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ABOUT THE TRANSITION ACCELERATOR

The Transition Accelerator (The Accelerator) exists to support Canada’s transition to a net zero future while
solving societal challenges. Using our four-step methodology, The Accelerator works with innovative groups
to create visions of what a socially and economically desirable net zero future will look like and build out
transition pathways that will enable Canada to get there. The Accelerator’s role is that of an enabler,
facilitator, and force multiplier that forms coalitions to take steps down these pathways and get change
moving on the ground.

Our four-step approach is to understand, codevelop, analyze and advance credible and compelling transition
pathways capable of achieving societal and economic objectives, including driving the country towards net
zero greenhouse gas emissions by 2050.

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

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

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.

ADVANCE the most credible, compelling, and capable transition pathways by informing
innovation strategies, engaging partners, and helping to launch consortia to take tangible steps
along defined transition pathways.
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EXECUTIVE SUMMARY

Concerns about the adverse impacts of climate change have led Canada and other nations around the world
to commit to net-zero greenhouse gas (GHG) emissions by 2050. The distributed, end use combustion of
fossil-carbon based energy carriers (gasoline, diesel, jet fuel, natural gas) accounts for almost half of Canada’s
GHG emissions and another 24% can be attributed to their recovery and upgrading [1]. Clearly, the transition
pathway to net-zero requires new energy systems where traditional fossil-carbon based fuels are replaced
with zero-emission energy carriers that are produced with minimal or no GHG emissions.

While low carbon electricity will play a major role in replacing carbon-based fuels, there are certain sectors
that require a zero-emission chemical energy carrier like hydrogen gas (H2). Hydrogen is seen as the zero-
emission fuel of choice for sectors such as heavy-duty transport, space heating in cold climates, many
industrial sectors and as a backup for intermittent renewables in power generation.

The use of low GHG hydrogen to decarbonize our energy systems is of particular relevance in Alberta. The
province is strategically positioned to be a global H; leader, blessed with excellent wind and solar resources
to support electrolytic low GHG ‘green’ hydrogen production, as well as abundant natural gas and the
geology for permanent CO, storage to make low GHG ‘blue’ hydrogen from fossil fuels.

Alberta currently produces more than 5000 tons of low-cost H, (about 0.9 to 1.4 C$/kgwo) per day, but most
is coupled to significant emissions of GHGs, and virtually all is used as industrial feedstocks for the
production of crude oil, fertilizers, fuels, and chemicals. Decarbonization of the province's hydrogen has the
potential to reduce the carbon intensity of these industrial processes, generate zero emission fuels for export
to other nations, and provide low GHG fuel hydrogen to decarbonize domestic transportation, space heating
and power generation.

Based on Alberta’s energy system in 2018 [2], the potential domestic fuel hydrogen market is about 13,000
tra/day, with transportation accounting for 21%, building space and water heating for 37%, and industrial
heat and power generation for 42%. However, the successful buildout of a fuel hydrogen economy will
require the creation of new value chains that will connect hydrogen supply to new demand sectors and make
hydrogen available at a reasonable cost at widely distributed locations.

Since Canadians pay 5 to 10 times more per unit of energy for transportation fuels than for heating fuels,
the transportation fuel market for hydrogen, especially for heavy-duty vehicles, holds the greatest promise
for early adoption. In the transportation fuel market, target retail prices for hydrogen should be in the range
of 5 to 8 $C/kgn2 to be competitive with the current prices for diesel. For heating markets in a net-zero
future, retail hydrogen prices of 2-3 $C/kgn2 is a reasonable target.

This report presents the design and techno-economic analyses of new value chains for delivering hydrogen
from centralized production sites to fueling stations supporting heavy duty vehicles, including trucks, buses,
and trains. It builds on earlier studies from CESAR [3-5] and the Transition Accelerator [6-8], that show
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hydrogen to be the net-zero fuel of choice for heavy duty vehicles, and analysis on the techno-economics
of compressing and pipelining hydrogen [9,10].

While the findings presented here should have relevance to any region of Canada interested in centralized,
low GHG hydrogen production, the model parameters were chosen for their relevance to the Edmonton
Region Hydrogen HUB (https://erh2.ca/), where different sized (0.4, 2 or 8 ty,/day) hydrogen fueling
stations (HFS) were assessed at distances of 5, 40 or 300 km from a centralized production facility.

Three hydrogen transportation modes were considered including: (A) compressed hydrogen in tube trailers
(TT) trucked to stations, (B) liquid hydrogen (LH>) in cryogenic tanks trucked to stations, and (C) compressed
hydrogen in pipelines to the station. Detailed techno-economic analyses of the various processing units
across the different value chains revealed the pre-tax, refueling costs of hydrogen which were then
compared with what is needed to be competitive with diesel fuel without public subsidies.
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Figure ES. 1. Refueling cost of hydrogen (C$/kgn>) for the different Supply Chains (A, B and C) and divided
into production plus processing & delivery plus fueling cost.

Note: The black dash line represents the target hydrogen retail price based on a diesel cost of 1.25 C$/Laiesel, drive train efficiency of
0.86 PJu2/Pldiesel plus a 2030 carbon price of 170 C$/tcoz, without any fuel taxes on hydrogen. The analysis assumes use of large
transmission pipelines capable of transporting 300 thz/day over 295 km and 100 tn2/day over 35 km.

The techno-economic results revealed that processing, delivery and fueling of hydrogen is complex with
several factors impacting the refueling cost of hydrogen. However, in a mature hydrogen economy, by
employing economies of scale the total estimated refueling cost of hydrogen (Figure ES. 1) should be
competitive with diesel for heavy duty transport at 5 to 8 C$/kgn2 or 35 to 56 C$/GJu.. The hydrogen costs
can be summarized as follows:

1. Production costs: The analysis reveals that to target a hydrogen refueling cost that is competitive
with diesel in 2030, centralized production costs will have to be <3 C$/kgn2. Green hydrogen
production costs depend on the cost and near continuous availability of low-carbon electricity
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supply. With the current cost of electrolyzers, if low-carbon electricity is available 268% of the time
at low costs (< 30 C$/MWh), green hydrogen can be made for <3 C$/kgnz. On the other hand,
centralized blue hydrogen production via methane reforming represents the lowest cost (<1.8
C$/kgw2) option in a province like Alberta with availability of low-cost natural gas and geology for
CCS. Additionally, blue hydrogen offers the possibility of quickly getting to scale which will drive
down costs.

2. Processing and delivery costs: As a low-density gas, the processing and delivery costs for hydrogen
are high. In the early stages of market development with low demand (<1 ty2/station/d), compressed
hydrogen delivery via tube trailers makes the most sense for short distances, while liquid hydrogen
delivery is more attractive for distances over 300 km. However, the processing and delivery costs
with these supply chains (3-6 C$/kgn2) are too high to be used in heating applications. In a mature
market, dedicated pipeline delivery to large (22 tyo/day) fueling stations will have lowest delivery
costs (<1 C$/kgno) if there is large, aggregated demand (~1 ty2/day per km of pipeline) to amortize
the cost of the transmission pipelines.

3. Fueling (HFS) costs: The fueling station costs are impacted by delivery method (via TTs, liquid
hydrogen tanks or pipelines), but in all cases, the larger the fueling station, the better the economics.
This is also tied to the demand; with high utilization of the station’s dispensing capacity critical to
lowering fueling cost. The deployment of large fueling stations (22 ty2/day) in combination with high
utilization can lead to fueling station costs of 1.5-3 C$/kgn2 depending on delivery method.

The techno-economic analyses identified a few key observations:

1. Scale is critical: The capital cost of many components in the value chain (e.g., liquefaction units,
pipelines, compressors) have a much greater impact on the levelized cost of hydrogen at smaller
scales than at large scales.

2. Demand will drive down costs: While employing economies of scale is important, it will only reap
benefit if there is high utilization of the capacity of various process units. In other words, scale and
demand must work together. Creating substantial demand (e.g., >2 tu/fueling station/day) in
concentrated hydrogen hubs and corridors would be essential to economic viability. In
transportation, this requires 100+ transit fuel cell buses, or 40+ Class 8 fuel cell trucks refueling
daily at each station.

3. Dedicated pure hydrogen pipelines are essential to enable use in multiple sectors: With centralized
hydrogen production, pipelines are the only practical option that enables opportunities in multiple
sectors (transport, heat, power) and realize a cost and scale of supply that justifies the necessary
infrastructure investments. Such a synergy among multiple demand sectors delivers benefits to all
and should be integrated into strategic planning for the buildout of the hydrogen economy.

4. Hydrogen value chain is capital intensive: Hydrogen delivery and fueling costs are dominated by
the capital expenditure that contributes 45-65% of the total cost per kg H, (assumes 8% return on
investment).

5. Technology development is necessary: As a low-density gas, the compression and/or liquefaction
are the costliest processing steps of the value chain. Technological improvements that increase
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efficiency, reliability and lifetime of currently available compressors and liquefaction units will be
critical to drive down cost of hydrogen.

To conclude, hydrogen not only offers a great opportunity to advance towards a clean future, but it is also
an economic driver that opens up diverse opportunities. Yet as this study reveals, the challenges are
substantial as fuel hydrogen value chains are complex, and the risks faced by investors are significant. Based
on the techno-economic results, the report provides a few recommendations that can accelerate the
adoption of hydrogen as a clean fuel.

1. Strategic planning is needed to fully utilize the potential of hydrogen and unlock significant
economic value for Alberta and Canada. The government needs to work together with different
stakeholders to develop strategic transition plans that coordinate and leverage current resources,
infrastructure, know-how and expertise. A key part of the strategic planning would be to analyze
the interdependencies among different demand sectors and plan infrastructure development,
policies, and incentive programs accordingly. The results presented in the report indicate that
pipelines are the only delivery option that would enable market opportunities in multiple sectors
(transport, heat, power). Therefore, they should be integrated into planning the transition to a
sustainable hydrogen economy.

2. Creation of Regional Hydrogen Hubs and Economic Corridors would be key to improve
coordination and connect supply to demand. The work done in establishment of regional hubs such
as the ERH2 could be used as a template to create similar hubs across the country. The energy
transition is a complex challenge, and these hubs will be key to bring together various stakeholders
from government, industry, and demand sectors to work together to minimize barriers.

3. Mitigate investment risks. The results indicate that the buildout of a new hydrogen value chain will
be capital intensive. Therefore, there needs to be risk mitigation for that capital until demand
increases. Policy makers and financial institutions need to employ various policies and financial tools
to remove market barriers, ease regulatory burdens and mitigate investment risk which will attract
private investment. Technical assistance, grants and interest free loans can play a critical role early
in the project. Other tools could be in the form of guaranteed off-take agreements to meet
utilization targets, or conditional capital to reduce utilization targets. Public finance institutions can
make key contributions by providing investors with risk guarantees and other insurance tools.

4. Support demand creation. As mentioned earlier, while employing economies of scale is key, it fails
without securing the demand for hydrogen fuel. Traditionally, most government policies and
incentives programs have focused on low-carbon hydrogen production. Boosting the role of low
carbon hydrogen in clean energy transitions requires a step change in demand creation. The results
presented in this study indicate that for heavy-duty transport, significant demand will not
materialize without a range of available vehicles at acceptable prices, together with predictable and
affordable fuel prices. Therefore, incentive programs need to be developed to purchase heavy-duty
fuel cell electric vehicles in parallel with programs to build a network of large size fueling stations.

5. Promote innovation and pilot projects. In an early market with many uncertainties, it will be
important to provide support to shovel ready pilot projects and promote innovation. These projects
will provide real world data and insights that must be made public, with transparent discussions, to
identify bottlenecks to address.
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