
significantly. However, emissions decrease by 22.5% as the carbon price increases from $0/t to
$350/t, as shown in the top right chart. The ZEVs are more fuel efficient as compared to
conventional and hybrid vehicles. Therefore, the adoption of ZEVs will lead to lower energy
demand and subsequently lower GHG emissions. In the incentivized scenario, energy demand
decreases by 3.3%; this corresponds to a 9% increase in ZEVs by 2050, which leads to a decline

in emissions by 10.4%.

In the CP scenario, energy demand decreases by 11.3%, corresponding to a 110.5% increase in
ZEV passenger vehicles and a 6.2% and 3.5% increase in ZEV buses and trucks. In this scenario,
ZEV sales mandate is applied to passenger vehicles which requires that all new vehicles must be
100% ZEVs, effectively phasing out other fuel technology vehicles after 2035. Since passenger
vehicle emissions are zero in 2050 due to 100% ZEVs, this further decreases the emissions by

38.1% by 2050.
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Figure 3.6: Energy demand (top left) and GHG emissions (top right) from the road transport sector,
and system-wide energy (bottom-left) and system-wide emissions (bottom-right) from the road

transport sector in Alberta.

In the ZEV policy scenarios, the greatest decline was found for ZEV+EV bias scenarios with a
36.1% decrease in demand followed by the ZEV+ scenario and ZEV+H; bias scenario with
declines of 26% and 16.1%, respectively, by 2050. BEVs are found to have lower energy intensity
than H»-FCEVs and therefore, in ZEV policy scenarios, ZEV+EV bias scenario will have the
lowest energy demand. The road transport sector emissions decrease by 99.3% and become

insignificant by 2045 in these scenarios because of the 100% transition to ZEVs by 2050.
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The bottom-left chart (in Figure 3.6 and Figure 3.7) shows the system-wide energy and the bottom-
right chart (in Figure 3.6 and Figure 3.7) shows the system-wide emissions for the different
scenarios. These are the energy and emissions associated with the upstream processes of resource
extraction, fuel processing, storage, delivery, and refuelling along with the vehicle use energy and
tailpipe emissions. The change in system-wide energy demand is greatest in the ZEV+EV bias
scenario with a decrease of 32.5% from the baseline by 2050. In this scenario, fuel technology
vehicles other than ZEVs have phased out by 2045 due to ZEV sales mandate policy in all sectors.
Therefore, this leads to a significant decline in the system-wide energy requirements. In the carbon
price scenarios, the change is no more than 12.5% from a carbon price of $0/t to $350/t. In the
incentivization scenario, the decrease in system-wide energy demand is 2.5% by 2050. This is
because in addition to in-use energy demand for vehicles, there is an increase in the natural gas
energy for hydrogen and electricity production in these scenarios. Moreover, despite the adoption
of ZEVs, a significant share of the road transport sector still comprises conventional and hybrid
vehicles, accounting for 47% of the total vehicles by 2050. This limits the decline in overall
system-wide energy demand in these scenarios, as these vehicles continue to rely on fossil fuels
and have higher energy requirements. The current policy has a greater impact on the system-wide
energy demand, which decreases by 13.4% by 2050. The ZEV sales mandate for passenger
vehicles increases the number of ZEVs, consequently increasing the demand for natural gas in the
hydrogen and electricity production. System-wide energy demand in the ZEV+ policy scenario
and the ZEV+H: bias scenario declines by 19.8% and 6.9% by 2050. In this study, hydrogen is
produced through SMR until 2030 and thereafter, through ATR until 2050. It is important to note
that these processes are more energy-intensive compared to electricity production. Therefore, in

ZEV+ and ZEV+H> scenarios, where H>-FCEVs have a considerable market share, the system-
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wide energy demand tends to increase compared to ZEV+EV scenario due to the higher energy

requirements associated with hydrogen production.
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Figure 3.7: Incremental energy demand (top left) and incremental GHG emissions (top right) from
the road transport sector, and incremental system-wide energy (bottom-left) and incremental

system-wide emissions (bottom-right) from the road transport sector in Alberta.

In the hydrogen production pathway scenarios, system-wide energy demand decreases by 8.3%
for ATR and increases by 3.0% for SMR-based hydrogen. In the carbon capture scenarios, energy

decreases by 6.9% in ATR-CCS-91%. In the SMR-CCS-52%, SMR-CCS-61%, and SMR-CCS -
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85% scenarios, system-wide energy demand increases by 15.9%, 19.0%, and 28.8% from the

reference scenario because of high natural gas consumption.

The upstream emissions need to be accounted for to better assess changes in emissions. In the
carbon price scenarios, emissions decline by 35.3% as the carbon price increases from $0/t to
$350/t by 2050. The adoption of ZEVs declines the system-wide emissions because both hydrogen
and electricity production have lower emission intensity compared to gasoline/diesel. Moreover,
as the electricity grid transition towards renewable energy sources, it further declines the system-
wide energy. In the incentivized scenario, system-wide emissions decrease by 6.3% as there is no
significant change in the market share of ZEVs compared to the REF scenario. In the CP scenario,
emissions decline by 37.7% because of the 100% transition of passenger vehicles to ZEVs by
2050. In the ZEV policy scenarios, the decrease is greatest in ZEV+EV followed by ZEV+ and
ZEV+H; scenarios. This is because electricity production is not only less energy-intensive but also
generates lower emissions compared to hydrogen production as it transitions to renewables by
2050. Emissions decrease by 67.3%, 65.8%, and 63.5%, respectively, by 2050 in these scenarios.
In the hydrogen production pathway scenarios, emissions decrease by 9.8% and 15.6% for SMR
and ATR, respectively. Carbon capture decreases emissions to a great extent in both hydrogen
production technologies. Emissions decrease by 31.3%, 41.6%, and 52.2%, corresponding to 52%,
61%, and 85% CCS in SMR. The ATR with 91% CCS decreases emissions by 63.5% compared

to the baseline.
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3.7.1.2.  Primary energy consumption by vehicle type

Figure 3.8 and Figure 3.9 show primary energy consumption for passenger cars and heavy freight

trucks. These categories were chosen for a comparative assessment because they have the highest

GHG emissions and energy demand.

Figure 3.8 shows primary energy consumption for passenger cars in Alberta in 2030, 2040, and
2050. It provides the input energy required by the fuel to drive a unit of km. It includes energy
from the upstream processes including resource extraction, conversion to fuel, and

delivery/transmission/distribution of the fuels. Values are given for the CP0, CP50, CP170, and

CP350 carbon pricing assumptions.
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Figure 3.8: Primary energy consumption for passenger cars in Alberta.

For BEV, energy consumption changes drastically year-to-year because of the transition of the

Alberta electricity grid from a fossil fuel-based system to a renewable-based system. BEV energy
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consumption is the lowest of all the fuel technologies (1.3 MJ/veh-km) in 2030 and increases to

1.7 MJ/veh-km in 2050.
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Figure 3.9: Primary energy consumption for heavy-duty freight trucks (class 8) in Alberta.

For H>-FCEVs, energy consumption is calculated based on different hydrogen production
pathways. SMR and ATR have been evaluated without and with carbon capture. H>-FCEV (SMR)
energy consumption was found to be 2.3 MJ/veh-km and 2.5 MJ/veh-km in 2030 and 2050,
respectively. Energy consumption increases with the amount of carbon capture due to increased
natural gas consumption; H>-FCEV (SMR 85%CCS) energy consumption was found to be 3.1
MJ/veh-km. Overall, energy consumption in all hydrogen production pathways is lower than ICEV

energy consumption at all carbon prices.

Figure 3.9 shows the primary energy consumption for heavy freight trucks (class 8) in Alberta for
2030,2040, and 2050. For BEVs, energy consumption changes drastically in the freight sector as
well. Energy consumption in BEVs was found to be 1.3 MJ/tonne-km and 1.1 MJ/veh-km in 2030

and 2050, respectively. H>-FCEVs (SMR) consume more energy than the ICEVs and the BEVs,
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2.9 MlJ/tonne-km and 2.8 MlJ/tonne-km in 2030 and 2050, respectively. Energy consumption
increases with an increase in the amount of carbon capture. Energy consumption in all hydrogen

production pathways was found to be higher than for the ICEV at all carbon prices.

3.7.1.3. GHG emission footprints by vehicle type

Figure 3.10 provides the system-wide GHG emission factors for passenger cars in Alberta between
2030 and 2050. These emission factors include the emissions from the full energy chain including
resource extraction, resource conversion to fuel, and fuel use in the vehicle. They do not include
emissions during vehicle manufacturing or scrappage/recycling. Values are given for the CPO,

CP50, CP170, and CP350 carbon pricing assumptions.

For BEVs, the emission factor changes the most drastically year-to-year and across the carbon
price assumptions. This is a result of the Alberta electricity grid transitioning from a predominantly
fossil fuel-based to a highly renewable-based system if the carbon price is sufficient. For CPO,
there are no significant reductions in the electricity grid emissions intensity past 2030 and so the
BEV emission factor only reduces slightly. For CP50, the electricity grid emission factor
undergoes a steady decline, resulting in the BEV emission factor becoming the lowest value of all
vehicle types in 2040 and continuing to decline by 2050. For CP170 and CP350, the BEV emission
factor is the lowest among the vehicle types (less than 1.8 g-COze/veh-km) by 2030 and beyond.
The emission factors for BEVs and H>-FCEVs (SMR) were found to be 44.6 g-CO»e/veh-km and
101.7 g-COze/veh-km, respectively, in 2030. He et al. [36] provide a comparable value of 104.6
g-COze/km for a Ho-FCEV. The relatively higher value of 112 gCOze/km was reported when

electricity was sourced 49% from coal.
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Figure 3.10: Alberta system-wide GHG emission factors for passenger cars in Alberta.

For H>-FCEVs, the emission factors were calculated based on different hydrogen production
pathways. SMR and ATR without and with carbon capture were evaluated as they were found to
be the most economical for substantial scale-up in Alberta in the near to medium term. ATR with
91% carbon capture has the lowest emission factor of all vehicles with CPO assumptions. For
CP50, ATR with 91% has the lowest emission factor until it is surpassed by the BEV in the mid-

2040s.

All cases with hydrogen have much more favourable emission factors than conventional gasoline
and diesel vehicles. Figure 3.11 shows the system-wide GHG emission factors for heavy freight
trucks (class 8) in Alberta between 2030 and 2050. The emission factors for BEVs and H,-FCEVs
(SMR) were found to be 53.3 g-COse/tonne-km and 119.4 g-COse/tonne-km, respectively, in

2030.
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Figure 3.11: Alberta system-wide GHG emission factors for heavy-duty freight trucks (class 8) in

Alberta.

The values are comparable to values found in the literature. Sacchi et al. [130] reported values of
70 g-COze/km for BEVs and 110 g-COze/km for H2-FCEVs in the European electricity mix. For
2050, the emission factors were found to be 43.1 g-COze/tonne-km and 114.8 g-COze/tonne-km
for BEVs and H>-FCEVs, respectively. Sacchi et al. [130] reported comparable values of 40 g-

COze/km and 60 g-COze/km for BEVs and H2-FCEVs, respectively.

3.7.2. Social costs

Figure 3.12 shows the incremental social cost for the transportation sector in different scenarios
compared to the reference scenario. For the baseline scenario, the social cost is found to be $88
billion in 2020 and to increase to $119 billion in 2050. This increase can be attributed to several
factors. Based on our study, it has been determined that the TCO for both H>-FCEVs and BEVs

will be higher than conventional vehicles in several categories of the road transport. The adoption
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of these vehicles will increase the social costs of the transport sector. Additionally, the fuel
production cost of hydrogen and electricity further contributes to the overall social cost. For the
carbon price scenarios, the cost increases by 11% if the carbon price increases to $350 per tonne
in 2050. As the carbon price increases, it increases the costs associated with the conventional fuel
production due to their energy-intensive processes that incur higher costs with increased carbon
pricing. Moreover, increased carbon price leads to an increase in the carbon costs associated with
tailpipe emissions. In the CP scenario, the cost increases by 0.5% in 2050, whereas in the INC
scenario, the cost decreases by 0.4% by 2050. For passenger vehicles, the TCO of BEVs becomes
comparable to that of ICEVs but remains higher for H>-FCEVs by 2050. As a result, increased
number of H>-FCEVs in the CP scenario leads to a slight increase in the social costs, attributable
to an increase in demand cost due to higher TCO of H»-FCEVs and higher upstream costs. In the
INC scenario, the growth in the number of BEVs is more than H>-FCEVs. Lower TCO of these
vehicles declines the social costs in this scenario. In the ZEV+ scenarios, the cost decreases by
0.7% in the ZEV+H> scenario followed by 1.9% in the ZEV+ scenario and 3.1% in the ZEV+EV
scenario in 2050. In these scenarios, all fuel technology vehicles other than ZEVs have phased out
by 2045. The TCO of BEVs becomes lower than that of ICEVs for almost all categories of road
transport while the TCO of H2>-FCEVs becomes comparable to that of ICEVs by 2050. This leads
to decline in demand costs in these scenarios, and further reduces upstream costs through the

exclusive production of hydrogen and electricity.

Figure 3.13 shows the different costs that comprise the total social cost for different scenarios in
2050. For CP0, the demand cost was found to be $103 billion, and the transformation and resources

cost was found to be $17 billion in 2050.
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Figure 3.12: Road transport sector incremental social costs in Alberta compared to reference

scenario.

The transformation and resource components of the cost comprise natural gas production and
delivery (1.4%), gasoline and diesel production and delivery (4.3%), electricity generation (0.9%),
transmission and distribution (1.4%), recharging (1.3%), hydrogen production (0.6%), storage
(2.5%), delivery by pipelines (0.1%), and the hydrogen refuelling station (1.6%). Demand
comprises 87% of the social cost and encompasses the capital and maintenance costs of the
vehicles. All the cost components increase with the carbon price. The ZEV+EV scenario costs are
the lowest; the demand cost is $102 billion, and the transformation and resources costs are $13

billion in 2050.
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Figure 3.13: Incremental social cost components for different scenarios in 2050 compared to

reference scenario.
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3.7.2.1. GHG abatement cost curve

Figure 3.14 provides the cost curve comparison for the different scenarios described in Table 3.1.
The ZEV sales mandate scenarios had lower mitigation costs whereas the carbon prices had the

highest mitigation costs.
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Figure 3.14: Cost curve for different scenarios.

The ZEV+EV could mitigate 31 Mt COze between 2020 and 2050 and the mitigation cost was
found to be $877/tonne-CO.e. The mitigation costs of ZEV+ and ZEV+H were found to be higher
($933/tonne-CO2e and $999/tonne-CO2¢) and could mitigate 31 Mt COze and 30 Mt COqe,
respectively. Hydrogen production pathway scenarios with higher carbon capture (ATR-CCS-
91%, SMR-CCS-85% and SMR-CCS-61%) had higher mitigation costs (14%, 31% and 46%) than
ZEV+EV scenario that could mitigate 30 Mt COze, 27 Mt CO,e and 24 Mt CO,e for ATR-CCS-
91%, SMR-CCS-85% and SMR-CCS-61% scenarios between 2020 and 2050. The CP scenario
was found to mitigate 23 Mt COaze at the cost of $1367/tonne-COze over the study period.

Hydrogen production by SMR-CCS-52% was found to mitigate similar amount of emissions (22
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Mt COze) at a higher mitigation cost ($1427/tonne-COz¢) than the CP scenario. Hydrogen
production by SMR and ATR could mitigate 15 Mt COze and 17 Mt CO2e between 2020 and 2050.
The mitigation costs of these GHG emission reductions were $1935/tonne-CO-e and $1800/tonne-
COze respectively. The INC scenario has an even higher mitigation cost of $2111/tonne-CO:e for
GHG emission reduction of 14 Mt COse. The carbon price scenarios had the highest mitigation
costs with the maximum cost for the REF scenario ($2438 /tonne-CO-e) that could mitigate 13 Mt

CO2e over the study period.
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4. Conclusions and Recommendations for Future Work

The present study discussed the current energy and GHG emissions from the road transportation
sector and assessed the prospects of the sector adopting low-carbon fuel technology vehicles. A
novel framework to investigate energy transition in the sector in a fossil fuel-dependent jurisdiction
was developed and applied to a case study for Alberta, Canada. The impacts on energy demand
and GHG emissions were calculated for nine scenarios with different carbon policies, zero-
emission vehicle incentives, and zero-emission vehicle sales mandates. This study analyzed the

system-wide energy and GHG impacts associated with each fuel’s energy supply chain.

The potential for market shares was the highest for BEVs; H>-FCEV had fewer shares than BEVs
over the study period. Carbon price and incentivization as stand-alone policies were not as
effective as zero-emission vehicle sales mandates in decreasing GHG emissions. System-wide
GHG emission footprints for all hydrogen and electric vehicles were significantly lower than for
gasoline and diesel vehicles. The study is important for policymakers so that they can ensure the
stringency required to meet GHG emission standards as well as in the production of alternative
low-carbon fuels. It also provides information to energy-producing and vehicle manufacturing

industries on the prospects of low-carbon technology vehicles.

The sections below give the key conclusions for market shares of zero-emission vehicles and

overall energy transition in the transport sector.

4.1. Market penetration of zero-emission vehicles

The market shares of zero-emission and other fuel technology vehicles in the transport sector were

developed for the study period using a market share model. The present research estimated the
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shares of various fuel technologies in the passenger, bus, and freight sectors for nine scenarios

(listed in Table 3.11). The major conclusions are enumerated below:

e The TCO of H>-FCEVs was much higher than that of BEVs. This difference was mostly
influenced by the higher costs associated with the infrastructure, refuelling, and delivery
of hydrogen. These costs decline as H>-FCEV's become established but remain higher than
BEVs for the study period.

e The market shares of BEVs were found to be highest in 2050. H>-FCEV shares were found
to be lower than BEVs’ for the study period. Figure 4.1 shows the market shares of the
road transportation sector for the REF, INC, CP, and ZEV+ scenarios. The relative cost of
BEVs is lower than that of H>-FCEVs, which increases the BEV share. The shares for Ho-
FCEVs were found to increase after 2040 as their capital costs decline.

e The adoption of ZEVs was found to be more prominent in the freight sector than the others.
According to the literature (discussed in Section 2.2.2), the capital costs of these vehicles
will become comparable to those of ICEVs. In addition, the higher fuel costs of ICEV
freight trucks will increase the TCO of these vehicles, thereby decreasing their share.

e The carbon price, independently, did not have a significant impact on the TCO of zero-
emission vehicles and therefore on their market share. The effect was more prominent on
the TCO of the ICEVs than other fuel technology vehicles at higher carbon prices.

e The impact of incentivization as an independent policy in a scenario did not have a
significant impact on the TCO of ZEVs, or their market share. The effect of incentivization
was analyzed at two values (10% and 30%) and while the increase in incentives slightly
increases the shares of ZEVs, the impact is low because the average increase in the TCO

due to decreased annualized capital cost is low.
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Figure 4.1: Market shares in REF, INC, CP, and ZEV+ scenarios for the passenger, bus, and

freight categories up to 2050.
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e The ZEV sales mandate was found to be the most effective way of transitioning the road

transportation sector to ZEVs. The impact of the mandate in two scenarios was analyzed

and found ZEV shares increased by 67% in the CP scenario from the REF scenario. ZEV

shares increased another 13% in the ZEV+ scenario from the CP scenario.

4.2.

Transportation sector energy transition

This research analyzed the impact of the adoption of ZEVs on the energy demand and GHG

emissions from the road transportation sector in Alberta. The system-wide energy requirements

and GHG emissions were modelled in LEAP through scenarios that investigated the impact of
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policies like carbon price, zero-emission vehicle sales mandates, and incentivization on the

adoption of ZEVs in the sector and subsequently system-wide energy demand, GHG emission

footprints, and social costs. The following major conclusions are drawn:

Carbon price and incentivization as stand-alone policies are not as effective as zero-
emission vehicle sales mandates in decreasing energy demand and GHG emissions. Figure
4.2 shows system-wide energy demand and GHG emissions for different scenarios. Four
carbon price scenarios were investigated; the maximum decline in GHG emissions (in the
CP350 scenario) is 35% below the REF scenario. The impact of the incentivization
scenario is lower than the carbon price scenario and decreased GHG emissions by 6%. The
impact of the ZEV sales mandate was analyzed in four scenarios in which the combined
effects of the policy with the carbon price and incentivization were assessed. In the CP
scenario, the GHG emissions declined by 38%; this is because the ZEV sales mandate was
considered for all passenger vehicles and the carbon price of $170 per tonne declined the
share of ICEVs as the TCO of these vehicles increased. The ZEV sales mandate was
extended to all sectors without a carbon price policy, and GHG emissions declined by 66%
in the ZEV+ scenario. The combined effect of the ZEV+ scenario along with 30%
incentivization for H>-FCEVs and another with 30% incentivization for BEVs was
analyzed in two different scenarios. It was found that while it impacts vehicle costs and
market share, it does not significantly impact the GHG emissions from the sector. The
GHG emissions from the ZEV+ Hz-FCEV and ZEV+EV scenarios were 64% and 67%
lower than the reference scenario.

Different hydrogen production technologies were found to impact system-wide energy

demand and GHG emissions. GHG emissions decline by 6% when hydrogen is produced
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through ATR instead of SMR. Carbon capture has a more significant impact; the maximum

decline is 64% from the REF scenario when hydrogen is produced through ATR with 91%

carbon capture.
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Figure 4.2: System-wide energy and system-wide emissions from the road transport sector in

Alberta.

e System-wide energy and GHG emission footprints of H>-FCEVs and BEVs are
significantly lower than ICEVs. The study analyzed the system-wide energy and GHG
emissions per km for passenger cars and heavy freight trucks, as shown in Figure 4.3 and
Figure 4.4. For H>-FCEVs, hydrogen production from SMR and ATR was investigated
along with the combined impacts of the technologies with carbon capture. The GHG
emission factors of H>-FCEVs when hydrogen is produced through ATR with 91% carbon
capture are lowest at lower carbon prices. At higher carbon prices, the emission factors of

BEVs are lowest.

87



300

250

N
o
o

g CO,elvehicle-km
>
o

(24
o

2030 2040 2050 2030 2040 2050 2030 2040 2050 2030 2040 2050
CPO CP50 CP170 CP350

0

= BEV 5 H2-FCEV-ATR91%CC m=H2-FCEV-SMR85%CC = H2-FCEV-SMR52%CC

m H2-FCEV-ATR = H2-FCEV-SMR mICE-G

Figure 4.3: Alberta system-wide GHG emission factors for passenger cars in Alberta.
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Figure 4.4: Alberta system-wide GHG emission factors for heavy-duty freight trucks (class 8) in

Alberta.
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The social costs for the road transportation sector were analyzed for all the scenarios. The
carbon price scenarios were found to have the most significant impact of all the scenarios,
and the CP350 scenario increased the social costs from the sector by 11% from the REF
scenario.

GHG abatement cost curves were developed for all the scenarios as shown in Figure 4.5.
The ZEV sales mandate scenarios have lower marginal abatement costs, and carbon price
scenarios have the highest marginal abatement costs. The ZEV+EV scenario could mitigate
31 Mt COze between 2020 and 2050 at a marginal abatement cost of $877/tonne-COxe.
The ZEV+ scenario has a slightly higher marginal abatement cost compared to the
ZEV+EV scenario ($933 tonne-COze) and could mitigate 31 Mt COze between 2020 and
2050. The ZEV+H; and hydrogen production pathway scenarios with higher carbon
capture (ATR-CCS-91%, SMR-CCS-85%, and SMR-CCS-61%) have higher mitigation
costs (14%-46%) than the ZEV+EV scenario. The CP scenario was found to mitigate 23
Mt COze at a marginal abatement cost of $1261/tonne-COze over the study period.
Hydrogen production by SMR and ATR could mitigate 15 Mt COze and 17 Mt COze
between 2020 and 2050. The marginal abatement costs of these GHG emission reductions
are $1935/tonne-COze and $1800/tonne-COae, respectively. The INC scenario has a
comparatively higher marginal abatement cost of $2111/tonne-CO.e for a GHG emission
reduction of 14 Mt COse. The carbon price scenarios have the highest marginal abatement
costs; the highest is in the REF scenario ($2438/tonne-COze) with 13 Mt COze mitigated

over the study period.
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Figure 4.5: Cost curve for different scenarios.

4.3. Recommendations for future work

Based on the results of the present study, and considering the present study as a baseline work for

the transportation sector in Canada, the following avenues for future study are recommended:

e The present study investigated the impact of hydrogen and electric vehicles in the road
transportation sector. This investigation needs to be extended to other modes of
transportation to include the rail, air, and marine sectors. Further study may enhance our
understanding of the GHG emissions and the GHG mitigation potential of the entire
transportation sector.

e Along with the total cost of operation, the intangible factors that impact the adoption of
zero-emission vehicles can be assessed. It would be interesting to see the impact of these

factors on the market share of zero-emission vehicles.
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e Further investigation is needed to determine the strategies needed for net-zero emissions
from the transportation system. This involves transitioning the sectors to zero-emission

vehicles and decarbonization of the upstream processes.

91



5. References

[1]

[2]

[3]

[4]

[5]

International ~ Energy  Agency, 2020. IEA  Tracking  Transport  2020.

https://www.lea.org/reports/tracking-transport-2020. Accessed: 2022-05-29.

International Energy Agency, Tranport. IEA. Paris. 2022.

https://www.iea.org/reports/transport, License: CC BY 4.0. Accessed: 2023-03-30.

International Energy Agency, World Energy Outlook. 2021.

https://iea.blob.core.windows.net/assets/4ed140c1-c313-4fd9-acae-

789ade14a23c/WorldEnergyOutlook2021.pdf.

United Nations Framework Convention on Climate Change, 2015. The Paris Agreement.

https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement.

Accessed: 2022-04-07.

Masson-Delmotte V, Zhai P, Portner HO, Roberts D, Skea J, Shukla PR, Pirani A,
Moufouma-Okia W, Péan C, Pidcock R, Connors S, Matthews JBR, Chen Y, Zhou X,
Gomis MI, Lonnoy E, Maycock T, Tignor M, and Waterfield T, IPCC, 2018: Summary for
Policymakers. In: Global Warming of 1.5°C. An IPCC Special Report on the impacts of
global warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the threat of
climate change, sustainable development, and efforts to eradicate poverty. Cambridge
University Press, Cambridge, UK and New York, NY, USA. 2018.

https://www.cambridge.org/core/services/aop-cambridge-

core/content/view/D7455D42B4C820E706A03A169B1893FA/9781009157957AR.pdf/G

lobal_Warming_of 1 _5_C.pdf?event-type=FTLA.

92


https://www.iea.org/reports/tracking-transport-2020
https://www.iea.org/reports/transport
https://iea.blob.core.windows.net/assets/4ed140c1-c3f3-4fd9-acae-789a4e14a23c/WorldEnergyOutlook2021.pdf
https://iea.blob.core.windows.net/assets/4ed140c1-c3f3-4fd9-acae-789a4e14a23c/WorldEnergyOutlook2021.pdf
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://www.cambridge.org/core/services/aop-cambridge-core/content/view/D7455D42B4C820E706A03A169B1893FA/9781009157957AR.pdf/Global_Warming_of_1_5_C.pdf?event-type=FTLA
https://www.cambridge.org/core/services/aop-cambridge-core/content/view/D7455D42B4C820E706A03A169B1893FA/9781009157957AR.pdf/Global_Warming_of_1_5_C.pdf?event-type=FTLA
https://www.cambridge.org/core/services/aop-cambridge-core/content/view/D7455D42B4C820E706A03A169B1893FA/9781009157957AR.pdf/Global_Warming_of_1_5_C.pdf?event-type=FTLA

[6]

[7]

[8]

[9]

[10]

[11]

Sims R, Schaeffer R, Creutzig F, Cruz-Nufiez X, D’Agosto M, Dimitriu D, Figueroa Meza
MJ, Fulton L, Kobayashi S, Lah O, McKinnon A, Newman P, Ouyang M, Schauer JJ,
Sperling D, and Tiwari G, Transport. In: Climate Change 2014: Mitigation of Climate
Change. Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Edenhofer, O., R. Pichs-Madruga, Y.
Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, . Baum, S. Brunner, P. Eickemeier,
B. Kriemann, J. Savolainen, S. Schlomer, C. von Stechow, T. Zwickel and J.C. Minx
(eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY,

USA. 2014. https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5S_chapter8.pdf.

International Energy Agency, World Energy Outlook. 2022.

https://www.lea.org/topics/transport. Accessed: 2022-11-23.

United Nations Climate Change Conference, 2022. COP26 declaration on accelerating the
transition to 100% zero emission cars and vans - UN Climate Change Conference (COP26)

at the SEC — Glasgow 2021. https://ukcop26.org/cop26-declaration-on-accelerating-the-

transition-to-100-zero-emission-cars-and-vans/. Accessed: 2022-04-08.

Environment and Climate Change Canada, Canadian Environmental Sustainability
Indicators: Global greenhouse gas emissions. 2021.

https://www.canada.ca/content/dam/eccc/documents/pdf/cesindicators/global-ghg-

emissions/2022/global-greehouse-gas-emissions-en.pdf.

National Resources Canada, 2022. Zero Emission Vehicle Infrastructure Program.

https://www.nrcan.gc.ca/energy-efficiency/transportation-alternative-fuels/zero-emission-

vehicle-infrastructure-program/21876. Accessed: 2022-04-08.

Statistics Canada, 2022. Automotive statistics. https://www.statcan.gc.ca/en/topics-

start/automotive. Accessed: 2022-04-08.

93


https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_chapter8.pdf
https://www.iea.org/topics/transport
https://ukcop26.org/cop26-declaration-on-accelerating-the-transition-to-100-zero-emission-cars-and-vans/
https://ukcop26.org/cop26-declaration-on-accelerating-the-transition-to-100-zero-emission-cars-and-vans/
https://www.canada.ca/content/dam/eccc/documents/pdf/cesindicators/global-ghg-emissions/2022/global-greehouse-gas-emissions-en.pdf
https://www.canada.ca/content/dam/eccc/documents/pdf/cesindicators/global-ghg-emissions/2022/global-greehouse-gas-emissions-en.pdf
https://www.nrcan.gc.ca/energy-efficiency/transportation-alternative-fuels/zero-emission-vehicle-infrastructure-program/21876
https://www.nrcan.gc.ca/energy-efficiency/transportation-alternative-fuels/zero-emission-vehicle-infrastructure-program/21876
https://www.statcan.gc.ca/en/topics-start/automotive
https://www.statcan.gc.ca/en/topics-start/automotive

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Natural Resources Canada, 2016. Electric vehicle and aternative fuel infrastructure

deployment initiative. https://natural-resources.canada.ca/energy-

efficiency/transportation-alternative-fuels/electric-and-alternative-fuel-

infrastructure/electric-vehicle-alternative-fuels-infrastructure-deployment-

initiative/18352. Accessed: 2023-03-31.

Transport Canada, 2019. Light-duty zero-emission vehicles. https://tc.canada.ca/en/road-

transportation/innovative-technologies/zero-emission-vehicles/light-duty-zero-emission-

vehicles. Accessed: 2023-04-06.
Transport Canada, 2022. Medium and heavy-duty zero-emission vehicles.

https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-

vehicles/medium-heavy-duty-zero-emission-vehicles. Accessed: 2023-03-31.

Government of Canada, 2021. Canadian Net-Zero Emissions Accountability Act.

https://laws-lois.justice.gc.ca/eng/acts/c-19.3/fulltext.html. Accessed: 2023-03-30.

Environment and Climate Change Canada, 2030 emissions reduction plan. 2022.

https://publications.gc.ca/collections/collection_2022/eccc/En4-460-2022-eng.pdf.

Accessed: 2023-03-30.
National Resources Canada, 2022. Zero-Emission Vehicle Awareness Initiative.

https://www.nrcan.gc.ca/energy-efficiency/transportation-alternative-fuels/electric-and-

alternative-fuel-infrastructure/zero-emission-vehicle-awareness-initiative/22209.

Accessed: 2021-10-22.

Government of Canada, 2020. Green Transportation. https://tc.canada.ca/en/corporate-

services/transparency/corporate-management-reporting/transportation-canada-annual-

reports/green-transportation. Accessed: 2023-02-06.

94


https://natural-resources.canada.ca/energy-efficiency/transportation-alternative-fuels/electric-and-alternative-fuel-infrastructure/electric-vehicle-alternative-fuels-infrastructure-deployment-initiative/18352
https://natural-resources.canada.ca/energy-efficiency/transportation-alternative-fuels/electric-and-alternative-fuel-infrastructure/electric-vehicle-alternative-fuels-infrastructure-deployment-initiative/18352
https://natural-resources.canada.ca/energy-efficiency/transportation-alternative-fuels/electric-and-alternative-fuel-infrastructure/electric-vehicle-alternative-fuels-infrastructure-deployment-initiative/18352
https://natural-resources.canada.ca/energy-efficiency/transportation-alternative-fuels/electric-and-alternative-fuel-infrastructure/electric-vehicle-alternative-fuels-infrastructure-deployment-initiative/18352
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/light-duty-zero-emission-vehicles
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/light-duty-zero-emission-vehicles
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/light-duty-zero-emission-vehicles
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/medium-heavy-duty-zero-emission-vehicles
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/medium-heavy-duty-zero-emission-vehicles
https://laws-lois.justice.gc.ca/eng/acts/c-19.3/fulltext.html
https://publications.gc.ca/collections/collection_2022/eccc/En4-460-2022-eng.pdf
https://www.nrcan.gc.ca/energy-efficiency/transportation-alternative-fuels/electric-and-alternative-fuel-infrastructure/zero-emission-vehicle-awareness-initiative/22209
https://www.nrcan.gc.ca/energy-efficiency/transportation-alternative-fuels/electric-and-alternative-fuel-infrastructure/zero-emission-vehicle-awareness-initiative/22209
https://tc.canada.ca/en/corporate-services/transparency/corporate-management-reporting/transportation-canada-annual-reports/green-transportation
https://tc.canada.ca/en/corporate-services/transparency/corporate-management-reporting/transportation-canada-annual-reports/green-transportation
https://tc.canada.ca/en/corporate-services/transparency/corporate-management-reporting/transportation-canada-annual-reports/green-transportation

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Government of Canada, 2022. Clean Fuel Standard regulatory design.

https://www.canada.ca/en/environment-climate-change/services/managing-

pollution/energy-production/fuel-regulations/clean-fuel-regulations/regulatory-

design.html#tocl. Accessed: 2023-02-01.

Government of Canada, 2016. Pan-Canadian Framework on Clean Growth and Climate

Change. https://www.canada.ca/en/services/environment/weather/climatechange/pan-

canadian-framework.html. Accessed: 2023-02-01.

Government of Canada, 2016. Complementary actions to reduce emissions: Transprtation.

https://www.canada.ca/en/services/environment/weather/climatechange/pan-canadian-

framework/complementary-actions-reduce-emissions.html#3 3. Accessed: 2023-02-01.

Government of Canada, Canada Gazette Part 1. 2020. https://gazette.gc.ca/rp-

pr/p1/2020/2020-12-19/pdf/g1-15451.pdf. Accessed: 2022-10-03.

Government of Canada, 2010. Renewable Fuels Regulations (SOR/2010-189).

https://laws-lois.justice.gc.ca/PDF/SOR-2010-189.pdf.

Environment and Climate Change Canada, National Inventory Report 1990-2019:
Greenhouse gas sources and sinks in  Canada (Part 3). 2019.

https://publications.gc.ca/collections/collection_2021/eccc/En81-4-2019-3-eng.pdf.

Canada Energy Regulator, 2022. Provincial and Territorial Energy Profiles - Alberta.

https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-

profiles/provincial-territorial-energy-profiles-alberta.html. Accessed: 2021-10-20.

Davis M, Ahiduzzaman M, and Kumar A. How will Canada’s greenhouse gas emissions
change by 2050? A disaggregated analysis of past and future greenhouse gas emissions
using bottom-up energy modelling and Sankey diagrams. Applied Energy, vol. 220, pp.

754-786, 2018. https://doi.org/10.1016/j.apenergy.2018.03.064.

95


https://www.canada.ca/en/environment-climate-change/services/managing-pollution/energy-production/fuel-regulations/clean-fuel-regulations/regulatory-design.html#toc1
https://www.canada.ca/en/environment-climate-change/services/managing-pollution/energy-production/fuel-regulations/clean-fuel-regulations/regulatory-design.html#toc1
https://www.canada.ca/en/environment-climate-change/services/managing-pollution/energy-production/fuel-regulations/clean-fuel-regulations/regulatory-design.html#toc1
https://www.canada.ca/en/services/environment/weather/climatechange/pan-canadian-framework.html
https://www.canada.ca/en/services/environment/weather/climatechange/pan-canadian-framework.html
https://www.canada.ca/en/services/environment/weather/climatechange/pan-canadian-framework/complementary-actions-reduce-emissions.html#3_3
https://www.canada.ca/en/services/environment/weather/climatechange/pan-canadian-framework/complementary-actions-reduce-emissions.html#3_3
https://gazette.gc.ca/rp-pr/p1/2020/2020-12-19/pdf/g1-15451.pdf
https://gazette.gc.ca/rp-pr/p1/2020/2020-12-19/pdf/g1-15451.pdf
https://laws-lois.justice.gc.ca/PDF/SOR-2010-189.pdf
https://publications.gc.ca/collections/collection_2021/eccc/En81-4-2019-3-eng.pdf
https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-profiles/provincial-territorial-energy-profiles-alberta.html
https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-profiles/provincial-territorial-energy-profiles-alberta.html
https://doi.org/10.1016/j.apenergy.2018.03.064

[27]

[28]

[29]

[30]

[31]

[32]

[33]

National Resources Canada, 2022. Comprehensive Energy Use Database.

https://oee.nrcan.gc.ca/corporate/statistics/neud/dpa/menus/trends/comprehensive_tables/

list.cfm. Accessed: 2021-08-11.
Government  of  Alberta, Natural Gas Vision and  Strategy. 2020.

https://open.alberta.ca/dataset/988ed6¢1-1117-40b4-acl5-

ce5460bal9e2/resource/a7846ac0-a43b-465a-99a5-a5db172286ae/download/energy-

getting-alberta-back-to-work-natural-gas-vision-and-strategy-2020.pdf.

Alberta Energy Regulator, 2022. Alberta Energy Outlook. https://www.aer.ca/providing-

information/data-and-reports/statistical-reports/st98. Accessed: 2022-08-10.

Government of Alberta, Alberta Hydrogen Roadmap. 2021.

https://open.alberta.ca/dataset/d7749512-25dc-43a5-86f11-

e8b5aaec7db4/resource/538a7827-9d13-4b06-9d1d-d52b851c8a2a/download/energy-

alberta-hydrogen-roadmap-2021.pdf.

Oni AO, Anaya K, Giwa T, Di Lullo G, and Kumar A. Comparative assessment of blue
hydrogen from steam methane reforming, autothermal reforming, and natural gas
decomposition technologies for natural gas-producing regions. Energy Conversion and

Management, vol. 254, p. 115245, 2022. https://doi.org/10.1016/j.enconman.2022.115245.

Okunlola A, Giwa T, Di Lullo G, Davis M, Gemechu E, and Kumar A. Techno-economic
assessment of low-carbon hydrogen export from Western Canada to Eastern Canada, the

USA, the Asia-Pacific, and Europe. International Journal of Hydrogen Energy, vol. 47, pp.

6453-6477, 2022. https://doi.org/10.1016/j.ijhydene.2021.12.025.

Okunlola A, Davis M, and Kumar A. The development of an assessment framework to

determine the technical hydrogen production potential from wind and solar energy.

96


https://oee.nrcan.gc.ca/corporate/statistics/neud/dpa/menus/trends/comprehensive_tables/list.cfm
https://oee.nrcan.gc.ca/corporate/statistics/neud/dpa/menus/trends/comprehensive_tables/list.cfm
https://open.alberta.ca/dataset/988ed6c1-1f17-40b4-ac15-ce5460ba19e2/resource/a7846ac0-a43b-465a-99a5-a5db172286ae/download/energy-getting-alberta-back-to-work-natural-gas-vision-and-strategy-2020.pdf
https://open.alberta.ca/dataset/988ed6c1-1f17-40b4-ac15-ce5460ba19e2/resource/a7846ac0-a43b-465a-99a5-a5db172286ae/download/energy-getting-alberta-back-to-work-natural-gas-vision-and-strategy-2020.pdf
https://open.alberta.ca/dataset/988ed6c1-1f17-40b4-ac15-ce5460ba19e2/resource/a7846ac0-a43b-465a-99a5-a5db172286ae/download/energy-getting-alberta-back-to-work-natural-gas-vision-and-strategy-2020.pdf
https://www.aer.ca/providing-information/data-and-reports/statistical-reports/st98
https://www.aer.ca/providing-information/data-and-reports/statistical-reports/st98
https://open.alberta.ca/dataset/d7749512-25dc-43a5-86f1-e8b5aaec7db4/resource/538a7827-9d13-4b06-9d1d-d52b851c8a2a/download/energy-alberta-hydrogen-roadmap-2021.pdf
https://open.alberta.ca/dataset/d7749512-25dc-43a5-86f1-e8b5aaec7db4/resource/538a7827-9d13-4b06-9d1d-d52b851c8a2a/download/energy-alberta-hydrogen-roadmap-2021.pdf
https://open.alberta.ca/dataset/d7749512-25dc-43a5-86f1-e8b5aaec7db4/resource/538a7827-9d13-4b06-9d1d-d52b851c8a2a/download/energy-alberta-hydrogen-roadmap-2021.pdf
https://doi.org/10.1016/j.enconman.2022.115245
https://doi.org/10.1016/j.ijhydene.2021.12.025

[34]

[35]

[36]

[37]

[38]

[39]

Renewable and Sustainable Energy Reviews, vol. 166, p. 112610, 2022.

https://doi.org/10.1016/j.rser.2022.112610.

Government of  Alberta, 2022. Renewable Fuels Standard resources.

https://www.alberta.ca/renewable-fuels-standard-resources.aspx#jumplinks-1. Accessed:

2022-12-26.

Li Y, and Kimura S. Economic competitiveness and environmental implications of
hydrogen energy and fuel cell electric vehicles in ASEAN countries: The current and future
scenarios. Energy Policy, vol. 148, p. 111980, 2021.

https://doi.org/10.1016/j.enpol.2020.111980.

He X, Wang F, Wallington TJ, Shen W, Melaina MW, Kim HC, De Kleine R, Lin T, Zhang
S, Keoleian GA, Lu X, and Wu Y. Well-to-wheels emissions, costs, and feedstock
potentials for light-duty hydrogen fuel cell vehicles in China in 2017 and 2030. Renewable
and  Sustainable = Energy = Reviews,  vol. 137, p. 110477,  2021.

https://doi.org/10.1016/j.rser.2020.110477.

Choi W, Yoo E, Seol E, Kim M, and Song HH. Greenhouse gas emissions of conventional
and alternative vehicles: Predictions based on energy policy analysis in South Korea.
Applied Energy, vol. 265, p. 114754, 2020.

https://doi.org/10.1016/j.apenergy.2020.114754.

Staffell I, Scamman D, Velazquez Abad A, Balcombe P, Dodds PE, Ekins P, Shah N, and
Ward KR. The role of hydrogen and fuel cells in the global energy system. Energy and

Environmental Science, vol. 12, pp. 463-491, 2019. https://doi.org/10.1039/c8ee01157e.

Ahmadi P, and Kjeang E. Comparative life cycle assessment of hydrogen fuel cell
passenger vehicles in different Canadian provinces. International Journal of Hydrogen

Energy, vol. 40, pp. 12905-12917, 2015. https://doi.org/10.1016/j.ijhydene.2015.07.147.

97


https://doi.org/10.1016/j.rser.2022.112610
https://www.alberta.ca/renewable-fuels-standard-resources.aspx#jumplinks-1
https://doi.org/10.1016/j.enpol.2020.111980
https://doi.org/10.1016/j.rser.2020.110477
https://doi.org/10.1016/j.apenergy.2020.114754
https://doi.org/10.1039/c8ee01157e
https://doi.org/10.1016/j.ijhydene.2015.07.147

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Doluweera G, Hahn F, Bergerson J, and Pruckner M. A scenario-based study on the
impacts of electric vehicles on energy consumption and sustainability in Alberta. Applied

Energy, vol. 268, p. 114961, 2020. https://doi.org/10.1016/j.apenergy.2020.114961.

Krause J, Thiel C, Tsokolis D, Samaras Z, Rota C, Ward A, Prenninger P, Coosemans T,
Neugebauer S, and Verhoeve W. EU road vehicle energy consumption and CO2 emissions
by 2050 — Expert-based scenarios. Energy Policy, vol. 138, p. 111224, 2020.

https://doi.org/10.1016/i.enpol.2019.111224.

Gomez Vilchez JJ, and Jochem P. Powertrain technologies and their impact on greenhouse
gas emissions in key car markets. Transportation Research Part D: Transport and

Environment, vol. 80, p. 102214, 2020. https://doi.org/10.1016/j.trd.2019.102214.

Talebian H, Herrera OE, Tran M, and Mérida W. Electrification of road freight transport:
Policy implications in British Columbia. Energy Policy, vol. 115, pp. 109-118, 2018.

https://doi.org/10.1016/j.enpol.2018.01.004.

Yan S, de Bruin K, Dennehy E, and Curtis J. Climate policies for freight transport: Energy
and emission projections through 2050. Transport Policy, vol. 107, pp. 11-23, 2021.
10.1016/j.tranpol.2021.04.005.

Axsen J, Bhardwaj C, and Crawford C. Comparing policy pathways to achieve 100% zero-
emissions vehicle sales by 2035. Transportation Research Part D: Transport and
Environment, vol. 112, p. 103488, 2022. 10.1016/.trd.2022.103488.

Sykes M, and Axsen J. No free ride to zero-emissions: Simulating a region's need to
implement its own zero-emissions vehicle (ZEV) mandate to achieve 2050 GHG targets.

Energy Policy, vol. 110, pp. 447-460, 2017. 10.1016/j.enpol.2017.08.031.

98


https://doi.org/10.1016/j.apenergy.2020.114961
https://doi.org/10.1016/j.enpol.2019.111224
https://doi.org/10.1016/j.trd.2019.102214
https://doi.org/10.1016/j.enpol.2018.01.004

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Lepitzki J, and Axsen J. The role of a low carbon fuel standard in achieving long-term
GHG reduction targets. Energy Policy, vol. 119, pp. 423-440, 2018.

https://doi.org/10.1016/j.enpol.2018.03.067.

Murphy R, and Jaccard M. Energy efficiency and the cost of GHG abatement: A
comparison of bottom-up and hybrid models for the US. Energy Policy, vol. 39, pp. 7146-

7155, 2011. https://10.1016/j.enpol.2011.08.033.

Ou S, Hsieh IL, He X, Lin Z, Yu R, Zhou Y, and Bouchard J. China's vehicle electrification
impacts on sales, fuel use, and battery material demand through 2050: Optimizing

consumer and industry decisions. iScience, vol. 24, p. 103375, 202I.

https://10.1016/1.i1s¢i.2021.103375.

Ruffini E, and Wei M. Future costs of fuel cell electric vehicles in California using a
learning  rate  approach.  Energy,  vol. 150, pp. 329-341, 2018.

https://doi.org/10.1016/j.energy.2018.02.071.

Morrison G, Stevensa J, and Josecka F. Relative economic competitiveness of light-duty
battery electric and fuel cell electric vehicles. Transportation Research Part C: Emerging

Technologies, vol. 87, pp. 183-196, 2018. https://doi.org/10.1016/j.trc.2018.01.005.

Argonne National Laboratory, Autonomie. 2016. https://www.anl.gov/taps/autonomie-

vehicle-system-simulation-tool. Accessed: 2023-03-31.

Szumska E, Jurecki R, and Pawelczyk M. Assessment of total costs of ownership for
midsize passenger cars with conventional and alternative drive trains. Communications -
Scientific letters of the University of Zilina, vol. 21, pp. 21-27, 2019.

https://doi.org/10.26552/com.C.2019.3.21-27.

Argonne National Laboratory, AFLEET Tool. 2020. https:/greet.es.anl.gov/afleet.

Accessed: 2023-03-31.

99


https://doi.org/10.1016/j.enpol.2018.03.067
https://10.0.3.248/j.enpol.2011.08.033
https://10.0.3.248/j.isci.2021.103375
https://doi.org/10.1016/j.energy.2018.02.071
https://doi.org/10.1016/j.trc.2018.01.005
https://www.anl.gov/taps/autonomie-vehicle-system-simulation-tool
https://www.anl.gov/taps/autonomie-vehicle-system-simulation-tool
https://doi.org/10.26552/com.C.2019.3.21-27
https://greet.es.anl.gov/afleet

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Zhou T, Roorda MJ, MacLean HL, and Luk J. Life cycle GHG emissions and lifetime costs
of medium-duty diesel and battery electric trucks in Toronto, Canada. Transportation
Research Part D: Transport and Environment, vol. 55, pp. 91-98, 2017.

https://doi.org/10.1016/1.trd.2017.06.019.

Ajanovic A, and Haas R. Prospects and impediments for hydrogen and fuel cell vehicles
in the transport sector. International Journal of Hydrogen Energy, vol. 46, pp. 10049-

10058, 2021. https://doi.org/10.1016/j.ijhydene.2020.03.122.

Lee Y, Lee U, and Kim K. A comparative techno-economic and quantitative risk analysis
of hydrogen delivery infrastructure options. International Journal of Hydrogen Energy, vol.

46, pp. 14857-14870, 2021. https://doi.org/10.1016/j.ijhydene.2021.01.160.

Reddi K, Elgowainy A, Rustagi N, and Gupta E. Impact of hydrogen refueling
configurations and market parameters on the refueling cost of hydrogen. International
Journal of  Hydrogen  Energy, vol. 42, pp. 21855-21865, 2017.

https://doi.org/10.1016/j.1jhydene.2017.05.122.

Nugroho R, Rose PK, Gnann T, and Wei M. Cost of a potential hydrogen-refueling
network for heavy-duty vehicles with long-haul application in Germany 2050.
International ~ Journal of  Hydrogen  Energy, pp. 35459-35478, 202I.

https://doi.org/10.1016/j.1jhydene.2021.08.088.

Davis M, Okunlola A, Di Lullo G, Giwa T, and Kumar A. Greenhouse gas reduction
potential and cost-effectiveness of economy-wide hydrogen-natural gas blending for
energy end uses. Renewable and Sustainable Energy Reviews, vol. 171, p. 112962, 2023.

https://doi.org/10.1016/j.rser.2022.112962.

Davis M, Moronkeji A, Ahiduzzaman M, and Kumar A. Assessment of renewable energy

transition pathways for a fossil fuel-dependent electricity-producing jurisdiction. Energy

100


https://doi.org/10.1016/j.trd.2017.06.019
https://doi.org/10.1016/j.ijhydene.2020.03.122
https://doi.org/10.1016/j.ijhydene.2021.01.160
https://doi.org/10.1016/j.ijhydene.2017.05.122
https://doi.org/10.1016/j.ijhydene.2021.08.088
https://doi.org/10.1016/j.rser.2022.112962

[62]

[63]

[64]

[65]

[66]

[67]

[68]

for Sustainable Development, vol. 59, pp- 243-261, 2020.

https://doi.org/10.1016/j.esd.2020.10.011.

Talaei A, Oni AO, Ahiduzzaman M, Roychaudhuri PS, Rutherford J, and Kumar A.
Assessment of the impacts of process-level energy efficiency improvement on greenhouse

gas mitigation potential in the petroleum refining sector. Energy, vol. 191, p. 116243, 2020.

https://doi.org/10.1016/j.energy.2019.116243.

Jaccard M, Nyboer J, Bataille C, and Sadownik B. Modeling the cost of climate policy:
distinguishing between alternative cost definitions and long-run cost dynamics. The
Energy Journal, vol. 24, 2003.

Canada Energy Regulator, Canada's Energy Future. 2020. https://www.cer-

rec.gc.ca/en/data-analysis/canada-energy-future/2020/canada-energy-futures-2020.pdf.

Rivers N, and Jaccard M. Useful models for simulating policies to induce technological
change. Energy Policy, vol. 34, pp- 2038-2047, 2006.

https://doi.org/10.1016/j.enpol.2005.02.003.

International Energy Agency, Technology Roadmap: Hydrogen and Fuel Cells. 2015.

https://www.aeh2.org/images/stories/PDE/DOCS_SECTOR/technologyroadmaphydroge

nandfuelcells.pdf.

International Energy Agency, The Future of Hydrogen: IEA G20 Hydrogen report:

Assumptions. 2019. https://iea.blob.core.windows.net/assets/a02a0c80-77b2-462e-a9d5-

1099¢e0e572ce/IEA-The-Future-of-Hydrogen-Assumptions-Annex.pdf.

Elgowainy A, Han J, Ward J, Joseck F, Gohlke D, Lindauer A, Ramsden T, Biddy M,
Alexander M, Barnhart S, Sutherland I, Verduzco L, and Wallington TJ. Current and future

United States light-duty vehicle pathways: Cradle-to-Grave lifecycle greenhouse gas

101


https://doi.org/10.1016/j.esd.2020.10.011
https://doi.org/10.1016/j.energy.2019.116243
https://www.cer-rec.gc.ca/en/data-analysis/canada-energy-future/2020/canada-energy-futures-2020.pdf
https://www.cer-rec.gc.ca/en/data-analysis/canada-energy-future/2020/canada-energy-futures-2020.pdf
https://doi.org/10.1016/j.enpol.2005.02.003
https://www.aeh2.org/images/stories/PDF/DOCS_SECTOR/technologyroadmaphydrogenandfuelcells.pdf
https://www.aeh2.org/images/stories/PDF/DOCS_SECTOR/technologyroadmaphydrogenandfuelcells.pdf
https://iea.blob.core.windows.net/assets/a02a0c80-77b2-462e-a9d5-1099e0e572ce/IEA-The-Future-of-Hydrogen-Assumptions-Annex.pdf
https://iea.blob.core.windows.net/assets/a02a0c80-77b2-462e-a9d5-1099e0e572ce/IEA-The-Future-of-Hydrogen-Assumptions-Annex.pdf

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

emissions and economic assessment. Environmental Science and Technology, vol. 52, pp.

2392-2399, 2018. https://doi.org/10.1021/acs.est.7b06006.

Toyota, 2022. Toyota Mirai Fuel Cell Vehicle. https://www.toyota.com/mirai/. Accessed:

2022-10-29.
Cantuarias-Villessuzanne C, Weinberger B, Roses L, Vignes A, and Brignon J-M. Social
cost-benefit analysis of hydrogen mobility in Europe. International Journal of Hydrogen

Energy, vol. 41, pp. 19304-19311, 2016. https://doi.org/10.1016/j.ijhydene.2016.07.213.

Sagaria S, Costa Neto R, and Baptista P. Assessing the performance of vehicles powered
by battery, fuel cell and ultra-capacitor: Application to light-duty vehicles and buses.
Energy  Conversion and Management, vol. 229, p. 113767, 202I.

https://doi.org/10.1016/j.enconman.2020.113767.

Tesla, 2022. Tesla Model 3. https://www.tesla.com/en_CA/model3/design#overview.

Accessed: 2022-10-29.

Chevrolet, 2022. Chevrolet Bolt. https://www.chevrolet.com/electric/previous-year/bolt-

ev. Accessed: 2022-10-29.

Nissan, 2023 Nissan Leaf. https://www.nissan.ca/vehicles/electric-cars/leaf html.

Accessed: 2022-08-19.
Hyundai, 2022. Hyundai IONIQ 5.

https://www.hyundaicanada.com/en/showroom/2022/ionig-5. Accessed: 2022-10-29.

Hyundai, 2022. Hyundai KONA.

https://www.hyundaicanada.com/en/showroom/2023/kona-electric. Accessed: 2022-10-

29.
Diao Q, Sun W, Yuan X, Li L, and Zheng Z. Life-cycle private-cost-based competitiveness

analysis of electric vehicles in China considering the intangible cost of traffic policies.

102


https://doi.org/10.1021/acs.est.7b06006
https://www.toyota.com/mirai/
https://doi.org/10.1016/j.ijhydene.2016.07.213
https://doi.org/10.1016/j.enconman.2020.113767
https://www.tesla.com/en_CA/model3/design#overview
https://www.chevrolet.com/electric/previous-year/bolt-ev
https://www.chevrolet.com/electric/previous-year/bolt-ev
https://www.nissan.ca/vehicles/electric-cars/leaf.html
https://www.hyundaicanada.com/en/showroom/2022/ioniq-5
https://www.hyundaicanada.com/en/showroom/2023/kona-electric

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Applied Energy, vol. 178, pp- 567-578, 2016.

https://doi.org/10.1016/j.apenergy.2016.05.116.

Compostella J, Fulton LM, De Kleine R, Kim HC, and Wallington TJ. Near (2020) and
long-term (2030-2035) costs of automated, electrified, and shared mobility in the United
States. Transport Policy, vol. 85, pp- 54-66, 2020.

https://doi.org/10.1016/j.tranpol.2019.10.001.

Karabasoglu O, and Michalek J. Influence of driving patterns on life cycle cost and
emissions of hybrid and plug-in electric vehicle powertrains. Energy Policy, vol. 60, pp.

445-461, 2013. https://doi.org/10.1016/j.enpol.2013.03.047.

Burnham A, Gohlke D, Rush L, Stephens T, Zhou Y, Delucchi MA, Birky A, Hunter C,
Lin Z, Ou S, Xie F, Proctor C, Wiryadinata S, Liu N, and Boloor M, Comprehensive total
cost of ownership quantification for vehicles with different size classes and powertrains.
Energy Systems Division, Argonne National Laboratory. 2021.

https://publications.anl.gov/anlpubs/2021/05/167399.pdf.

Hyundai, 2022 Hyundai NEXO. https://www.hyundaiusa.com/us/en/vehicles/nexo.

Accessed: 2022-10-29.

Tesla, 2022. Tesla Model X. https://www.tesla.com/en_ca/modelx/design#overview.

Accessed: 2022-08-19.
Cihat Onat N, Aboushaqrah NNM, Kucukvar M, Tarlochan F, and Magid Hamouda A.
From sustainability assessment to sustainability management for policy development: The

case for electric vehicles. Energy Conversion and Management, vol. 216, p. 112937, 2020.

https://doi.org/10.1016/j.enconman.2020.112937.

Ford, 2022. Ford F150. https://www.ford.ca/trucks/f150/f150-

liehtning/2022//?gnav=header-trucks-vhp. Accessed: 2022-10-29.

103


https://doi.org/10.1016/j.apenergy.2016.05.116
https://doi.org/10.1016/j.tranpol.2019.10.001
https://doi.org/10.1016/j.enpol.2013.03.047
https://publications.anl.gov/anlpubs/2021/05/167399.pdf
https://www.hyundaiusa.com/us/en/vehicles/nexo
https://www.tesla.com/en_ca/modelx/design#overview
https://doi.org/10.1016/j.enconman.2020.112937
https://www.ford.ca/trucks/f150/f150-lightning/2022/?gnav=header-trucks-vhp
https://www.ford.ca/trucks/f150/f150-lightning/2022/?gnav=header-trucks-vhp

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Tesla, 2022. Tesla Cyber Truck. https://www.tesla.com/cybertruck/design#battery.

Accessed: 2022-08-19.
United States Department of Energy, 2022. Compare Fuel Cell Vehicles.

https://www.fueleconomy.gov/feg/fcv_sbs.shtml. Accessed: 2021-08-12.

Kamiya G, Axsen J, and Crawford C. Modeling the GHG emissions intensity of plug-in
electric vehicles using short-term and long-term perspectives. Transportation Research Part
D: Transport and Environment, vol. 69, pp- 209-223, 2019.

https://doi.org/10.1016/1.trd.2019.01.027.

Bastida-Molina P, Hurtado-Pérez E, Penalvo-Lopez E, and Cristina Moros-Gémez M.
Assessing transport emissions reduction while increasing electric vehicles and renewable
generation levels. Transportation Research Part D: Transport and Environment, vol. 88, p.

102560, 2020. https://doi.org/10.1016/1.trd.2020.102560.

Akerlind IB, Bastani P, Berry I, Bhatt K, Chao A, Chow E, Karplus V, Keith D, Khusid
M, Nishimura E, and Zoepf'S, On the road toward 2050: Potential for substantial reductions
in  light-duty vehicle energy use and greenhouse gas emissions. 2015.

http://web.mit.edu/sloan-auto-lab/research/beforeh2/files/On-the-Road-toward-2050.pdf.

Lee D-Y, Elgowainy A, Kotz A, Vijayagopal R, and Marcinkoski J. Life-cycle implications
of hydrogen fuel cell electric vehicle technology for medium- and heavy-duty trucks.
Journal of Power Sources, vol. 393, pp- 217-229, 2018.

https://doi.org/10.1016/j.jpowsour.2018.05.012.

Burke A, and Miller M, Zero-emission medium- and heavy-duty truck technology,
markets, and policy assessments for California. 2020.

https://escholarship.org/uc/item/7n68r0g8.

104


https://www.tesla.com/cybertruck/design#battery
https://www.fueleconomy.gov/feg/fcv_sbs.shtml
https://doi.org/10.1016/j.trd.2019.01.027
https://doi.org/10.1016/j.trd.2020.102560
http://web.mit.edu/sloan-auto-lab/research/beforeh2/files/On-the-Road-toward-2050.pdf
https://doi.org/10.1016/j.jpowsour.2018.05.012
https://escholarship.org/uc/item/7n68r0q8

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Lajunen A, and Lipman T. Lifecycle cost assessment and carbon dioxide emissions of
diesel, natural gas, hybrid electric, fuel cell hybrid and electric transit buses. Energy, vol.

106, pp. 329-342, 2016. https://doi.org/10.1016/j.energy.2016.03.075.

Eudy L, and Post M, BC transit fuel cell bus project evaluation results: Second Report.
National Renewable Energy Laboratory. 2014.

https://www.nrel.eov/docs/fy140sti/62317.pdf.

Ercan T, Zhao Y, Tatari O, and Pazour JA. Optimization of transit bus fleet's life cycle
assessment impacts with alternative fuel options. Energy, vol. 93, pp. 323-334, 2015.

https://doi.org/10.1016/j.energy.2015.09.018.

Lajunen A. Lifecycle costs and charging requirements of electric buses with different
charging methods. Journal of Cleaner Production, vol. 172, pp. 56-67, 2018.

https://doi.org/10.1016/j.iclepro.2017.10.066.

Potkany M, Hlatka M, Debnar M, and Hanzl J. Comparison of the lifecycle cost structure
of electric and diesel buses. NaSe more, vol. 65, pp. 270-275, 2018.

https://doi.org/10.17818/nm/2018/4s1.20.

Johnson C, Nobler E, Eudy L, and Jeffers M, Financial Analysis of Battery Electric Transit
Buses. National Renewable Energy Laboratory. 2020.

https://afdc.energy.gov/files/u/publication/financial_analysis_be_transit buses.pdf.

MARCON, and City of Edmonton, Electric bus feasibility study for the city of Edmonton.

2016. https://www.edmonton.ca/public-

files/assets/document?path=transit/ets_electric_feasibility study.pdf.

Hua T, Ahluwalia R, Eudy L, Singer G, Jermer B, Asselin-Miller N, Wessel S, Patterson

T, and Marcinkoski J. Status of hydrogen fuel cell electric buses worldwide. Journal of

105


https://doi.org/10.1016/j.energy.2016.03.075
https://www.nrel.gov/docs/fy14osti/62317.pdf
https://doi.org/10.1016/j.energy.2015.09.018
https://doi.org/10.1016/j.jclepro.2017.10.066
https://doi.org/10.17818/nm/2018/4si.20
https://afdc.energy.gov/files/u/publication/financial_analysis_be_transit_buses.pdf
https://www.edmonton.ca/public-files/assets/document?path=transit/ets_electric_feasibility_study.pdf
https://www.edmonton.ca/public-files/assets/document?path=transit/ets_electric_feasibility_study.pdf

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Power Sources, vol. 269, pp- 975-993, 2014.

https://doi.org/10.1016/j.jpowsour.2014.06.055.

Stempien JP, and Chan SH. Comparative study of fuel cell, battery and hybrid buses for
renewable energy constrained areas. Journal of Power Sources, vol. 340, pp. 347-355,

2017. https://doi.org/10.1016/i.jpowsour.2016.11.089.

Moultak M, Lutsey N, and Hall D, Transitioning to zero-emission heavy-duty freight

vehicles. 2017. https://theicct.org/sites/default/files/publications/Zero-emission-freight-

trucks ICCT-white-paper_26092017_vF.pdf.

Zhao H, Burke A, and Zhu L, Analysis of Class 8 hybrid-electric truck technologies using
diesel, LNG, electricity, and hydrogen, as the fuel for various applications, in World
Electric Vehicle Symposium and Exhibition, 2013, pp. 1-16.

Cambridge Econometrics, Trucking into a greener future: The economic impact of
decarbonizing  goods  vehicles in  Europe. Cambridge, UK. 2018.

https://europeanclimate.org/wp-content/uploads/2018/09/Trucking-into-a-greener-future-

Technical-2018-v1.1.pdf.

Nikola Motor Corporation, 2020. Nikola Corporation Investor Roadshow Presentation.

https://nikolamotor.com/investors/news?active=events. Accessed: 2022-08-19.

Ambrose H, and Kendall A, Life cycle modeling of technologies and strategies for a
sustainable freight system in California. ucC Davis. 2019.

https://escholarship.org/uc/item/3427blcn.

Tesla, 2022. Tesla Semi. https://www.tesla.com/semi. Accessed: 2021-05-29.

Tong F, Jaramillo P, and Azevedo IM. Comparison of life cycle greenhouse gases from
natural gas pathways for medium and heavy-duty vehicles. Environmental Science and

Technology, vol. 49, pp. 7123-33, 2015. https://doi.org/10.1021/es5052759.

106


https://doi.org/10.1016/j.jpowsour.2014.06.055
https://doi.org/10.1016/j.jpowsour.2016.11.089
https://theicct.org/sites/default/files/publications/Zero-emission-freight-trucks_ICCT-white-paper_26092017_vF.pdf
https://theicct.org/sites/default/files/publications/Zero-emission-freight-trucks_ICCT-white-paper_26092017_vF.pdf
https://europeanclimate.org/wp-content/uploads/2018/09/Trucking-into-a-greener-future-Technical-2018-v1.1.pdf
https://europeanclimate.org/wp-content/uploads/2018/09/Trucking-into-a-greener-future-Technical-2018-v1.1.pdf
https://nikolamotor.com/investors/news?active=events
https://escholarship.org/uc/item/3427b1cn
https://www.tesla.com/semi
https://doi.org/10.1021/es5052759

[108]

[109]

[110]

[111]

[112]

[113]

[114]

International Energy Agency, The Future of Hydrogen - Seizing today’s opportunities.

2019. https://iea.blob.core.windows.net/assets/9¢3a3493-b9a6-4b7d-b499-

7cad48e357561/The_Future of Hydrogen.pdf.

Heaps CG, 2022. LEAP: The Low Emissions Analysis Platform. [Software version:

2020.1.81] Stockholm Environment Institute. Somerville, MA, USA. https://leap.sei.org.

https://leap.sei.org/default.asp?action=home. Accessed: 2019-09-23.

Davis M, Ahiduzzaman M, and Kumar A. How to model a complex national energy
system? Developing an integrated energy systems framework for long-term energy and
emissions analysis. Internation Journal of Global Warming, vol. 17, pp. 23-58, 2019.

https://doi.org/10.1504/1IJGW.2019.096759.

Intergovernmental Panel on Climate Change, Climate Change 2014: Synthesis Report.
Contribution of Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. IPCC, Geneva, Switzerland. 2014.

https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_ARS_FINAL_full wcover.pdf.

Accessed: 2023-01-12.

Yang C, and Ogden J. Determining the lowest-cost hydrogen delivery mode. International
Journal of Hydrogen Energy, vol. 32, pp. 268-286, 2007. 10.1016/j.ijhydene.2006.05.009.
United States Department of Energy, 2015. Hydrogen delivery scenario analysis model

(HDSAM 3.0). https://hdsam.es.anl.gov/index.php?content=hdsam. Accessed: 2022-09-

12.
Demir ME, and Dincer I. Cost assessment and evaluation of various hydrogen delivery
scenarios. International Journal of Hydrogen Energy, vol. 43, pp. 10420-10430, 2018.

https://doi.org/10.1016/j.ijhydene.2017.08.002.

107


https://iea.blob.core.windows.net/assets/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of_Hydrogen.pdf
https://iea.blob.core.windows.net/assets/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of_Hydrogen.pdf
https://leap.sei.org/
https://leap.sei.org/default.asp?action=home
https://doi.org/10.1504/IJGW.2019.096759
https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_AR5_FINAL_full_wcover.pdf
https://hdsam.es.anl.gov/index.php?content=hdsam
https://doi.org/10.1016/j.ijhydene.2017.08.002

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Reddi K, Elgowainy A, Rustagi N, and Gupta E. Techno-economic analysis of
conventional and advanced high-pressure tube trailer configurations for compressed
hydrogen gas transportation and refueling. International Journal of Hydrogen Energy, vol.

43, pp. 4428-4438, 2018. https://doi.org/10.1016/j.ijhydene.2018.01.049.

Simunovi¢ J, Pivac I, and Barbir F. Techno-economic assessment of hydrogen refueling
station: A case study in Croatia. International Journal of Hydrogen Energy, vol. 47, pp.

24155-24168, 2022. https://doi.org/10.1016/j.ijhydene.2022.05.278.

National Renewable Energy Laboratory, Retail infrastructure costs comparison for
hydrogen and electricity for light-duty vehicles. 2014.

https://www.nrel.egov/docs/fy140sti/60944 .pdf.

Mayer T, Semmel M, Guerrero Morales MA, Schmidt KM, Bauer A, and Wind J. Techno-
economic evaluation of hydrogen refueling stations with liquid or gaseous stored hydrogen.
International Journal of Hydrogen Energy, vol. 44, pp. 25809-25833, 2019.

https://doi.org/10.1016/j.ijhydene.2019.08.051.

Stockholm Environment Institute, 2022. NEMO: The Next Energy Modeling system for

Optimization [Software version: 1.9.0]. https://leap.sei.org/default.asp?action=NEMO.

Accessed: 2021-03-26.
IBM, 2022. CPLEX Optimization Studio [Software version: 20.1.0].

https://ibm.ent.box.com/s/pl e0mrjnbOrs6amSevuvndy8f7vsug3t. Accessed: 2022-01-06.

Alberta Electric System Operator, 2022 Transmission rate projection. 2022.

https://www.aeso.ca/assets/Uploads/AESO-2022-TRP-Fact-Sheet-FINAL-V3.pdf.

El-Taweel NA, Farag H, Shaaban MF, and AlSharidah ME. Optimization model for EV
charging stations with PV farm transactive energy. IEEE Transactions on Industrial

Informatics, vol. 18, pp. 4608-4621, 2022. https://doi.org/10.1109/t11.2021.3114276.

108


https://doi.org/10.1016/j.ijhydene.2018.01.049
https://doi.org/10.1016/j.ijhydene.2022.05.278
https://www.nrel.gov/docs/fy14osti/60944.pdf
https://doi.org/10.1016/j.ijhydene.2019.08.051
https://leap.sei.org/default.asp?action=NEMO
https://ibm.ent.box.com/s/p1g0mrjnb0rs6am5evuvndy8f7vsug3t
https://www.aeso.ca/assets/Uploads/AESO-2022-TRP-Fact-Sheet-FINAL-V3.pdf
https://doi.org/10.1109/tii.2021.3114276

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Sun L, Lubkeman D, and Baran M, Levelized cost analysis of medium voltage DC fast
charging station, in 2019 IEEE Power & Energy Society General Meeting (PESGM), 2019,
pp. 1-5.

Borlaug B, Salisbury S, Gerdes M, and Muratori M. Levelized cost of charging electric
vehicles in the United States - Supplementary Information. Joule, vol. 4, pp. 1470-1485,

2020. https://doi.org/10.1016/1.joule.2020.05.013.

Rahman MM, Gemechu E, Oni AO, and Kumar A. The development of a techno-economic
model for assessment of cost of energy storage for vehicle-to-grid applications in a cold

climate. Energy, vol. 262, p. 125398, 2023. https://doi.org/10.1016/j.energy.2022.125398.

Verma A, Raj R, Kumar M, Ghandehariun S, and Kumar A. Assessment of renewable
energy technologies for charging electric vehicles in Canada. Energy, vol. 86, pp. 548-559,

2015. https://doi.org/10.1016/j.energy.2015.04.010.

United States Department of Energy, Costs associated with compressed natural gas vehicle

fueling infrastructure. 2014. https://www.nrel.gov/docs/fy140sti/62421.pdf.

Transport Canada, 2022. Canada's Zero-Emission Vehicle (ZEV) sales targets.

https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-

vehicles/canada-s-zero-emission-vehicle-zev-sales-targets. Accessed: 2022-05-19.

Transport Canada, 2022. Incentives for purchasing zero-emission vehicles.

https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-

vehicles/incentives-purchasing-zero-emission-vehicles. Accessed: 2022-05-19.

Sacchi R, Bauer C, and Cox BL. Does size matter? The influence of size, load factor, range
autonomy, and application type on the life cycle assessment of current and future medium-
and heavy-duty vehicles. Environmental Science and Technology, vol. 55, pp. 5224-5235,

2021. https://doi.org/10.1021/acs.est.0c07773.

109


https://doi.org/10.1016/j.joule.2020.05.013
https://doi.org/10.1016/j.energy.2022.125398
https://doi.org/10.1016/j.energy.2015.04.010
https://www.nrel.gov/docs/fy14osti/62421.pdf
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/canada-s-zero-emission-vehicle-zev-sales-targets
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/canada-s-zero-emission-vehicle-zev-sales-targets
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/incentives-purchasing-zero-emission-vehicles
https://tc.canada.ca/en/road-transportation/innovative-technologies/zero-emission-vehicles/incentives-purchasing-zero-emission-vehicles
https://doi.org/10.1021/acs.est.0c07773

	Abstract
	Preface
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Abbreviations
	Variables
	Sets
	1. Introduction0F
	1.1. The global road transportation sector
	1.2. The road transportation sector in Canada
	1.3. The road transportation sector in Alberta
	1.4. Transition to ZEVs
	1.5. Knowledge gaps
	1.6. Objectives of the research
	1.7. Limitations of research
	1.8. Thesis outline

	2. Total Cost of Operation of Vehicles and Development of Market Share Model1F
	2.1. Methodology
	2.1.1. Framework
	2.1.2. Vehicle stock, adoption, and activity modelling
	2.1.3. Vehicle costs, energy, and GHG emissions modelling

	2.2. Results and discussion
	2.2.1. Vehicle costs
	2.2.2. Market shares
	2.2.2.1. Market shares in different scenarios
	2.2.2.2. Market shares of passenger vehicles
	2.2.2.3. Market shares of buses
	2.2.2.4. Market shares of and freight vehicles



	3. Development of LEAP Model for Transport Sector and System-Wide Energy and GHG Emissions2F
	3.1. Hydrogen energy supply chain modelling
	3.2. Electricity energy supply chain modelling
	3.3. Natural gas energy supply chain modelling
	3.4. Gasoline and diesel energy supply chain modelling
	3.5. Scenario analysis
	3.6. Cost analysis
	3.7. Results and discussion
	3.7.1. Energy and emission results
	3.7.1.1. Energy and GHG emission projections
	3.7.1.2. Primary energy consumption by vehicle type
	3.7.1.3. GHG emission footprints by vehicle type

	3.7.2. Social costs
	3.7.2.1. GHG abatement cost curve



	4. Conclusions and Recommendations for Future Work
	4.1. Market penetration of zero-emission vehicles
	4.2. Transportation sector energy transition
	4.3. Recommendations for future work

	5. References



