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About the Transition Acceleraor and thisreport

The Transition Accelerator is a pan - Canadian, non - profit organization that works with
groups across the country to solve business and social challenges while building major
emissions reductions into solutions. The Accelerator philosophy starts with understanding
that we live in a time of disruptive change which is shaping the future. The Accelerator

harnesses disruptions, shaping the future by helping to develop credible and compelling
transition pathways and actively taking steps down t hese pathways to achieve futures that
include the need to achieve net - zero greenhouse gas (GHG) emissions by 2050.

The Accelerator uses a four - stage methodology described in a document [1] that was used
to define the philosophical approach of the organization when it was launched in 2019

1. Understand the system that is being transformed, including its strengths and
weaknesses, and the technology, business model, and social innovations that a re
poised to disrupt the existing system by addressing one or more of its shortcomings;

2. Codevelop transformative visions and pathways in concert with key stakeholders and
innovators drawn from industry, government, indigenous communities, academia, and
oth er groups. This engagement process is informed by the insights gained in Stage 1;

3. Analyze and model the candidate pathways from Stage 2 to assess costs, benefits,
trade - offs, public acceptability, barriers and bottlenecks. With these insights, the
process then re - engages key players to revise the vision and pathway(s) so they are
more credible, compelling and capable of achieving societal objectives that include
major GHG emission reductions;

4. Advance the most credible, compelling and capable transition path ways by informing
innovation strategies, engaging partners and helping to launch consortia to take
tangible steps along defined transition pathways.

This study isthe 5 ™ in a series of reports that began with a focus on understanding the

needs, challenges and disruptive forces facing the freight transportation sector [2], went
on to identify hydrogen as a zero - emission fuel that could be competitive with diesel in

that sector [3], [4] and then explored the opportunity to develop a vibrant hydrogen

economy in Canada with net - zero GHG emissions [5]. This report focuses on a possible
transition pathway for Alberta, and its Industrial Heartland to take a leadership role in the
transition to a vibrant hydrogen economy in Canada.

For this nodal approach to develop a hydrogen econo my to work, it will need to

complement and extend both a provincial and a federal strategy for a hydrogen economy,

thereby aligning resources from all levels of government with those from industry. We see

LyA] 117G L Nj TNITGILAEd & dOWNLILNNGNd 146 Kgi1 EQAJRIA GE dN BRgj
and we hope that it will be of value to the Canadian hydrogen strategy that is due to be

released soon [7].
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ExecutiveSummary

The global shift to net - zero emission energy systems will require replacement of fossil
carbon energy carriers (i.e. gasoline, diesel, jet fuel, natural gas), the combustion of which

gi Ei 1t NLij Lyi EN¢GI ALF-b&éd glegnhoussd @gas (GG gmiskidas. | o f
Electricity made from zero/low emission sources is likely to become the dominant energy
carrier. However, electricity is not a viable solution for all sectors (heavy transport, heavy

industry, space heating in cold climates); zero emission chemical fuels will also be required.

The potential of biobased fuels is limited by res ource availability and concerns about
adverse impacts on biodiversity and food production. Hydrogen (H 2) is rapidly becoming
the global, zero - emission fuel of choice.

'] GEi Go6 Lyl 0GI d&d0O] dGo-cirdbn 8] 1 EOGANRGE] 0881 dGo
idiBLI GdF] Afu GiI SYdNi O w61 GE 6G] ] Ad ONi gCandl&sNT di & L
is strategically positioned to benefit from taking a leadership role in the transition to a

net- zero H , economy. This advantage is clear in the Alberta Industrial Heartland ,

northeast of Edmonton, Alberta. The region already produces about 2250 tH 2 per day for

use as an industrial feedstock (for fertilizer production, bitumen upgrading, oil refining,

etc), with ~42% oftheH Y1 AEg S5 YdNi O ] AERT LdiokideYJOi;aGANRL RNiI YGE
greenhouse gas) is captured and sequestered underground.

Canada is strategically positioned to benefit from taking a
leadership role in the transition to a net - zero H > economy.

This advantage is clear in the Alberta Industrial Heartland.

Tyi 11 6AGEO] dGo6 RG] L 6Gi ENLNI Nd oNje LiRBwkEARNd 1 RT
the production of blue H > makes it possible to not only decarbonize industrial processes
that use H », but also create new fuel markets with up to 90% lower life cycle GHG

emissions. Given a wholesale blue H  ; price of C$1.50/kg H , (C$10.62/GJww H2) before
carbon/tax credits, the H , cost will be about half the wholesale and one third the retail
cost of diesel.

This report explores potential nearby markets for fuel hydr ogen and proposes a
deployment strategy based on the principal that if public investments end , an
economically viable new energy  system must remain.

The findings shows that s  ignificant potential fuel markets (hundreds to thousands of
tonnes H ,/day) exist along two corridors that transect the City of Edmonton ( Figure A).

BUILDING ATRANSITION PATHWAY TO A VIBRANT HYDROGEN ECONOMN THE ALBERTA INDUSTRIAL HEARTLAND n 1
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Figure A. The two corridors in Edmonton, Alberta where most of the potential future markets for hydrogen are located.
Both corridors are archored in the northeast, near locations capable of producing blue hydrogen.

Techno - economic analyses shows that strategically located pipelines carrying H 2 along
these corridors could make it possible to provide fuel cell grade, compressed H » to sites of
existing diesel markets at a price (about C$3.50/kg H 2) that is competitive with the current
retail price for diesel as long as the H » fueling stations are operating at a sufficient scale (2

to 10+ t H ,/d). The same pipelines could be used to bring hydrogen to gates in the natural
gas distribution system serving residential and commercial buildings at a price of about
C$2/kg H . At that price, policy instruments such as fuel standards would be needed to

achieve economic viability compared to the current ener gy system.

The report provides a number of recommendations for building out a new hydrogen - for -
fuel energy system around nodes of low - cost production, such as that found in the Alberta
Industrial Heartland. Recommendations with particular relevance to the Edmonton region
include:

1. ARoadmap is needed that clearly embraces the scale and nature of the ambition for
a hydrogen future in Alberta and Canada. It should engage all levels of government
as well as industry and other stakeholders.

2. Standards and Regulations related to H , and CO, must be put in place soon,
including what defines low carbon H 2, safety, monitoring and regulatory issues
around fueling stations, H  , use for heating and carbon capture and storage,

BUILDING ATRANSITION PATHWAY TO A VIBRANT HYDROGEN ECONOMN THE ALBERTA INDUSTRIAL HEARTLAND n = 2
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3. First Nations Engagement . Explore interest and opportunities for First Nations to
get involved, and lead, in the production, transportation and use of H 2, as well as
the management of CO », etc.

4. Blue hydrogen Production . Engage companies producing  H; for use as an industrial
feedsL GRD LG BNV LNii NE& jLGIiT Lyl Rbhat¥oQdEee Lyi i Yf
used as both an industrial feedstock and a fuel.
5. Past work on the Carbon Capture Utilization and Storage (CCUS) potential and
security in Alberta must be reviewed, updated (includ ing new studies) and used to
inform other recommendations including the roadmap and First Nations
engagement .

6. Fueling Stations for Buses, Trucks and Trains. To provide H ; as a transportation
fuel at a competitive price (C$3 - 5/kg H », but ideally <C$3.50/kg  H>), strategically
located fueling stations must deliver 2 to 10 tH »/d, and be able to serve both
hydrogen fuel cell electric (HFCE) vehicles and H »- diesel dual - fuel vehicles.
Smaller, temporary stations will be needed to support pilots and demonstration
projects.

7. Hydrogen Vehicle Deployments  must use pilots or demonstration projects to
i RTAGIT JSO0AL 06GI ] i-using Behi@es inGet redbvioAditandit®riis O
in Alberta and across Canada. Insights must be made public, including a
transparent dis cussion of pros and cons, to assess the viability of H 2 vehicles for
specificend -Nj i 74 Ayi E 1 OA&i ERI Go6 S6AL 6Gi1 jii OARBRI O vy
support will be needed to deploy dozens to hundreds of HFCE and/or H 2~ diesel
vehicles (including buses, tru  cks, trains) in partnership with municipalities or
companies, all relying on one or two fueling stations.

8. Decarbonizing Natural Gas for Heat and Power. In Alberta, natural gasis alow - cost
fuel ($1 to $5/GJ ) that has widespread use in industry (cement, fertilizer, ail
sands, power generation, etc.) and space/water heating for residential and
commercial buildings. Inanet - zero energy system, hydrogen is a credible
alternative, but is significantly more expensive ($10 - $14/GJnnw H2 or $1.40 to $2/kg
H>). The successful transition to hydrogen as a zero - emission heating fuel will
require society to accept either a higher cost for heating fuels (offset, in part, by
thermal efficiency improvements) or for new technology innovation to decrease the
cost of H , production.

H. can be mixed with natural gas at up to 15% by volume in pipelines serving
residential and commercial buildings with minimal impact on infrastructure or fuel
cost. An ATCO pilot will soon add 5% H » into natural gas pipelines serving
residential and commercial buildings in Fort Saskatchewan. If all goes well, the

pilot could be extended to the City of Edmonton and involve higher proportional

volu mes ( Figure A ). Research is also needed to explore the use of 100% H 2 to
support the heat requirements of building and industry as well as power
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generation. Partnerships with makers of furnaces, water heaters, cook stoves,
reciprocal engines and gas turbin  es as well as international collaborations (e.g.
Hy4Heat.info initiative in the UK) will be essential.

9. Moving Hydrogen from Supply to Demand. Connecting H , supply to demand is one
of the greatest challenges associated with building - out a new hydrogen ene rgy
system. The major benefit of the Edmonton / Industrial Heartland node is the pre -
existing ability to produce a large amount of low - cost, blue hydrogen adjacent to
corridors having the potential for substantial demand for the gas as a
transportation or  heating fuel. With sufficient demand in the corridor, pipeline
infrastructure can be justified, and the new energy system will become
economically viable in the absence of ongoing public investment.

Alternatives to H  pipelines include the trucking of co mpressed H , (<0.8t

H ./vehicle) or cryogenic liquid hydrogen (LH 2, <4 t H ,/vehicle) from the site of
supply to sites of demand.  The preparation and transport costs add C$2 - 4 per kg
H., making it impossible to meet the target prices for H 2 as either a trans portation
or heating fuel without ongoing public investment. In the case of cryogenicH ,, the
electricity used to liquify hydrogen would require low emission power that could

drive the H ; cost even higher.

For the Edmonton/Industrial heartland region, we recommend a focus on rapidly
building supply - demand value chains to justify investments in pipelines that

connect multiple demand centres along strategically planned corridors. Specific
recommendations include:

= The potential to repurpose abandoned/decommissioned pipelines to
minimize costs until demand increases enough to justify a new and larger
pipeline;

= Strategically placed pipelines in industrial corridors to serve multiple sectors
(transport, natural gas dec  arbonization, new thermal industries or power
generation);

= Consider whether the cost for new hydrogen pipelines should be shared by
ratepayers covering the cost of the natural gas pipeline infrastructure in the
province;

= Explore the potential for pipeline - connected salt caverns for H  , storage

10. International Engagement.  Alberta and Canada should explore new markets for
hydrogen exports, and  engage companies from around the world that are
designing, building, testing and selling hydrogen sensors, fuel cells, vehicles, gas -
turbines, compressors, furnaces, etc. A vibrant hydrogen node in the
Edmonton/Industrial Heartland region has the potential to attract the international
investment and jobs that the region needs in the transition to a net zero emission
energy future.
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Box A. The Intended Audience for this Report

This is a technical report. Its objective is to inform and motivate a broad suite of actors that have key roles
in accelerating the implementation of the hydrogeas-fuel economy in Canada. Theyclude:

O Policy Makers:This report, and earlier reports in this series published by the Transition Accelerator
are intended to inform and encourage policy makers, but not usurp their role in developing and
implementing economic and environmental policy # is critical to the attainment of a seléustaining
hydrogen economy in Canada.

O Academics and Students:his report and those preceding it, present technoeconomic analyses and a
detailed approach to speed the implementation of a hydrogen economy. Than3ition Accelerator
feels academia can play a much larger role in making practical, tangible progress to help society attain
societal objectives, in addition to the traditional roles of analyses, research and technology
development. Society has investemiassively in technology innovation, yet comparatively, there has
been extremely limited societal investment and focus on innovating commercial deployment of
existing technologies so society can benefit from R&D. To this end, the Accelerator has launched a
Fellow Program to attract likeminded professionals, including academics, to grow capacity and focus
combined efforts on innovating new energy systems and commercial deployment of existing
technologies.

O Environmental Groups:This report presents very pratical steps to help realize the environmental
and economic benefits of hydrogen, especially as a step in a transition pathway to e e
emissions society. The Transition Accelerator is convinced that the production and use of both blue
and green hydrgen are critical in a transition pathway to netero and wouldike to engage
environmental groups in this discussion.

O Industry: Attaining an economically sefsustaining hydrogen economy is a complicated endeavour,
requiring new public and private sectoroles and outcomes along a full, new hydrogen value chain.
I ndustry is essential in this venture. The Transi
the willing#fa, typically | ed by i ndusianmpathevaytomh o wi st
net-zero energy future fueled, in part by hydrogen.
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1. Introduction

Canada and 72 other nations have committed to achieve net - zero greenhouse gas (GHG)
emissions by 2050 [8] . The end use combustion of carbon - based energy carriers (gasoline,
diesel, jet fuel, natural gas) is the largest source of GHGs followed closely by the emissions
associated with making those fuels ( Figure 11A [9] ). Clearly, the transition to net - zero
emission energy systems n  eeds to involve changing the energy carriers that are used to

meet societal needs. Electricity, made from very low, or zero - emission sources is seen by
most as a key part of the solution.

However, there is widespread consensus that a net - zero emission ener gy future cannot be
met by (zero - emission) electricity alone [10] A [12] . Chemical - based fuels are required for
sectors such as heavy transport, many thermo - chemical industries, space heating in cold
climates and for the long - term storage of electricity. Biofuels can help but their capacity is
limited, especially if biological systems are to provide negative emission technologies (i.e.

increase the carbon stocks in forests and agricultural soils), while providing even more

food NEA 6AYIi1 LG JNITGIL Lyl 06GIdao] o1 GOIAEg T GYT NdNLA
As a result, nations around the world (e.g. Australia [13], Germany [14], UK [15], USA [16],
S Korea [17], and China [18]) are developing strategies and starting to build out a new

energy system based on hydrogen and electricity made from very low or zero - emission
sources. Hydrogen (H2) is a carbon - free gas tha t releases energy when combined with

oxygen from the atmosphere. If hydrogen and oxygen are combined through combustion,

heat is generated, but if combined in a fuel cell, half or more of the energy is delivered as

electricity and the balance as heat.

A. Canada’s Energy System (2017)  B. Possible Net-Zero Energy System (2050)

- - Efficiency & =

~
Low C 4 Conservation \
Generation ]
O\ ! '
o tmos- |
Electricity | Atmos ,
I Lowc[:: pheric
2 co,
| Generation 2 |
I (Wind, Solar, ﬂﬂ End Use I
Tidal, Hydro, Demand
| Geothermal, I
I Nuclear) J 1
Electricity C Capture
[ &\ & Storage | |
e —
The Transition | The Transition
Accelerator \ Accelerator /
e p— S QP L e ————— -

Figurell. Compari son of CanadaHs -Feo&EnegySySsemst em and Possi bl e Net
Comparison of CanadaHs ener gy -zesenission energy siddefn i thé fathire (BNate d a p o s s i
that the net-zero energy system replaces the fossil fublased energy carriers (gasoline, diesel, jet fuel, natural gas) with

electricity, hydrogen or biomasshased energy carriers. GHG, greenhouse gas. Panel A from NRCan Comprehensive Energy

Database [9].
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Figure 1.1- B provides an example of a possible net - zero energy system for Canada in 2050.
It envisages an expanded role for electricity and biomass as energy carriers in the future,
as well as a major role for hydrogen that is produced with zero or very low GHG emissions.

In September 2020, we published a report called ?Towards Net - Zero Energy Systems In

Canada: A Key Role For Hydrogen € [5]. It took a pan- Canadian perspective to assess the

potential for hydrogen LG Yi T N1 L Goé / NENA& N&drodémisfida] ehédrgy GE LG N E|
system needed to limit global climate change this century to 1.5 or 2 degrees Celsius.

Insights from the report include:

U canadais internationally recognized as a low - cost producer of hydrogen  [19] from
either electrolysis with low carbon electricity ( green hydrogen) or from fossil fuel S
(especially natural gas) where the byproduct CGQG; is releas ed to the atmo sphere
(gr ey hydrogen , 9 kg CO./kg H ,) or coupled to carbo n capture and storage (blue
hydrogen , 1 kg CO./kg H »);

U In canada today, grey hydrogen production dominates, and the gas is used as an
industrial feedstock for the production of fertilizer, synthet ic crude oil, refined
petroleum products and other chemicals;

QO 1f blue or green hydrogen is used to support transportation, life cycle GHG
emissions are reduced by 80% to 95% relative to the incumbent gasoline or diesel
fuels;

L The estimated cost of blue hydrogen produced in Alberta is one half to one third the
cost of green hydrogen produced in provinces that have low cost surplus hydro,
wind or nuclear power, and about one half the wholesale cost of diesel fuel based
on higher heat value energy content;

L Compressing, distributing and retailing hydrogen is currently m ore costly than for
gasoline or diesel. However, if done at scale, and especially with carbon credits,
zero - emission H , could be cost competitive with the incumbent transportation and
heating fuels in Canada;

L The USA, and nations in Europe and Asia are int erested in importing green or blue
hydrogen, creating a potential export market for Canada that is equal in size to the
domestic market. Domestic and export markets combined offer a market potential
for hydrogen of $100  billion per year or more.

To realize this opportunity, it is imperative that the supply, distribution  and demand
systems are deployed at an appropriate scale, and in a synchronized way. While public
funding may be required to establish a new energy system, once established, it is

importantt hat the systemis economically viable and not dependent on continuous
government subsidies.

We recommend that the transition pathway begins with ? ydrogen nodesS that are built
around regions with:
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The ability to make low cost  byproduct, blue or green hydrogen ;
Substantial nearby markets for the hydrogen ;

The ability to connect supply  to demand (ideally pipelines);

= =4 =4 =4

A scale of supply/demand where the economics works without sustained public
investment;

9 Engaged industry, governments and acad emic s.

The sub - regional scale of this approach (i.e. municipalities, transportation corridors, etc.)

and its deployment across Canada can focus public and private investment towards the

creation of small, but viable zero - emission energy systems that will coalesce over time to
create the transformative change that is needed for the energy systems of Canada.

This report assesses the market potential for hydrogen in Alberta (Sections 2 and 3) and

then focuses on one region of Alberta, the Industrial Heartlan d near Edmonton, to explore
how a vibrant hydrogen economy could be built there (Sections 4 and 5). The hope is that
this work will lead to  an industry and government led deployment of a hydrogen node in

the Alberta Industrial Heartland.

BUILDING ATRANSITION PATHWAY TO A VIBRANT HYDROGEN ECONOMN THE ALBERTA INDUSTRIAL HEARTLAND n 8



TRANSITION ACCELERATOR REPORTS

2. Domestic Market Potential for Hydrogen in
Alberta

2.1 Combustion Emissions and Target Markets

In 2018, GHG emissions in Alberta were 273 Mt CO2elyr , 75% of which ( 204 Mt

CO2elyear) were associated with the combustion of fuels. As a result, Alberta, with 12% of
Lyi ERNL A G&ion accoudted for  40% of Canada O jtotal combustion emissions  of 541
Mt CO.elyr [5], [20].

The large st proportion G6 Lyi T 1 GOAERI O] R GEY NgssbokatdEwith B] ] AGE]

production of crude oil and natural gas, most of which is exported to other jurisdictions in
North America ( Figure 2.1[20]). However, more than half of the combustion emissions are
associated with the generation of electricity and the end use of transportation and heati ng
fuels ( Figure 2.1).

Alberta's Combustion Emissions
(204 Mt CO2/yr)

Emissions from
Fuel & Electricity
Production
(incl. export)

Power
Generation
(36)

Diesel
Veh (14)

Gasoline
Veh (15)

Other Industry

Buildings
(17)
Emissions

from Fuel use

The Transition
Accelerator

Figure2.1.Greenhouse Gas Emissions in Alberta by IPPC Sector (2018).
Data from ECCC National Inventory Report 2020 [20].

Certainly, achieving net- zero energy systems will require the eliminat ion of these

emissions. Options under consideration in clude bio - fuels, small modular nuclear reactors,
electrification with renewable power and blue or green hydrogen production and use. It is
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worth noting that at least three Alberta oil companies ( CNRL [21], MEG Energy [22], and
Cenovus [23]) have committed to net- zero emissions.

For reasons discussed in our previous report [5], hydrogen (especially blue, but also green

andsomeby -T 1 GANRLvs T 1 GANRLAGEe Nji NE& 1 RVTGiILL Aj dADi df
energy transition.  In the following sub - section s, current markets for diesel, gasoline and

natural gas are used to estimat e the future market potential for hydrogen in Alberta. We

have not considered growth (or shrinkage) in these markets over the next 30 years, since

the purpose of this analysis is only to provide an assessment of the magnitude of the

challenge and opportuni ty.

2.2 The Alberta Diesel Market

In 2017, the demand for diesel fuel in Alberta was 284 PJ/yr (Figure 2. 2A, [5], [9], [24). Of
that total, 171 PJ/yr was sold as  transportation fuels with the road freight sector being the
dominant consumer in addition to the lesser amounts of diesel sold for rail and passenger
transportation. Examples of non - transportat ion uses of diesel include agriculture, oil and
gas extraction, construction, and stationary heat/power generation

In a net - zero future that is also motivated to restrict the use of diesel internal combustion

engines for air pollution and air quality conc erns, the freight sector is exploring zero
emission drivetrain options. This trend is supported in places like California where heavy -
duty zero - emission standards are being introduced to mandate that 30% of heavy - duty

vehicle sales are zero - emission by 203 0 [25].

The heavy - duty road freight segment is a target market for hydrogen because of its fit for
a variety of operating  conditions including long distances, heavy payloads, and cold

weather. While hydrogen fuel cell electric (HFCE) drivetrains are suitable for a range of

duty - cycles, they may not be the preferred technology for short haul, urban, and lighter

loads [3]. These market segments are likely to be plug - in battery electric. Other diesel
markets (e.g. off - road vehicles) inanet - zero future are expected to be split between

plug - in electric , hydrogen and some bio - based diesel alternatives.

If the shift to hydro  gen were to account for 80% of the 2017 diesel market ,Yand the
dri vetrain efficiency ratio ( Report A , Figure 2. 6, [5]) is 0.86 GJn H2/GJw diesel 2 the
hydrogen demand would be 3.8 kt H »/day (Figure 2.2B).

1In a net zero future, some of the Alberta diesel market could shift to pligbattery electric, or to biodiesel, but with the build out of a
hydrogen economy, we have projected a 80% market share of 2017 level of demand. Overall growth in demand hagewitcluded in
these projections.

2 Calculated as the ratio ofliesel ICE drivetrain efficiencyof 0.405 GJ kinetic energy/Ghn diesel divided byHFCE drivetrain efficiency of
0.47 GJ kinetic energy/ Géhw hydrogen. See referenc¢b] for details.
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Figure2.2. Annual Demand for Diesel in Alberta and Estimated Demand for Hydrogen
Annual demand for diesel in Alberta by endse (A) and estimated demand for hydrogen by proportion of the diesel market
converted to hydrogen (B). Figure A data source$tatistics Canadd24]a n d N R C&niprgrensive Energy Use
Database[9]. HFCE: Hydrogen fuel cell electric; ICE: Internal combustion engine; DTE ratio: Drivetrain efficiency ratio from

diesel ICE to HFCE (Report, [5] Figure 2.6).

In Figure 2.2 B, the blue line labelled H - diesel dual - fuel ICE (Internal combustion engine)
accounts for the adoption of an onboard fuel blending technology at a ratio of 40% H
60% diesel. It assumes that 1 GJH ; in an ICE engine will take a vehicle the same distance
»- diesel dual - fuel ICE, the
corresponding hydro gen demand is about 2 kt H ,/day in Alberta (Figure 2.2 B ).

as 1 GJ diesel [26]. If 40% of the diesel demand is converted to H

Because of its relatively low cost and its flexibility to operate
hydrogen supply, these dual - fuel vehicles could be an important

build demand at hyd rogen fueling stations and for manufacture of on

2.

with or without an assured
bridge technology to

tanks [27]. The combination of H - diesel and HFCE vehicles could help break the

cycle 3 that is a barrier to the deployment of hydrogen infrastr
undermines demand for HFCE vehicles and keeps prices high
hydrogen fuel [28].

ucture which, in turn,

- board hydrogen

vicious

for both the vehicles and the

As noted previously [5], to meet the retail price targets for fuel cell grade hydrogen (~C$3
to 5/kg H »), the fueling stations must be strategically located and attract sufficient
vehicles to deliver 2to 10 tH  ,/day, or more. Given that large trucks and buses typically use
only 20 to 80 kg H /vehicle per day, up to one hundred hydrogen using vehicles or more

must be on the road to support each fueling station.

Hydrogen Demand (PJ/yr)

3The hvicious cycleH is ba szudingeahicles besausetha fueing infrastrucaute islatking aad teer e

infrastructure is lackng because there are no Husing vehicles.
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2.3 The Alberta Gasoline Market

In 2017, the demand for g asoline fuel in Alberta was 234 PJ/yr ( Figure 2.3A, [5], [9], [24)
with the vast majority being consumed as a transportation fuel for light and medium duty
vehicles. For the majority of personally owned vehicles, direct electrification would be the
most likely technology of choice in the transition to a net - zero energy future.

For intensively driven fleet vehicles such as taxis (or future shared, autonomous vehicles)

hydrogen is likely to be a more suitable option, given range requirements and the ne ed for
a shorter refueling/recharge time. The home base for these fleet vehicles are also likely to

be in the industrial regions of cities near where the heavy trucks and buses are fueled.

Therefore, this relatively small number of vehicles with large fuel use per vehicle is the
target market envisage d for hydrogen.

If the shift to hydrogen were to account for 30% of the 2017 gasoline market 4(234 PJlyrin
2017, Figure 2.3A ), and the drivetrain efficiency ratio ( Report A , Figure 2.6 , [5]) is 0.56 PJ
H./PJ diesel ,® the hydrogen demand is 0.76 kt H  ,/day ( Figure 2.3B ).

__ 300 4
= A. Gasoline demand in AB B. H, Market potential from gasoline 200
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g s 3
5 Other Uses < 234 = 3 150 T
£ 200 4202 < z
g @ o

) c
S mo 52 e 100 §
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—_— 1= ad
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1
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Figure 2.3. Annual Demand forGasoline in Alberta and Estimated Demand for Hydrogen.

Annual demand for gasoline in Alberta by engse (A) and estimated demand for hydrogen by proportion of the gasoline
market converted to hydrogen(B). Figure A data sourceStatistics Canadd24] and NR C A NG@dmprehensive Energy Use
Database[9]. HFCE: Hydrogen fuel cell electric; ICE: Internal combustion engine; DTE ratio: Drivetrain efficiency ratio from
diesel ICE to HFCEReport A[5],Figure 2.6).

“1n a net zero future, plug in EVshould dominate this sector. However, shared, autonomous electric vehicles would benefit from the rapid
refueling and range benefits of HFCE, so a 30% market share of 2017 denhis projected.

5 Calculated as the ratio of gasolinkCE drivetrain efficiencyof 0.265 GJ kinetic energy/Ghn diesel divided byHFCE drivetrain efficiency of
0.47 GJ kinetic energy/ Géhw hydrogen. See referenc¢b] for details.
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2.4 The Alberta Natural Gas Market

Alberta has a large domestic market for natural gas (NG) of 2,257 PJ NG/yr in 2018 (Figure

2.4, [29]). This demand accounts for about 35% of the total NG productio n in Canada (6,335
PJ NG/yr, Report A, Figure 4.2 [5]). Domestic NG consumption is split into the following

markets:

45% oil and gas industry
23% power g eneration
15% for building heat

13% industrial applications
4% pipeline transportation

=a =4 =4 =4 A

Of the 2,257 PJ NG/yr consumed in Alberta, approximately 386 PJ NG/yr is already used to
produce hydrogen. This hydrogen is used as a feedstock in oil refining/upgrading and for
fertilizer and chemical production (discussed in Section 3).

Since hydrogen is made from natural gas in Alberta, it is not surprising that, per GJ, the
cost of hydrogen is greater than the wholesale cost of natural gas (typically $10/GJ hv H2
vs. $2/GJ v NG, respectively ; Report A, Figure 2.1 [5]).

A. Natural Gas Demand in AB
2257 PI NG/yr

H5 Production
(386 PI/yr)

Oil and Gas |
760 S
(760) Pipelines (99

Power Gen
(510)

The Transition
Accelerator

Figure2.4. Annual Demand for Natural Gas in Alberta
Annual demand (2018) for natural gas iAlberta by enduse demand (A)Source:AER ST 98 Statistical Repof29].
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Given a natural gas carbon intensity of 50 kg CO2/GJIn NG [20], the $8/GJ nny differential
price in the two energy carriers would be equivalent to a carbon price of $160/tCO 2(8/50 x
1000) assuming both energy carriers are simply being combusted for heat. While current
and projected carbon  prices of $30 - $50/t CO , [30] are not sufficient to justify this

investment, new clean fuel standard s for both liquid, gaseous and solid fuels r equir ing
reduction s inthe life cycle GHG intensity may provide the necessary economic driver [31].
Also, carbon prices are expected to rise over the next 20 - 30 years .

Hydrogen is an attractive  zero - emission option for a significant portion of current natural

gas demand including heavy ind ustries, energy for pipeline transportation, and buildings
needing space and water heating. While air source heat pumps hold significant promise for

building heating in more temperate regions of Canada, it is difficult to see a major role for

them in Alber ta becau se the cold climate is unsuitable for current generatio n heat pumps .
Assuming that 80% of the  se market segments shift to hydrogen, the potential demand for
hydrogen would be 9081 tH »/day (Table 2.1, Iltems 2,3,4 ).

Natural gas also plays an important role in power generation for today @ electrical grid.

While there is limited ability to fuel existing gas turbines with hydrogen, new gas turbines
have been designed to use 100% natural gas, 100% hydrogen or anything in between  [32],
thereby making it possible to produce electricity with a wide range of carbon intensitie S.

Perhaps the most significant role for hydrogen in power generation is its potential role in

working with low cost, intermittent renewables (e.g. wind and solar) to produce both grid

power and hydrogen for transportation. This may allow utilities to bui Id out low cost wind
and solar farms without concerns about curtailment, since when power production

exceeds grid demand, the electricity can be diverted to green hydrogen production and the

gas put into the same pipelines carrying blue hydrogen. W hen the wind is not blowing, or

the sun is not shining,  blue or green hydrogen from this pipeline infrastructure could be
used to supply the grid with low or zero carbon electricity.

Recent studies [12] have identified hydrogen storage in pi peline infrastructure or salt

caverns as holding promise for long term or seasonal storage where peak renewable

generation does not coincide with the timing for peak electricity demand. In the net- zero
emission energy system  for Alberta simulated in ~ Table 2.1 (Line 5), hydrogen energy for
power generation has been set as equivalent to 50% of the current natural gas demand.

Low carbon hydrogen could also be used for oil sands recovery, including steam

generation for in situ operations or for fuel ing heavy ha ulers in mining operation s. For this
scenario, we assumed a 50% market share (  Table 2.1, Line 6 ), especially considering
advances in hydrogen fueled gas turbines discussed above . The existing gr ey hydrogen
production associated with making synthetic crude oil from oil sands bitumen, or with
making refined petroleum products (  Table 2.1, Line 7 ), or other chemicals and fertilizer s
(Table 2.1, Line 1) is all assumed to be retrofitted to low - carbon bl ue hydroge ninanet -
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zero energy future. See Box 2.1 for additional details on the technologies for blue
hydrogen production.

In total, potential domestic markets for low carbon hydrogen production in Alberta
include about 5.4 kt H ,/day to meet existingh  ydrogen demands and an additional 21.4 kt
H./day to meet additional  future fuel hydrogen demands ( Table 2.1 Item 8 ).

Table 2.1. Estimate of demand for hydrogen in Alberta by proportion of the natural gas marke
converted to hydrogen.
A B c D E F G

Natural Market Conversion New H2 Economy

S Gas Use Share to Factor (b) Grayto | NewH2 |Gray H2 to| New H2
(2018) H2 (a) Blue H2 (c] Market (c) |Blue H2 (d] Market (d)
PJ NGlyr - PJ H2/PJ NG PJ H2/yr t H2/day

1 Industry - SMR 100% - 1,953 -

2 Industry - other 164 80% 1.0 - 131 - 2,532

3 Buildings 338 80% 1.0 - 270 - 5,228

4 Pipeline Transport 99 80% 0.86 - 68 - 1,321

5 Power Gen 510 50% 1.0 - 255 - 4,930

6 Oil&Gas- other 760 50% 1.0 - 380 - 7,347

Oil&Gas-SMR 100% 0.72 - 3,425 -

o etz || a3 || bws | s s
Footnotes

(a) Given forces to move to net zero emissions, we assumed a conversion to Hydrogen use as a fuel for all existing naturaimgaside
except the building sector (20% to electrification), other oil and gas (20% to electrification, 30% to Renewable naturd) gawer
generation (50% remaining on natural gas), other industry (20% to electrification). For pipeline transport (20% remainingatural
gas).

(b) Amount of hydrogen produced per energy unit of natural gas. Ratios from CESAR's Future of Freight Part Brtep

(c) Calculated as NG Gas Use X Market share to Hydrogen X Conversion Factor

(d) Calculated as HEnergy divided by a higher heating value of 141.7 PJ/Mttimes 1000 kt/Mt divided by 365 days/yr
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TRANSITION ACCELERATOR REPORTS

Box 2.1 Turning Gr ey Hydrogen Blue

Steam Methane Reforming (SMR) is the most common industrial process used to make hydrogen in

Canada, and it

typically

|l eads to greenhouse gas

SMRfacilities can be built (or modified) to include carbon capture coupled to utilization or storage (CCUS)
focused on either the process stream (Figure 2.5fblock a) or on the flue gas stream (Figure 2.8/lock
b), resulting in emission intensities for 2iproduction of about 4 kg CO2/kg H2 or 1 kg CO2/kg H2,

respectively.

In this and a previous Transition Accelerator repofb], blue hydrogen is condered to have an emission
intensity of 1 kg CO2/kg H2 or lower, so flue gas capture (Figure 2.§Alock b) is assumed. Therefore, if a
400 t H2/d SMR plant is built to capture process emissions, thereby reducing emissions intensity from 9 to
4 kg CO2/kgH2, such as plant could be considered to be producing 250 t blue H2/d (i.e. 62.5%) and 150 t

grey H2/d.

Using IEA data, we previously estimatd8] that th e

ncrement al cost for CCuUSsS

$0.65/kg H2 or $80/t CO2. Other techno-economic studieg33] focused on the process stream (Figure
2.5A ¢ block a) have estimated a cost of about $50/t CO2. Retfitting existing SMRs with carbon capture
can dso be done (e.g. Shell Quelg4]), and the costs are likely to be higher, but will vary widelypéading

on the facility. An alternative to SMRCCUS is autothermal reforming (ATRCCUS, Figure 2.5B), where

most of the reaction heat is supplied inside the process and avoids costly CO2 capture from flue gas. ATR
has been studied for several projects (e.gcorn[35], H21 North of England[36]) where 90-95% of CO2

can be captured (<1 kg CO2/kg H2). No ATRs currently exist in Canada for hydrogen production, but
greenfield ATRs would allow builebut of new hydrogen production with the highest CO2 capture.

A. SMR-CCUS
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Figure2.5.H2 Generation by Steam Methane Reforming and H2 Generation via Autothermal Reforming.

A.Hydrogen generation by steam methane reforming (SMR), with @€apture and utilization or storage (CCS) of either the
process (a) or fle gas stream (b)B. Hydrogen generation via autothermal reforming (ATR) with G@apture and utilization or
storage (CCUS). HRSG, Heat recovery steam generator; PSA, Pressure Swing Adsorption; WGS,-géastehift reactor.
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TRANSITION ACCELERATOR REPORTS

2.5 Summary and Implications fornte Domestic Market
Potential for Hydrogen in Alberta

Summing the hydrogen market estimates generated from diesel ( Figure 2.2 B ) and
gasoline (Figure 2.3 B ) end- uses and existing natural gas markets ( Table 2.1) ledto a
hydrogen demand size estimate of 31.3 kt H ; per day ( Table 2.2). That is equivalent to
almost 50% of the estimated Canada - wide market for the low carbon hydrogen estimate
in the previous study ( Report A [5], Figure 4.1C).

If all hydrogen were produced as blue hydrogen from natural gas coupled to CC Us, the
annual CC US capacity requirement would be about 101 Mt CO; /yr. ( Table 2.3, Column A ).
This is about 6 times more thanthe 1 6.8 Mt CO ,/yr capacity that already exists at Shell
Quest and Alberta Carbon Truck Line projects ( Table 3.1).

Also, the demand for natural gas would not only be maintained but wou Id increase from
2,257 PJ NGlyear ( Figure 2.4 ) to about 2 ,782 PJ NG/yr ( Table 2.3, Column D ).

Of course, this simple analysis does not take into consideration that the displacement of

diesel and gasoline fuel with H  ,- diesel dual fuel, plug in  electric or hydrogen fuel cell

electric vehicles would reduce demand for conventional transportation fuels, and

T1i]NENYdf 6Gi1 Lyi NjjGRANLiIi & 71 GANRBRLAGE Go6 Ri1 N&ai GA
fuels could be exported to other jurisdictions, it seems likely that a shift to a hydrogen

economy in Alberta would be associated with a similar shift to a hydrogen economy in

other parts of Canada, the USA and in other economies with which Canada trades.

Also, not all the hydrogen being produced in the provinc e will necessarily come from
natural gas. Some could be produced through electrolysis using electricity from wind
TGOoil1e GiI 061 GE Lyi T1GOAERiIi O] GAd J NE&] 1 1]JGNIRIi] RC

(e.g. Northwest Redwater Refinery [37]). A deeper analysis of possible energy futures for
the province would be useful, but this would require more time and resources and be done
in consultation  with input from industry and government.

The previous report  [5] did consider the potential for large new export markets for blue or
green hydrogen, tot he rest of Canada, the USA and to Asia. When these new markets are

RGEj Adii1i8 NdGEg O6ALy ENiDiL JyNii dGjjij LyNL O6Nid
role in providing traditional transportation fuels, the estimates for total market demand
laid out in Tables2.2 and 23R GNda& Yi RGEj] A&di 118 SRGEJi1 ONLAOI 04
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Table 2.2. Summary of potential hydrogen demand in Alberta.

A B C

Potential Domestic Market Demand
for Hzin Alberta

Potential Markets for

S A P32l
Converting Existing Gray Hydrogen to Blue Hydrogen

1 Existing Ind'l Feedstock Mkt (a) 278 1,963 5,378

New Hydrogen Fuel Markets

2 From Diesel market (b) 195 1,377 3,773
3 From Gasoline market (c) 39 278 760
4 From Natural Gas market (d)
5 Industry 131 924 2,532
6 Buildings 270 1,908 5,228
7 Pipeline Transport 68 1,321 1,321
8 Power Generation 255 4,930 4,930
9 Oil and Gas 380 7,347 7,347
10 TotalNewhydogenFuelMkt 133 451 25891
11 Total 1,617 11,414 31,269
Footnotes

(@) From Table 2.1, Item 8, Column D and F (Gray H2 to Blue H2)

(b) From Figure 2.2B, assuming 80% of the Alberta 20Hiesel market converts to Hydrogen

(c) From Figure 2.3B, assuming 30% of the Alberta 2017 gasoline market converts to Hydrogen
(d) From Table 2.1, Item 2 to 6, Column E and G
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Table 2.3. Summary of carbon capture & storage (CCS) and natural gas demand in a hydrogen
economy

A B C D
CCS Capacit Natural Gas Demand

Potential Markets for Needed if For H, Conventional Total
Blue H: made in Alberta Blue H:@) |Production uses(c)

Mt CO2lyr PJ NG/yr

Converting Existing Grey Hydrogen to Blue Hydrogen
1 Existing Ind'l Feedstock Mkt 17.5 386 - 386

New Hydrogen Fuel Markets
2 From Diesel market 12.2 271 - 271
3 From Gasoline market 25 55 - 55

4 From Natural Gas market

5 Industry 8.2 182 33 215
6 Buildings 17.0 376 0 376
7 Pipeline Transport 4.3 95 20 115
8 Power Generation 16.0 354 255 609
9 Oil and Gas 23.8 528 228 756
11 Total 101 2,246 536 2,782

Footnotes

(a) Calculated from Table 2.2 Column A X 9.88 t CO2/t H2 X 90% capture

(b) Calculated using same logic as Table 2.1.

(c) Calcul ated fr om Tetlidiehcg of Steath m&tmhe ueforming(0.72)

BUILDING ATRANSITION PATHWAY TO A VIBRANT HYDROGEN ECONOMN THE ALBERTA INDUSTRIAL HEARTLAND n 19



TRANSITION ACCELERATOR REPORTS

3. The Current Hydrogen Economy in Alberta & the
Heartland

As pre viously noted, Alberta already produces about5.4 ktH ./day (ca.2 MtH ,/year), most
of whichis 5 gef O vy f & ((Figare E 1A [38]¢[40]), resulting in GHG emissions of about 18
Mt CO .elyear.

The Alberta Industrial Heartland (AIH) accounts for about 40% of ldYii1 LNO] LGLRNd yfa
production (  Figure 3.1B). About two thirds of this hydrogen is produced on site as an
industrial feedstock for upgrading and refining of bitumen/crude oil, or for fertilizer and

chemical production. The last third is produced as me rchant hydrogen and sold as an
industrial feedstock, typically using a dedicated pipeline for the purpose. Air Products [41]
A Lyi 11 8AGEO®] T1 AENIf Ei i1 RyNEL yf&i1 Ggi E T 1 GANRI I |

Figure 3.1. Current hydrogenproduction in Alberta by region (A) and by market (B) for 2017.
Sources include CERI [38], AER [40], NRCAN [39], and industry input.

Given the present hydrogen demand in the AlH, production and distribution infrastructure

has been established and some of t he relevant companies and infrastructure are shown in
Figure 3.2 . The companies are situated in proximity to each other and close to existing
hydrogen and CO  pipeline assets ( Figure 3.2 ). Table 3.1 [34] provides summary details

about the key pipeline infrastructure , including the hydrogen pipeline and two CO 2
pipelines with a total potential of about 18 Mt CO,/ per year. The regionis  underlain by
geological formations with large sequestration potential at the right depth for permanent

storage . Table 3.1 shows the total sequestration potential of those geological formations
approved for those projects, where more sequestration can be added with new phases of
development.
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