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ENBRIDGE GAS INC.
Answer to Interrogatory from
Environmental Defence (ED)

INTERROGATORY

Reference:

Exhibit A, Tab 2, Schedule 1, p. 1
Preamble:

Enbridge states that:

“The LCEP is a pilot project that will allow the Company to green a
portion of the natural gas grid in Ontario. The experience gained through
the implementation of the LCEP will position Enbridge Gas to then
expand hydrogen injection into other parts of its gas distribution system,
further enhancing reductions to GHG emissions across the province.”

A study recently released by the Fraunhofer Institute for Energy Economics and
Energy System Technology contains the following conclusions:

1. “[H]ydrogen is not a viable option when it comes to heating
buildings. The amount of green electricity needed to produce green
hydrogen for this purpose is 500 to 600 percent greater than the
amount needed to power an equivalent number of heat pumps.

‘The differences in efficiency are so large that it is unreasonable to
propose the wide-spread use of hydrogen for heat in buildings,’
Prof. Dr. Clemens Hoffmann, the Executive Director of Fraunhofer
IEE, says.!

2. “The authors do recommend the priority use of hydrogen when
there are no good alternatives to fossil fuels. The most relevant
hydrogen applications include synthetic fuels for airplanes and
ships; the production of ammonia, methanol, and steel; and the

1 FIEE, Green hydrogen or green electricity for building heating?, July 14, 2020 (link); FIEE, Hydrogen in
the Energy System of the Future: Focus on Heat in Buildings, May 2020, p. 5 (link).


https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/documents/Studies-Reports/FraunhoferIEE_Study_H2_Heat_in_Buildings_final_EN_20200619.pdf
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supply of power plants with and without CHP.” 3

3. “The blending of hydrogen into natural gas grids is currently limited
to 10%, and an increase to 20% is under discussion. However, this
only corresponds to an energetic share of 7-8%, meaning that little
would be obtained in the way of climate protection.”

4, “In order to exceed a 20% hydrogen blending threshold, it would be
necessary to completely and abruptly switching distribution grids to
100% hydrogen supply. This would require the premature
replacement of all existing natural gas boilers, a cost factor that
would considerably exceed that of converting the gas grids.”®

5. “When blue hydrogen is produced from fossil natural gas, at best
85-95% of the emissions can be captured and injected
underground. In addition, depending on the country of origin and
application, 0.5-4.1% leakage occurs during pipeline transport.
Therefore, blue hydrogen can at best be a bridge technology to
enable early structural change by industry.”®

Question:

(a) Please confirm that part of the purpose of this project is that the experience gained
through the implementation of the LCEP will position Enbridge Gas to then expand
hydrogen injection into other parts of its gas distribution system.

(b) If the conclusions listed in the study above are true, does Enbridge still believe its
project and the associated expenditures are reasonable and prudent?

(c) Does Enbridge agree that the amount of green electricity needed to produce green
hydrogen for building heating is 500 to 600 percent greater than the amount needed
to power an equivalent number of heat pumps? If not, please provide Enbridge’s
estimate of the percentage difference on a best efforts basis. Please also comment
on whether Enbridge still believes its project is reasonable and prudent in light of
this, and why.

3 FIEE, Green hydrogen or green electricity for building heating?, July 14, 2020 (link); FIEE, Hydrogen in
the Energy System of the Future: Focus on Heat in Buildings, May 2020, p. 4 (link).

4 FIEE, Hydrogen in the Energy System of the Future: Focus on Heat in Buildings, May 2020, p. 5 (link).
5 FIEE, Hydrogen in the Energy System of the Future: Focus on Heat in Buildings, May 2020, p. 6 (link).
8 FIEE, Hydrogen in the Energy System of the Future: Focus on Heat in Buildings, May 2020, p. 5 (link).


https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/documents/Studies-Reports/FraunhoferIEE_Study_H2_Heat_in_Buildings_final_EN_20200619.pdf
https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/documents/Studies-Reports/FraunhoferIEE_Study_H2_Heat_in_Buildings_final_EN_20200619.pdf
https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/documents/Studies-Reports/FraunhoferIEE_Study_H2_Heat_in_Buildings_final_EN_20200619.pdf
https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/documents/Studies-Reports/FraunhoferIEE_Study_H2_Heat_in_Buildings_final_EN_20200619.pdf
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(d) Please confirm that (i) there is approximately a 20% energetic loss when converting
electricity to hydrogen through power to gas; (ii) gas furnaces currently available on
the market in Ontario cannot reach efficiencies above 100%, (iii) currently available
cold climate electric heat pumps reach “efficiencies” above 200% as an annual
average. Please also comment on whether Enbridge still believes its project is
reasonable and prudent in light of this, and why.

(e) Does Enbridge agree that hydrogen use should be prioritized for use where no good
alternatives to fossil fuels exist, such as synthetic fuels for airplanes and ships?
Please also comment on whether Enbridge still believes its project is reasonable and
prudent in light of this, and why.

() Does Enbridge agree that low-cost hydrogen produced from surplus power is finite?

(g) Does Enbridge agree that low-cost hydrogen produced from surplus power should
be prioritized for use where no good alternatives to fossil fuels exist?

(h) Please confirm whether a 20% blending of hydrogen corresponds to a 7-8%
energetic share. If not, please provide the accurate value.

(i) Enbridge is proposing a 2% hydrogen blend. What does this correspond to in terms
of an energetic share?

() Does Enbridge agree that, in order to exceed a 20% hydrogen blending threshold, it
would be necessary to completely and abruptly switching distribution grids to 100%
hydrogen supply, which would require the premature replacement of all existing
natural gas boilers at a high cost? Please also comment on whether Enbridge still
believes its project is reasonable and prudent in light of this, and why.

(k) In light of all the technical and financial challenges, please describe a potential
pathway whereby hydrogen can decarbonize heating in buildings. Please list all the
existing barriers and how they could potentially be overcome. Please also comment
on whether Enbridge still believes its project is reasonable and prudent in light of
this, and why.

() To ensure a complete record, please file the FIEE study and the associated FIEE
article discussed above as an attachment to Enbridge’s interrogatory response.’

7 FIEE, Green hydrogen or green electricity for building heating?, July 14, 2020 (link); FIEE, Hydrogen in
the Energy System of the Future: Focus on Heat in Buildings, May 2020 (link).


https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/documents/Studies-Reports/FraunhoferIEE_Study_H2_Heat_in_Buildings_final_EN_20200619.pdf
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Response(s):

(a) Confirmed — part of the purpose of the pilot LCEP is to gain experience with
hydrogen blending, and position Enbridge Gas to potentially expand the use of
hydrogen blending (both in terms of additional Blended Gas Areas, and different
hydrogen blending concentrations). As explained at Exhibit B, Tab 1, Schedule 1 on
page 1 of 19,

The LCEP is a pilot project that will allow the Company to green a portion of
the natural gas grid in Ontario. The experience gained through the
implementation of the LCEP will position Enbridge Gas to then expand
hydrogen injection into other parts of its gas distribution system, further
enhancing reductions to GHG emissions across the province by greening the
gas distribution system.

(b) This question and the following questions posed by Environmental Defence (“ED”)
in this interrogatory are based on the conclusions ED has drawn from the study titled
“Hydrogen In The Energy System of the Future: Focus on Heat In Buildings” (“the
Fraunhofer Study”). Enbridge Gas does not believe the conclusions ED has drawn
from the Fraunhofer Study are relevant to the LCEP.

Firstly, Enbridge Gas notes that a large portion of the Fraunhofer Study was
predicated on other studies, including a study done by Agora Energiewende entitled
“Building sector Efficiency: A crucial Component of the Energy Transition” (“the Agora
Study”). While the Fraunhofer Study did not clearly define power to gas (“PtG”), the
Agora Study defines PtG as “Synthetic Methane”.2 Enbridge Gas believes the
Fraunhofer Study has used this same definition, as evidenced by the wording in
Figure 1 on page 8, which shows methanisation as a step in the process (highlighting
added).

viable and expedient. With a view to heating energy for buildings, PtG should not be
considered an option due to (1) the large conversion losses it entails (electricity = elec-
trolysis 2 methanisation * = heat) , and (2) the considerable efficiency advantage en-
joyed by heat pumps (electricity + ambient heat < heat) [3].

Although the definition used by Fraunhofer and Agora is technically correct, in that
power is indeed being turned into a gas, it is important to note that this definition
differs from the definition used by Enbridge Gas. The generally accepted definition,
which is used by industry, is that Power-to-Gas is the use of electrical energy
(preferably renewable) to convert water via electrolysis into hydrogen (and oxygen),

8 Building sector Efficiency: A crucial Component of the Energy Transition, Agora Energiewende, at page
14 (link) — “the Agora Study”.


https://www.agora-energiewende.de/fileadmin2/Projekte/2017/Heat_System_Benefit/163_Building-Sector-Efficiency_EN_WEB.pdf
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where the electrical energy is stored as hydrogen. The hydrogen is used as an
energy carrier, fuel or feed stock, and the oxygen can be used in industry or released
to the atmosphere. PtG as defined in the Agora Study article (although not incorrect)
goes one step further, in that it takes the hydrogen produced from PtG and turns it
into synthetic methane gas through the use of carbon dioxide (“CO2") or carbon
monoxide (“CQ”). This is typically described as Power to X or (“PtX” or “P2X"). PtX
builds off a Power-to-Gas (hydrogen) system to make synthetic fuels, energy and
other feedstocks.

Enbridge Gas’s Project differs from the PtG definition in the Fraunhofer and Agora
Studies because it does not include the methanisation step, instead directly injecting
hydrogen from the PtG system into the natural gas distribution network. This does
not include the same “conversion loss”.

Secondly, the Fraunhofer Study may not be the most balanced reporting on PtG
applications. As noted on page 2 of the Fraunhofer Study, that study was done on
behalf of the Information Center for Heat Pumps and Cooling Technology (IZW),
which appears to be focused on electric heat pumps and advocacy in support of
electric heat pumps.® The Fraunhofer Study appears to utilize the best-case
scenarios for electrical heat pumps while utilizing a less optimal scenario for
hydrogen systems. Furthermore, the Fraunhofer Study speaks to synthetic fuels (or
“e-fuels”) including natural gas made from the methanation of hydrogen, with no
mention of gas heat pumps which would utilize this e-gas and have Annual Fuel
Utilization Efficiency (“AFUE") of 160%. Based on the lack of comprehensive
alternative decarbonization solutions presented in the Fraunhofer study, Enbridge
Gas believes the Fraunhofer Study may not draw accurate conclusions on the best
pathways to decarbonization.

Lastly, Enbridge Gas believes that the Fraunhofer Study may have taken portions of
the Agora Study out of context. For example, on page 5 of the Agora Study it clearly
states in the key findings that:

The sustainable energy transition in the heating sector is currently lagging and
buildings sector goals are unlikely to be met by 2030. Reducing emissions from
the current level of 130 million tons of CO2 to between 70 and 72 million
tons in the next 11 years will require ramping up all available technologies
across the board. These include insulation, heat pumps, heat networks,

decentralized renewable energy and power-to-gas.10

9 The IZW website (translated) indicates that the organization is aimed at “promoting research and
development for the use of heat pumps and refrigeration technology as a contribution to reducing primary
energy consumption and CO2 emissions, to improving energy efficiency and protecting the environment
in heating and cooling” (link).

10 Agora Study, page 5.


https://translate.google.com/translate?hl=en&sl=de&u=http://www.izw-online.de/&prev=search&pto=aue
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The Agora Study is clear that for Germany to meet its goals of emissions reduction in
the next 11 years, ramping up of all available technologies across the board including
PtG is necessary. The Agora Study also goes on to point out as part of its key findings
that “Cherry-picking the various building technologies is no longer an option because of
past shortcomings.”1!

The Agora Study is also clear about the need for technology neutrality. It does not
advocate for one technology and stresses that energy efficiency will be needed for all
options including e-fuels or synthetic fuels. The Key Findings of the Agora Study include
the statement that:

Energy efficiency in existing buildings is a prerequisite for technology neutrality.
Ensuring adequate competition between various energy supply options such as
renewable energy, heat pumps, synthetic fuels and decarbonized heat
networks requires reducing final energy consumption by at least a third before
2050. The more efficient a building is, the more realistic any necessary

expansion on the generation side will be.12

Enbridge Gas agrees with the more balanced conclusions drawn in the Agora Study,
which are absent in the Fraunhofer Study.

More broadly, Enbridge Gas is aware of a number of studies and strategies that support
the Company’s position on the role hydrogen can plan in decarbonizing the natural gas
system. These studies and strategies (several of which are discussed below) include:

Date of
Publication | Author Title of Publication Link
1 Blending Hydrogen into Natural Gas Pipeline
Mar-13 | NREL Networks: A Review of Key Issues 13
2 Hydrogen Pathways Updated Cost, Well-to-
Wheels Energy Use, and Emissions for the
Current Technology Status of Ten Hydrogen
Production, Delivery, and Distribution
Mar-13 | NREL Scenarios 14

11 Agora Study, page 5.

12 1bid.

13 https://www.nrel.gov/docs/fy130sti/51995.pdf
14 hitps://www.nrel.gov/docs/fy140sti/60528.pdf



https://www.nrel.gov/docs/fy13osti/51995.pdf
https://www.nrel.gov/docs/fy14osti/60528.pdf
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3 Agora Building sector Efficiency: A crucial
Nov-18 | Energiewende Component of the Energy Transition 15
4 A Clean Planet for all: A European strategic
European long-term vision for a prosperous, modern,
Nov-18 | Commission competitive and climate neutral economy 16
5 Gas for Climate. The optimal role for gas
Mar-19 | Navigant Gas in a net-zero emissions energy system v
6 “Power-to-X": Decarbonizing Energy with
Green Hydrogen: Technology Available and
Aug-19 | Siemens Proven in Production Today 18
7 Natural 2019 Hydrogen Pathways — Enabling a Clean
Resources Growth Future for Canadians
Oct-19 | Canada (NRCan) 19
8 COAG Energy Australia’s National Hydrogen Strategy
Nov-19 | Council 20
9 European The European Green Deal
Nov-19 | Commission 2t
10 Path to hydrogen competitiveness: A cost
Jan-20 | Hydrogen Council | perspective 22
11 UK - Department | Hy4Heat
for Business,
Energy &
Industrial
Mar-20 | Strategy 23

15 https://www.agora-energiewende.de/fileadmin2/Projekte/2017/Heat System Benefit/163 Building-

Sector-Efficiency EN WEB.pdf

16 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52018DC0773&from=EN

17 https://quidehouse.com/-

/media/wwwy/site/downloads/energy/2019/navigant2019gasforclimateoptimalrolenetzeroemissio.pdf

18 https://assets.new.siemens.com/siemens/assets/api/uuid:390d0f48-499e-4451-a3c2-

faa30c5bafe7/version:1587541614/power-to-x-technical-paper-siemens-short.pdf

19 https://www.nrcan.gc.ca/energy-efficiency/energy-efficiency-transportation/resource-library/2019-

hydrogen-pathways-enabling-clean-growth-future-canadians/21961

20 https://www.industry.gov.au/sites/default/files/2019-11/australias-national-hydrogen-strateqy.pdf

21 https://eur-lex.europa.eu/resource.html?uri=cellar:b828d165-1c22-11ea-8c1f-

0laa75ed71a1.0002.02/DOC 1&format=PDF

22 hitps://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness Full-

Study-1.pdf

23

https://staticl.squarespace.com/static/5b8eae345cfd799896a803f4/t/5691204c104fd669e8f920a/15839

44235259/hy4heat+march+2020+church+house+Slides.pdf



https://www.agora-energiewende.de/fileadmin2/Projekte/2017/Heat_System_Benefit/163_Building-Sector-Efficiency_EN_WEB.pdf
https://www.agora-energiewende.de/fileadmin2/Projekte/2017/Heat_System_Benefit/163_Building-Sector-Efficiency_EN_WEB.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52018DC0773&from=EN
https://guidehouse.com/-/media/www/site/downloads/energy/2019/navigant2019gasforclimateoptimalrolenetzeroemissio.pdf
https://guidehouse.com/-/media/www/site/downloads/energy/2019/navigant2019gasforclimateoptimalrolenetzeroemissio.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:390d0f48-499e-4451-a3c2-faa30c5bafe7/version:1587541614/power-to-x-technical-paper-siemens-short.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:390d0f48-499e-4451-a3c2-faa30c5bafe7/version:1587541614/power-to-x-technical-paper-siemens-short.pdf
https://www.nrcan.gc.ca/energy-efficiency/energy-efficiency-transportation/resource-library/2019-hydrogen-pathways-enabling-clean-growth-future-canadians/21961
https://www.nrcan.gc.ca/energy-efficiency/energy-efficiency-transportation/resource-library/2019-hydrogen-pathways-enabling-clean-growth-future-canadians/21961
https://www.industry.gov.au/sites/default/files/2019-11/australias-national-hydrogen-strategy.pdf
https://eur-lex.europa.eu/resource.html?uri=cellar:b828d165-1c22-11ea-8c1f-01aa75ed71a1.0002.02/DOC_1&format=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:b828d165-1c22-11ea-8c1f-01aa75ed71a1.0002.02/DOC_1&format=PDF
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://static1.squarespace.com/static/5b8eae345cfd799896a803f4/t/5e691204c104fd669e8f920a/1583944235259/hy4heat+march+2020+church+house+Slides.pdf
https://static1.squarespace.com/static/5b8eae345cfd799896a803f4/t/5e691204c104fd669e8f920a/1583944235259/hy4heat+march+2020+church+house+Slides.pdf
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12 Soren Amelang, Germany’s National Hydrogen Strategy
Clean Energy (summary)
Jun-20 | Wire 24
13 European A hydrogen strategy for a climate-neutral
July-20 | Commission Europe 25
14 Hydrogen Strategy for Canada: Seizing the
Opportunities for Hydrogen, A Call to Action —
July-20 | (NRCan) draft Executive Summary 26
15 National H2@Scale 2020 CRADA Call
Renewable
Energy
Laboratory
Aug-20 | (NREL) 27

Enbridge Gas believes that the pilot LCEP and associated expenditures are prudent.
As already noted, the Project will allow the Company to gain experience with hydrogen
blending, and position Enbridge Gas to potentially expand the use of hydrogen blending
(both in terms of additional Blended Gas Areas, and different hydrogen blending
concentrations).

Enbridge Gas believes a combination of solutions will be needed as part of the
transition to a low carbon economy. These solutions include energy efficiency via
Demand Side Management (which Enbridge Gas has been doing for over 20 years
across Ontario), renewable hydrogen, renewable natural gas from bio sources,
electrification, geothermal, the use of gas fired heat pumps, and high efficiency
furnaces, amongst others.

Enbridge Gas believes that hydrogen will play a pivotal role in achieving greenhouse
gas (“GHG”) reductions needed to meet Canada’s 2050 net-zero emission targets,
particularly in the decarbonization of the natural gas grid. While Enbridge’s pilot LCEP
is a modest start at blending hydrogen, with a projected average annual GHG savings
of 108 tonnes of carbon dioxide equivalent (“CO2e”), the Company notes that the

24 hitps://www.cleanenergywire.org/factsheets/germanys-national-hydrogen-
strateqy#:~:text=According%20t0%20the%20strateqy%2C%20%220nly,t0%20establish%20correspondin
g%20value%20chains.

25 hitps://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf

26 The draft Executive Summary of the Hydrogen Strategy for Canada was released to stakeholders for
comment on July 15, 2020. There does not appear to be any public posting of the document, though
stakeholder sessions to discuss the Hydrogen Strategy have been held through the summer of 2020. A
copy of the draft Executive Summary is included as Attachment 1 to this Interrogatory Response.

27 https://lwww.nrel.gov/hydrogen/assets/pdfs/h2-at-scale-2020-crada-call-072320. pdf



https://www.cleanenergywire.org/factsheets/germanys-national-hydrogen-strategy#:%7E:text=According%20to%20the%20strategy%2C%20%22only,to%20establish%20corresponding%20value%20chains.
https://www.cleanenergywire.org/factsheets/germanys-national-hydrogen-strategy#:%7E:text=According%20to%20the%20strategy%2C%20%22only,to%20establish%20corresponding%20value%20chains.
https://www.cleanenergywire.org/factsheets/germanys-national-hydrogen-strategy#:%7E:text=According%20to%20the%20strategy%2C%20%22only,to%20establish%20corresponding%20value%20chains.
https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf
https://www.nrel.gov/hydrogen/assets/pdfs/h2-at-scale-2020-crada-call-072320.pdf

Filed: 2020-08-28
EB-2019-0294
Exhibit I.ED.12

Page 9 of 15

Plus Attachments

reduction potential increases greatly as more hydrogen is introduced into the natural
gas distribution system. In the future should Enbridge Gas achieve an average of 0.5%
hydrogen blend system-wide (implying that more but not all of the Enbridge Gas system
receives blended gas), this would represent GHG savings of 50,000 tCO:ze per year.
Scaling this up to higher blending rate would result in higher annual reductions.?® Of
course, any future expansion of hydrogen blending will be based on the results of the
pilot LCEP, and on Enbridge Gas’s assessment of the potential for other Blended Gas
Areas and increased concentration of hydrogen.

Enbridge Gas’s plan to introduce hydrogen blending as one tool to reduce emissions is
consistent with policies and projects elsewhere.

A recent European Commission communication titled “A hydrogen strategy for a
climate-neutral Europe” indicates that hydrogen is “essential to support the EU’s
commitment to reach carbon neutrality by 2050 and for the global effort to implement
the Paris Agreement while working towards zero pollution”.?® One anticipated
application for hydrogen in that report is for “hydrogen valleys” where local production of
hydrogen can be used in dedicated infrastructure for a variety of applications, including
the provision of heat for residential and commercial buildings.°

Australia’s National Hydrogen Strategy supports the growth of a clean, innovative, safe
and competitive Australian hydrogen industry. This is seen as an important step to,
among things, reduce carbon emissions and integrate low-cost renewable generation.
Australia’s National Hydrogen Strategy sees hydrogen being used, like natural gas, to
heat homes and industry, and for cooling.3!

Furthermore, similar to Australia, Canada is set to release its hydrogen strategy later
this year.

Previously (in 2019), Natural Resources Canada (“NRCan”) released a Hydrogen
Pathways Report supporting Hydrogen.®? That document speaks, among other things,
the role of the natural gas grid for blending/storing hydrogen.

28 For example, an average of 1.0% blended hydrogen system-wide equates to GHG savings of 100,000
tCOze per year; and an average of 5.0% blended hydrogen system-wide equates to GHG savings of
516,000 tCOze per year.

29 COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE COUNCIL,
THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS,
A hydrogen strategy for a climate-neutral Europe, Brussels, 8.7.2020, page 1 (link).

30 |bid, page 6.

31 Australia’s National Hydrogen Strategy, November 2019, pages viii and 6 (link).

32 https://www.nrcan.gc.ca/energy-efficiency/energy-efficiency-transportation/resource-library/2019-
hydrogen-pathways-enabling-clean-growth-future-canadians/21961



https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf
https://www.industry.gov.au/sites/default/files/2019-11/australias-national-hydrogen-strategy.pdf
https://www.nrcan.gc.ca/energy-efficiency/energy-efficiency-transportation/resource-library/2019-hydrogen-pathways-enabling-clean-growth-future-canadians/21961
https://www.nrcan.gc.ca/energy-efficiency/energy-efficiency-transportation/resource-library/2019-hydrogen-pathways-enabling-clean-growth-future-canadians/21961
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According to a recent press report, the Government of Canada says it will have a
comprehensive strategy for hydrogen in place by the end of summer 2020, showing its
intention to pursue hydrogen as a key component of its goal to reach net zero in
greenhouse-gas emissions by 2050.3% A draft Executive Summary of the Hydrogen
Strategy from NRCan has recently been provided to stakeholders, and consultations are
currently underway nationwide. The draft Executive Summary of the Hydrogen Strategy
for Canada indicates that: “Hydrogen can be a used in hard-to-abate sectors to meet
Canada’s 2030 and 2050 decarbonization objectives. Full scale commercial and
demonstration projects in the near term can set us on a path for widespread deployment
in the medium and longer term. By applying its world-class expertise at home, Canada
can showcase hydrogen’s real-world applications and benefits and the role hydrogen
can play in transforming our energy system.” (page Il) The draft Executive Summary
further states, under the heading “Vision for 20507, that “If Canada seizes the
opportunities for hydrogen, by 2050 we could realize the following ... >50% of energy
supplied today by natural gas is supplied by hydrogen through blending in existing
pipelines and new dedicated pipelines” (page X). A copy of the draft Executive
Summary of the Hydrogen Strategy for Canada is included as Attachment 1 to this
Interrogatory Response.

The prefiled evidence in this case listed a number of pilot projects underway in other
jurisdictions to test and observe hydrogen blending.3* These projects, as well as several
others, are summarized in the table below.

33 “Ottawa, Alberta develop new hydrogen strategies”, Globe and Mail, June 15, 2020 (reproduced at this
link).
34 Exhibit B, Tab 1, Schedule 1, Attachment 1, Table 1, page 3.


http://www.chfca.ca/2020/06/15/ottawa-alberta-develop-new-hydrogen-strategies/
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Country

Description

United Kingdom
(U.K))

Hydrogen Blending at Keele University (up to 20% hydrogen)3®

H21 Project — suite of projects with the ultimate goal of converting
gas grid to 100 % hydrogen3¢

France

The GRHYD demonstration project — hydrogen blending for
homes and NGV refueling station (currently up to 6% hydrogen)3’

Germany

Mainz (Germany) — operational since 2016. Around 2,000
customers, up to 10% Hz, distribution network loop was built in the
1980s.38

Avacon/DVGW pilot project to test hydrogen blending of up to
20% for around 400 customers. The results of the test project will
serve as a model for future hydrogen use in gas distribution
systems.3°

Netze BW “hydrogen island” (blended gas area), where hydrogen
share in natural gas network will be gradually increased to 30% -
starting within the distributor’'s own property and then expanding
to neighbouring streets and houses.*°

Australia

Jemena Western Sydney Power to Gas Trial - The project will
convert renewable power into hydrogen gas, via electrolysis,
which will then be stored for use. A trial project will power 250
homes and a hydrogen vehicle refuelling station. If successful,
the project will be expanded.*!

United States

University of California Irvine — Customer piping, privately-owned,
sponsored by SoCalGas.*?

35 https://www.keele.ac.uk/discover/news/2020/january/hydeploy-goes-live/at-keele-university.php

36 https://www.h21.green/

37 https://www.engie.com/en/businesses/gas/hydrogen/power-to-gas/the-grhyd-demonstration-project

38 https://www.energiepark-mainz.de/en/

39 https://www.eon.com/en/about-us/media/press-release/2019/hydrogen-levels-in-german-gas-

distribution-system-to-be-raised-to-20-percent-for-the-first-time.html

40 https://www.dialogik-expert.de/en/projects/netzlabor-gridlab-hydrogen-island

41 https://jemena.com.au/about/innovation/power-to-gas-trial

42 https://www.socalgas.com/smart-energy/renewable-gas/power-to-gas



https://www.keele.ac.uk/discover/news/2020/january/hydeploy-goes-live/at-keele-university.php
https://www.h21.green/
https://www.engie.com/en/businesses/gas/hydrogen/power-to-gas/the-grhyd-demonstration-project
https://www.energiepark-mainz.de/en/
https://www.eon.com/en/about-us/media/press-release/2019/hydrogen-levels-in-german-gas-distribution-system-to-be-raised-to-20-percent-for-the-first-time.html
https://www.eon.com/en/about-us/media/press-release/2019/hydrogen-levels-in-german-gas-distribution-system-to-be-raised-to-20-percent-for-the-first-time.html
https://www.dialogik-expert.de/en/projects/netzlabor-gridlab-hydrogen-island
https://jemena.com.au/about/innovation/power-to-gas-trial
https://www.socalgas.com/smart-energy/renewable-gas/power-to-gas
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Enbridge Gas also notes that utilities in Canada are pursuing blending of hydrogen,
including ATCO who announced plans to blend 5% hydrogen in a portion of its natural
gas grid in Fort Saskatchewan, Alberta*3, and Heritage Gas in Nova Scotia has
expressed its ambitions to pursue green hydrogen production that can be distributed
through a gas grid and used for transportation, home heating, industrial heat or
electricity generation.**

(c) Enbridge Gas does not agree with the assertion being made by the Fraunhofer
Study. For greater context and reference, we present the actual text as found on
page 5 of the Fraunhofer Study below as the question was reworded from the actual
text. It states:

1. Hydrogen-based low-temperature heating systems consume 500-600%
more renewable energy than heat pumps.

Taking the energy losses that arise from the conversion and transportation of
hydrogen into account, it is much more efficient in terms of renewable energy

demand to supply heat to buildings using heat pumps.45

Without having more complete information, Enbridge Gas cannot respond to the
request.

The Fraunhofer Study does not explain how the 500 — 600% conversion factor quoted is
calculated. It is included only in the Executive Summary of the document without
showing any assumption or calculations to back up the claim. Enbridge Gas believes
the quoted conversion factor is likely based on Power to methanation and would
therefore not be applicable to power to (hydrogen) gas, which is the subject of Enbridge
Gas’s application to the Board. Additionally, it is not clear what appliance is assumed to
be used for heating using blended (or pure) hydrogen, nor what source of electricity is
used to produce hydrogen. Finally, it is important to emphasize that just as heat pumps
have seen increased efficiency as the market has developed, it is expected that the cost

43 https://www.atco.com/en-ca/for-home/natural-gas/hydrogen.html#media
44 https://www.heritagegas.com/net-zero/
45 Fraunhofer Study, page 5.



https://www.atco.com/en-ca/for-home/natural-gas/hydrogen.html#media
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to produce hydrogen will decline over time due to improved technology.*®¢ This can be
expected to lead to higher conversion efficiencies.

(d)

Enbridge Gas does not confirm the statement in part (i) because Power-to-Gas
as defined in the Fraunhofer Study is not the same process being employed by
Enbridge Gas, as discussed in response to b) above. Enbridge Gas has not done
an analysis on Power-to-Methane i.e. methane made through methanation after
producing hydrogen via a PtG hydrogen plant. The Fraunhofer Study appears to
assume that there is less than 20% energetic loss (presumably for a Power to
Methane plant) when it states “the conversion efficiency of future electrolysis
plant is expected to be 88%."4’

Current available gas furnaces cannot reach 100% on a higher heating value
basis. According to energystar.gov, current gas furnaces do have efficiencies
ranging from 97% to 98.7% efficiency.*® Notwithstanding the foregoing, new
available gas heat pumps are capable of achieving very high efficiencies, in
excess of 160%. However, unlike an electrical heat pump which is adversely
affected by cold climate gas heat pumps do not see a precipitous drop in
performance in colder climates such as those experienced in Canada/Ontario.

High-end cold climate electric heat pumps can achieve 200% annual fuel
utilization efficiency (AFUE); however, the efficiency drops significantly at low
outdoor temperatures. Also, electric energy is consumed in the defrost cycle.
Further, when calculating the coefficients of performance (“COPs”) of heat
pumps, one needs to take into account impact of the source energy of
incremental electricity generation. In Ontario, it is expected that some portion of
the incremental electricity supply in the coming years will be from gas-fired
generation, when the Pickering nuclear station is refurbished.

The items noted above do not change Enbridge Gas’s view that the LCEP is a prudent
and reasonable first step towards introducing hydrogen into the distribution system.
The Project is not about heat pumps, or a binary choice between heat pumps and
hydrogen blending. As noted in response to (b), the inclusion of hydrogen in blended
gas is one of several initiatives that can lower the GHG emissions associated with the
Company continuing to provide safe and reliable service to its 4 million customers.

46 See, for example, the Hydrogen Council paper titled Path to Hydrogen Competitiveness: A cost
perspective, at pages 21-25 (link).

47 Fraunhofer Study, page 10 (footnote 8).

48 https://www.energystar.gov/products/most_efficient/furnaces



https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://www.energystar.gov/products/most_efficient/furnaces
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(e) As discussed in detail in response to part b), Enbridge Gas believes that hydrogen
has an important role to play in the transition to a low carbon economy, and does not
agree that its use should only be prioritized for uses where no good alternatives to
fossil fuels exist.

Several papers and studies provided in response to part b) indicate that hydrogen is
one of the innovative technologies that can be used for energy system integration
and GHG reductions.*® The papers do not indicate that hydrogen should be
reserved only for airplanes and ships.

(f) Enbridge Gas does not agree that low-cost hydrogen produced from surplus power
is meaningfully limited. There is potential for large amounts of renewable electricity
generation, from sources such as solar, wind and tidal energy.

Navigant looked into this issue and reached the following conclusion:

Green hydrogen

Dedicated wind and solar PV generation could produce green hydrogen
as the main product. Navigant found that there is large theoretical
potential of offshore wind and solar PV, going beyond the estimated 2050
EU renewable power projection. This means that the technical potential
for green hydrogen production is virtually limitless. However, there are
considerations such as the land use change risks associated with an
increase in non-rooftop solar PV and competing sea uses to offshore wind
that will limit the green hydrogen potential. The costs of hydrogen based

on dedicated renewable electricity can come down to about €52/MWh. %0

(g) See response provided to question (e).

(h) Assuming that “energetic share” means the percentage on an energy content basis
of total consumption in a year, the energetic share of hydrogen in blended gas at a
20% concentration of hydrogen for a customer who had been consuming 2400 m? of

49 See, for example, Blending Hydrogen into Natural Gas Pipeline Networks: A Review of Key Issues,
NREL, pg. 6; Path-to-Hydrogen-Competitiveness_Full-Study-1_Hydrogen Council; European Green Deal
(link); and Gas for Climate The Optimal Role for Gas in a Net Zero Emission energy System, March 2019
(link) (“the Navigant Study”)

50 Navigant Study, page 7.


https://eur-lex.europa.eu/resource.html?uri=cellar:b828d165-1c22-11ea-8c1f-01aa75ed71a1.0002.02/DOC_1&format=PDF
https://guidehouse.com/-/media/www/site/downloads/energy/2019/navigant2019gasforclimateoptimalrolenetzeroemissio.pdf

(i)

@)
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natural gas would be approximately 6%. This percentage will vary depending on the
energy content of the natural gas and the hydrogen.

Assuming that “energetic share” means the percentage on an energy content basis
of total consumption in a year, the energetic share of hydrogen in blended gas at a
2% concentration of hydrogen for a customer who had been consuming 2400 m? of
natural gas would be approximately .6%. This percentage will vary depending on
the energy content of the natural gas and the hydrogen.

Enbridge Gas believes this pilot Project is reasonable and prudent, as it involves
blending up to 2% of hydrogen, which is compatible with customers’ existing
equipment and will not require premature replacement of any equipment.

Enbridge Gas is not proposing to blend at or above 20% by volume hydrogen into its
natural gas grid. Therefore, the cited comment is not relevant to the LCEP.

(k) Enbridge Gas has addressed the financial and technical challenges associated with

()

the pilot LCEP. The LCEP proposal has minimal ratepayer impacts. The technical
aspects of the Project have been studied by Enbridge Gas’s engineering department
and reviewed by the TSSA. The TSSA has indicated its support for the Project.

As explained in part b), hydrogen blending is one approach that Enbridge Gas plans
to use to reduce its customers’ GHG emissions. It is not the only tool that will be
used, but it can contribute to GHG reductions. In the immediate term, the LCEP is a
pilot project that will assess how residential customers’ GHG emissions can be
reduced while using their existing equipment. Expansion of hydrogen blending, both
in terms of additional Blended Gas Areas and in terms of increased hydrogen
blending concentration can increase the resulting decarbonisation. However, this
will depend on the observations and findings from the pilot LCEP and will only
happen over time (and upon future OEB approvals). Enbridge Gas will review and
consider “barriers” to the expansion of hydrogen blending as part of its
considerations on whether and how to proceed with future plans. Enbridge Gas
believes that the pilot LCEP is a reasonable and prudent first step in this regard.

Please see Attachment 2 and Attachment 3 to this Interrogatory Response.
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Context

Context

The world’s energy systems are
undergoing radical transformation
driven by the need to decarbonize
and mitigate climate change.
Development of a low carbon
hydrogen economy as a strategic
priority to drive its use at-scaleis a
key opportunity to diversify
Canada’s future energy mix to
achieve 2050 net-zero emissions.

Hydrogen is a versatile carbon-free
chemical fuel that can be made from
feedstocks that are abundant across
Canada. Hydrogen can be used:

¢ directly as a fuel for transportation
and power production

¢ toprovide heat for industry and the
built environment through burning
directly or as a blend with natural gas

¢ as a feedstock for a range of existing
and emerging industrial processes

Canada has played an important role in the
development of the growing global
hydrogen economy, starting more thana
century ago with innovation in hydrogen
production technology and four decades
ago as pioneers in fuel cell technology.

Canada continues to be an R&D and
technology leader in the sector. Canada’s
expertise and technologies are exported
and used in countries around the world,
demonstrating the opportunity for growth
and deployment on an international scale.
Despite this success, there are currently few
domestic large-scale hydrogen projects.

1 BloombergNET: Hydrogen Economy Outlook, March
20, 2020,

Hydrogen can be a used in hard-to-abate
sectors to meet Canada’s 2030 and 2050
decarbonization objectives. Full scale
commercial and demonstration projects in
the near term can set us on a path for
widespread deployment in the medium and
longer term. By applying its world-class
expertise at home, Canada can showcase
hydrogen’s real-world applications and
benefits and the role hydrogen can play in
transforming our energy system.

Canada is not alone in seeing hydrogen as
a critical piece of the puzzle to combat
climate change and improve air quality,
while driving economic growth in a carbon-
constrained world. Countries around the
world have developed strategies to inform
the optimal supply pathways and end-use
applications for hydrogen, as well as to
define export strategies. The demand for
hydrogen in global energy systems is
dramatically increasing, with projections
indicating at least a tenfold increase in
demand in the coming decades. Studies
indicate that hydrogen could provide up to
24%! of global energy demand by 2050.
The number of countries with polices that
directly support investment in hydrogen
technologies is increasing, along with the
number of sectors they target.

As the world’s 4t largest producer of both
natural gas and oil, hydrogen serves as a
critical opportunity to support a net-zero
moon shot for Canada’s petroleum sector.
By leveraging industry’s significant energy
expertise and infrastructure, Canadahas
the opportunity to decarbonize and diversify
into a leading global clean fuels exporter.

For three years, NRCan has been working
with private sector stakeholders and
governments at all levels to inform the

https://data.bloomberglp.com/professional/sites/24/BN
EF-Hydrogen-Economy-Outlook-Key-Messages-30-
Mar-2020.pdf



https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf
https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf
https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf

Filed: 2020-08-28, EB-2019-0294, Exhibit |.ED.12, Attachment 1, Page 5 of 16

development of the Hydrogen Strategy for
Canada. NRCan has also commissioned
several key studies that have informed the
writing of this strategy, which are publically
available.

The Government of Canada has also
undertaken significant research, regulatory
development activities, pilot deployments
and stakeholder engagement, through a
variety of fora, including workshops,
teleconferences, bilateral discussions, and
ongoing dialogue through existing working
groups

Consultations were held with stakeholders
from across the value chain to ensure
engagement opportunities were as
comprehensive as possible.

Canada’s Advantages

Canada has unique competitive
and comparative advantages that
position it to become a world
leading producer, user, and
exporter of clean hydrogen, as
well as hydrogen technologies and
services. A strong hydrogen
economy will lead to financial,
environmental, and health benefits
for Canadians.

The following strategic advantages position
Canada for long-term success in developing
a strong hydrogen economy:

¢ Richin feedstocks to produce
hydrogen

2
https://w ww.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/e

Canada has one of the lowest carbon
intensity electricity supply in the world,
abundant fossil fuel reserves, potential
for growth in variable renewables,
(new renewable power generation —
solar, wind, offshore wind, hydro, and
marine energy resources) and
freshwater resources, all of which can
be leveraged to produce hydrogen.

¢ Leading innovation and industry
position

Canada is known for its leading
hydrogen and fuel cell technology
companies and expertise. As of 2017,
there were >100 established
companies, employing >2100 people,
generating revenues >$200 million.

Canada also has significant expertise
in carbon capture technology, which is
fundamental to the production of blue
hydrogen from fossil fuels.

¢ Strong energy sector

Canada’s energy sector accounted for
900,000 direct and indirect jobs as of
2017, with assets valued at $596
billion2. This skilled labour force and
strategic infrastructure assets position
Canada to rapidly pivot to include
hydrogen as an energy currency.

¢ Established international
collaborations

Canadian government, industry and
academia are involved in international
collaborations related to hydrogen that
position Canada as a leader both from
an innovation and commercial
perspective.

¢ Head start

nergy/pdf/10-Key-Facts-on-Canada_s-Energy-Sector-
2018-en%20.pdf



https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/10-Key-Facts-on-Canada_s-Energy-Sector-2018-en%20.pdf
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/10-Key-Facts-on-Canada_s-Energy-Sector-2018-en%20.pdf
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/pdf/10-Key-Facts-on-Canada_s-Energy-Sector-2018-en%20.pdf
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Canada is one of the top 10 hydrogen
producers in the world today. An
estimated 3 million tonnes are
produced per year from natural gas.

¢ Energy export channels to market

Canada’s proximity to hydrogen
import markets including Japan, South
Korea, California, and Europe along
with export assets such as deep water
ports and established pipeline
networks as well as natural gas and
oil transportation companies, position
Canada to be an exporter of hydrogen
as the global economy evolves.

By leveraging these advantages to develop
a vibrant and robust low carbon hydrogen
economy in Canada, benefits will be created
for Canadians including:

¢ Economic growth

Canada’s hydrogen economy will
create newgreen jobs in R&D,
manufacturing, and services.
Hydrogen will also become a new
export currency for the energy sector,
including regional energy economies
in Western, Central, and Eastern
Canada, and will allow Canadian
energy companies to move up the
value chain as an end-use fuel
provider in a zero emission
transportation future.

¢ Energyresilience

Hydrogen can act as an energy carrier
to enable increased penetration of
renewables by providing time shifting
and energy storage capabilities.

¢ Moonshot for Canada’s petroleum
sector

Hydrogen is critical to achieving a net-
zero moon shot for oil and natural gas

industries, it provides an opportunity

to leverage our valuable energy and
infrastructure assets, including fossil
fuel reserves and natural gas
pipelines, in a way that is carbon-free
at the point of use, providing a
pathway to avoid underutilizing or
stranding these assets in a 2050
carbon neutral future.

¢ Cleaner air

Hydrogen does not produce
greenhouse gases, black carbon,
particulates, SOx, or ground-level
ozone. When used in an
electrochemical fuel cell, it emits
nothing but water. Increased hydrogen
adoption for use in fuel cells can lead
to cleaner air, and cleaner air means
improved health outcomes for
Canadians.

¢ Meeting decarbonization goals

Hydrogen closes the gap in hard-to-
abate, energy intensive applications
(such as long-haul freight, mining,
industrial processes) and is needed to
meet Canada’s decarbonization
commitments.

Opportunities

Production

Canada’srich feedstock reserves,
skilled energy labour force,
strategic energy infrastructure
assets, and leading position in
innovation and industry in the
hydrogen and fuel cell sector
position us to become one of the
top three global producers of clean
hydrogen.

PAGE NV Hydrogen Strategy for Canada
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Canada is one of the top ten global
producers of hydrogen today, producing an
estimated 3 million tonnes annually via
steam methane reformation (SMR) of
natural gas. While steam methane
reformation is not considered a clean
hydrogen pathway, Canadais well placed to
transition to clean pathways going forward.

Colours are often used to represent the
different hydrogen production pathways:

¢ Greyhydrogen: produced by SMR
without carbon capture and
sequestration (CCS). Canadahas
established production and supply
chains, primarily in Alberta for fuel
refining and fertilizer production. Over
time this will shift to lower carbon
intensity pathways.

¢ Blue hydrogen: produced by SMR,
with CCS. As the 4" largest global
natural gas producer, there exists a
significant opportunity to drive this
pathway forward. Alberta’s Quest
project has been in operation since
2015, with >1 million tonnes/ year of
CO:2from an SMR plant injected and
stored more than 2 km underground.
Canadian companies also continue
R&D on the production of blue
hydrogen from oil reservoirs.

¢ Green hydrogen: produced from
water by electrolysis using renewable
electricity such as hydroelectricity,
wind or solar. Air Liquide is installing a
20 MW electrolyzer plant in
Becancour, the largest in the world
producing 3,000 tonnes Hz annually.

There are also several other pathways for
which no colour is clearly defined, but which
are fully viable with strong potential in
Canada, including:

e Biomass conversion — using either
gasification or anaerobic digestion to
produce hydrogen are considered
both renewable and carbon-neutral
and is a viable hydrogen production
pathways in Canada.

¢ Nuclear: producing hydrogen via
electrolysis, using off-peak nuclear
electricity, or via high-temperature
thermal processes, using waste heat
fromthe nuclear process are viable
production pathways in Canada.
This leverages Canada’s expertise
in nuclear technologies (including
conventional and the emerging small
modular reactor sector) to produce
low carbon hydrogen.

e Industrial by-product hydrogen in
Canada that are currently vented
and can be captured, purified, and
used directly.

Hydrogen production in Canada is expected
to be based on a mix of the various
pathways.

The carbon intensity of the hydrogenis a
more important factor, than the pathway by
which it is produced. To that end, Canada is
working with countries around the world to
develop a common methodology to
determine the carbon intensity of hydrogen,
negating the need to define production
pathways by colour.

Canada is the world’s fourth largest
producer and sixth largest exporter of
natural gas. Provinces with the highest
natural gas production are Alberta, British
Columbia, and Saskatchewan, and these
are the provinces most suited for production
of blue hydrogen. In Alberta, a new Task
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Force has been announced? to advance the
hydrogen economy in Alberta’s Industrial
Heartland and to seize this transformative
opportunity.

The completion of the world’s largest carbon
capture pipeline —the Alberta Carbon Trunk
Line — highlights the opportunity that exists

in Alberta to bring clean tech and petroleum
together to advance the hydrogen economy.

Six provinces have been identified as
having sufficient power capacity for green
hydrogen productionvia industrial scale
electrolysis: British Columbia, Manitoba,
Ontario, Quebec, New Brunswick and
Newfoundland & Labrador. As increasing
amounts of wind and solar generation are
broughtinto Canada’s energy mix, they
offer the potential to expand the production
of green hydrogen and to reduce costs.
Hydrogen can in turn improve the
economics of intermittent renewables by
providing large-scale energy storage that
optimizes the utilization of these power
generation assets.

There are also synergies between hydrogen
production and nuclear electricity. Given
Canada’s position as a tier one nuclear
country, we can leverage our experience
and expertise in both nuclear technologies
(conventional, and the growing small
modular reactor sector) and hydrogen
production technologies as an additional
pathway for domestic low-carbon hydrogen
production.

The hydrogen supply network in Canada
could include both large-scale centralized
plants in Canada’s natural-gas rich
provinces or in remote regions with high
penetration of low-cost renewables, and

8 Source: https://mailchi.mp/6726559fb647/new -tas k-
forceto-advance-hydrogen-economy-in-albertas-
industrial-heartland?e=7bfdb418c6

smaller-scale distributed electrolytic
production near demand centers. Delivered
hydrogen costs of $1.50-3.50/kg will be
achieved as production scale is realized and
investment is made in distribution
infrastructure.

Industry and provincial governments will
play an important role in determining which
hydrogen production pathways will come to
fruition in Canada, and over what
timeframes. Overall, a balanced, regional
approach to developing Canada’s hydrogen
supply is recommended. This diversification
of fuel sources enables production volumes
to support the development of domestic and
export markets, competing against other
global producers to diversify Canada’s
energy export portfolio

End-Use

Domestic deployment of hydrogen is critical
to supporting Canada’s world-leading
hydrogen and fuel cell sector, as well as to
meeting climate change objectives. The
earlier deployment starts, the sooner
infrastructure development and end-user
acceptance will come into place, allowing
the realization of longer-term projections on
uptake and associated benefits.

Adoption of hydrogen can be expectedto
primarily be focused on energy-intense
applications where electrification is
challenging or not technically viable, and
where economics that today rely on low-
cost natural gas are more suited to energy
dense fuels. This includes using hydrogen
as a fuel for long-range transportation and
power generation, to provide heat for
industry and buildings, and as a feedstock

for industrial processes.

PAGE VI Hydrogen Strategy for Canada
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Fuel for Transportation

Hydrogen can be used directly as a fuel in
fuel cell electric vehicles (FCEVs), which
have two times the efficiency of combustion
engines and which have zero emissions at
the tailpipe. Fuel cell light-duty passenger
vehicles and transit buses are commercially
available today globally, and in limited
numbers in Canada. Fuel cells are also
commercially available in off-road
equipment, including lift trucks, and power
back-up applications.

Heavy-duty trucks and light-rail passenger
trains have also been commercially
deployed in limited numbers globally. Pilot
demonstrations of small marine vessel
prototypes are also underway, and show
promise. Longer-term, fuel cell applications
may expand to include long-haul freight (rail
and road), and trans-oceanic marine
vessels.

The Government of Canadahas set

federal targets for zero-emission vehicles to
reach 10% of light-duty vehicles sales per
year by 2025, 30% by 2030 and 100% by
2040. Canada considers battery electric
vehicles, fuel cell electric vehicles, and plug-
in hybrid electric vehicles to qualify as zero
emission vehicles. BC and Quebec have led
provincially with the adoption of ZEV
regulations, and both of these provinces
have started to deploy hydrogen fueling
infrastructure and fuel cell vehicles.

Electric vehicles are expected to take a
significant portion of the market share for
light duty applications in Canada, base don
these targets. These electrification options
include battery electric, and fuel cell electric
vehicles. Canadian consumers have shown
increasing demand for larger vehicles, with

4 Souce: Statistics Canada. Table 20-10-0002-01 New
motor_vehicle sales, by type of vehicle

80% of nationwide spending on new
vehicles in 2019 going to trucks, vans, or
SUVs.4 Trends such as autonomous driving
and ride sharing may also drive greater
demand for hydrogen fuel cell electric
vehicles.

Canadian cities need public transportation,
and it must be zero emission for Canada to
become carbon neutral and to improve air
quality in urban centers. Canada has unique
potential for a ‘made-in-Canada’ solution
with New Flyer Industries and Ballard Power
Systems leading the market with
commercial fuel cell electric bus
deployments in North America.

The zero emission bus initiative® underway
in Canada encourages government to
support school boards and municipalitiesin
purchasing 5000 zero emission buses over
the next 5 years. Canada is home to world
leading fuel cell and electric bus
manufacturers and can leverage this
industry to provide economic value if fuel
cell electric buses are a portion of the mix.
These buses are well suited to longer routes
and cold weather climate that Canadian
transit agencies service.

Fuel cells will play a significant role in
medium and heavy-duty trucks, rail, and
ships where batteries are not likely to be
technically feasible. Forexample, in heavy-
duty trucks travelling long distances with
heavy payloads, the weight of the batteries
to provide the energy needed would result
in reduced cargo load carrying capacity that
is unacceptable to operators. Long charging
times could also impact operations
negatively. The improved energy density
and fast fill characteristics of fuel cell

5 https://cutaactu.ca/en/blog-posts/new -federal-
government-unveils-its-priorities
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electric trucks could make them an optimal
choice for certain applications.

There is a similar value propaosition for
hydrogen use in mining equipment. For the
mining industry, hydrogen presents an
opportunity to reduce widespread reliance
on diesel power for mine production
vehicles. Instead of battery technology
which may reduce capacity of payloads,
hydrogen presents itself as a viable option
for heavy transportationdue toit's
accessibility and adaptability.

In the near term as costs and availability of
fuel cells challenge uptake, hydrogen-diesel
co-combustion in truck applications may
offer a feasible pathway to create the
demand for hydrogen and support
infrastructure development.

Fuel for Power Generation

Hydrogen can be used as a fuel for power
production through either hydrogen
combustion in turbines or use in stationary
fuel cell power plants. Hydrogen provides
load management, energy storage, and a
path to market that enables the growing
intermittent renewable power sector.

In the longer term, hydrogen can play a role
in greening Canada’s electricity grids where
there is still a reliance on fossil fuels for
power production. Hydrogen can also
provide stability for off-grid renewables
based power solutions in remote
communities and remote industrial sites
such as mines.

Mines in northern and remote regions are
largely dependenton expensive, highly-
emitting diesel power, the mining industry is
uniquely-positioned to be an early adopter
and major beneficiary of hydrogen fuel cells,
to meet energy needs in these regions.

Heat for Industry and Buildings

As a heating fuel, hydrogenis a clean-
burning molecule that can be a zero-carbon
substitute for fossil fuels in applications
where high-grade heat is needed and where
electric heating is not technically or
economically viable. Hydrogen can be
burned directly or blended with natural gas
to reduce carbon emissions in hard-to-abate
applications like industrial heating, space
heating for homes and buildings.

Feedstock for Industry

Hydrogen is used as a feedstock in several
industrial processes in Canada today. Most
feedstock hydrogen is currently produced
via steam methane reforming.

Hydrogen is used as a feedstock for:

Petroleum refining
Bitumen upgrading
Ammonia production
Methanol production

*® & & o

¢ Steel production

The greatest use of hydrogen globally today
is for refining and upgrading crude oil,
where hydrogen-based processes remove
impurities like sulphur and process heavy
hydrocarbon chains into lighter components.
The majority of hydrogen required for
refining is produced on-site either from
dedicated production facilities or as a by-
product. Because of this integration of
hydrogen production within refining facilities,
production is primarily supplied by natural
gas reforming methods. The most
significant opportunity to reduce emissions
associated with hydrogen in the oil and gas
industry is retrofitting existing conversion
technology with carbon capture and
storage. In the Canadian context, this has
the special potential to help decarbonize a
portion of oil sands operationsin Alberta.

PAGE VIl Hydrogen Strategy for Canada
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Adoption of the Clean Fuel Standard is
expected to drive demand for clean
hydrogen in these industries. Switching to
lower carbon intensity hydrogen offers a
compliance pathway.

Avalilability of low cost, low carbon intensity
hydrogen has the potential to create new
industry in Canada as well. This includes
synthetic liquid fuel production, an
innovative process combining renewable
hydrogen and carbon captured from the air
to produce carbon-neutral, energy dense
liquid fuels that are well suited to
applications such as aviation and large
marine vessels. Renewable fertilizer
production also presents an opportunity for
new Canadian industry.

Hydrogen also can be a key to reducing
emissions from mining. The Canadian
Minerals and Metals Plan (CMMP) aims to
capitalize on opportunities to strengthen
Canada’s competitive position within the
global mining sector. The CMMP.
emphasizes the importance of developing
and adopting clean technologies and
alternative energy sources, such as
hydrogen.

Export

It is clear that with worldwide demand for
hydrogen increasing, and energy importers
actively looking to Canada as a potential
supplier, there is a significant opportunity for
Canada. The British Columbia Hydrogen
Study completed in 2019 shows export
potential of $15 billion by 2050 from that
Province alone. The growth of this export
industry would serve to diversify Canada’s
energy export portfolio. Canadian oil and
natural gas exports alone totalled $122
billion in 2019.

Remaining Challenges

Costs

The main limiting factor for hydrogenuse in
many applications are economic rather
technology-based. The reason that clean
hydrogen is not currently usedin many
potential applicationsis that it is not yet
economically viable compared to other
conventional fuel options. This cost barrier
can be addressed through strong
government capital and production
incentives to encourage scale, and through
de-risking industry investment as the
demand for hydrogen grows. Financial
measures for end-use adoption can be
effective in de-risking these investments.

Over time, Canada’s rich resource base,
skill set, and existing energy supply chain
provides the opportunity to be cost
competitive in global markets

Policy and Regulation

Clean hydrogen projects around the world
have primarily been in regions with a
combination of supporting policies and
regulations. Policies and regulations that
encourage the use of hydrogen
technologies include low carbon fuel
regulations, carbon price, vehicle emissions
regulations, zero emission vehicle
mandates, creation of emission-free zones,
and renewable gas mandates in natural gas
networks. Mechanisms to help de-risk
investments for end-users to adapt to
regulations can be beneficial. A more
cohesive national framework could provide
a clear signal of the importance of hydrogen
and avoid a patch-work of policies and
regulations across jurisdictions.
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Availability of hydrogen

There is a need to transport and store
hydrogen from the site of production to the
end-user. This includes refuelling
infrastructure for transportation uses.

Over time, as the domestic production and
demand grow, there will may be a need for
dedicated infrastructure. The cost of these
technologies will continue to drop, as
advancements are made, and the markets
grow.

Codes and Standards

The deployment of hydrogen is in the early
stages across many jurisdictions and
sectors in Canada, and there are some
gaps in existing codes & standards which
need to be addressed to enable adoption.

This includes tools that enable and
accelerate hydrogen use beyond
demonstrations and pilot projects.
Harmonizing codes and standards across
jurisdictions (provincial and international)
will ensure that best practices are applied
across the global hydrogen economy to
facilitate the growth of trade and export
markets.

Canada is also working with countries
around the world to develop and align codes
and standards, through efforts like the
Canada/US Regulatory Cooperation
Council, and throughout the UN-ECE.
These efforts also include developing and
aligning common methodology to determine
the carbon intensity of hydrogen production
pathways.

Path Forward
Vision for 2050

If Canada seizes the opportunities for
hydrogen, by 2050 we could realize the
following:

¢ >5million fuel cell electric vehicles

Nationwide hydrogen fueling network

¢ >50% of energy supplied today by
natural gas is supplied by hydrogen
through blending in existing pipelines
and new dedicated pipelines

¢ Established supply base of low
carbon intensity hydrogen with
delivered prices of $1.50 - $3.50/kg

+ New industries enabled by low-cost
hydrogen supply network

Established export market

Diversification of Canada’s petroleum
sector —with hydrogen established as
mayjor energy export for Canada

>100,000 hydrogen sector jobs
>$5 billion in hydrogen sector revenue
>100 Mt CO2ze annual GHG reduction

Canada is one of top 3 global clean
hydrogen producers

*® & o o

Near Term: Laying the
Foundation

The focus of the next 5-years will be on
laying the foundation for the hydrogen
economy in Canada. This includes
developing new hydrogen supply and
distribution infrastructure to support early
clusters of deployments in mature
applications while supporting Canadian
demonstrations in emerging applications,
such as long haul trucking, light-rail and
small marine vessels. Early actions are
fundamental to driving investment in the
sector.

PAGE X Hydrogen Strategy for Canada
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Canada’s petroleum sectoris a major driver
of investment, with $52 billion in 2019.
Despite the oil price downturn and
uncertainty over the COVID-19 recovery, an
opportunity exists for government to partner
with industry to drive commercial blue
hydrogen projects as part of the sector’s
net-zero agenda.

Hydrogen use in the near-term will be
dominated by mature market applications at
or near the commercial market Technology
Readiness Level (TRL) including fuel cell
electric vehicles and fuel cell electric buses
for transit operation. Pre-commercial
applications such as heavy-duty trucks,
seaport goods movement equipment, power
generation, heatfor the built environment,
and industrial feedstock applications will be
introduced as pilot projects in regional
clusters.

These regional clusters will be strongly
influenced by:

+ Regulatory approvals for blending
hydrogen and natural gas to
decarbonize the utility distribution
system.

+ Availability of technical evidence from
pilots to inform the safe integration of
fuel cells into domestic regulatory
regimes, i.e. Railway Safety Act,
Motor Vehicle Safety Act.

¢ Increased production of RNG and
biogas due to favorable policies will

drive low carbon hydrogen production.

¢ Zero-Emission Vehicle mandates for
passenger vehicles such as the
existing legislation in Quebec and
British Columbia.

¢ There will be variances in CFS
compliance plans that will drive low
carbon hydrogen generation for
industrial applicationsincluding the
upgrading of transportation fuel
products.

¢ Existing hydrogen generation,
distribution and dispensing
infrastructure that can be leveraged
e.g. liquefaction capacity in Quebec,
or steam methane reforming with
carbon sequestrationin Alberta.

Mid Term: Growth and
Diversification

Activities to ignite the sector in the next 5
years will be followed by growth and
diversification of the sector in the 2025 —
2030 timeframe.

As the technology matures and the full suite
of end-use applicationsis at or near
commercial technology readiness levels,
hydrogen use in the mid-termwill be
focused on applications that provide the
best value proposition relative to other zero-
emission technologies. For example, fuel
cell electric vehicles and transit buses will
enter the rapid expansion phase as the
market for fuel cell and battery technology
becomes more defined. For example, fuel
cells will gain traction where charging times,
energy requirements, range, grade ability,
and operation in extreme climates make
battery technology technically challenging
for specific market segments

Class 8 heavy-duty trucking in corridors that
require heavy payloads and drayage
equipment in regions with regulated air
sheds will move into the commercial phase
of deployment. New, larger scale hydrogen
production in the mid-termwill allow H2/NG
blending for industry, the built environment
and as a feedstock for chemical production
and hydrocarbon upgradingto be
commercialized in regional clusters during
this period.

Pre-commercial applications like Class 5-7
delivery trucks, operating in urban zero-
emission zones, passenger and freightrail
where gantry infrastructure need to electrify
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the line is prohibitively expensive, mining
vehicles and smaller domestics marine
vessels

A regulatory framework, and market ready
technologies enable early deployment of
hydrogen in mining operations, toward the
later part of this timeframe.

Long Term: Rapid Market
Expansion

In the 2030-2050 timeframe, Canada will
start to realize the full benefits of a
hydrogen economy as the scale of
deployments increase and number of new
commercial applications grows, supported
by Canada’s foundational backbone supply
and distribution infrastructure.

In the long-term, it is anticipated that with
advances in battery and charging
technology there will be a more defined
division between battery and fuel cell
utilization in Canada for transportation
purposes. This will result in the higher
power demand applications (utility biased)
predisposed toward hydrogen energy
storage and the lower power demand
applications (efficiency biased) using
batteries for energy storage. New
transportation applications will move into the
commercial and rapid expansion phases
during this period.

In parallel, economies of scale in the
production of hydrogen, coupled with
regulatory pressures, will lead to
accelerating growth in the blending of
hydrogen in the natural gas distribution
system and construction of new dedicated
hydrogen pipelines supplying fuel to full
hydrogen-based communities. Power
generation applications will continue to
grow, complementing increased penetration
of intermittent renewable power sources in
Canada’s energy systems.

As low carbon intensity hydrogen is more
widely available throughout Canada, new
industries are expected to emerge including
production of liquid synthetic fuels,
ammonia and renewable fertilizer.

Time to Act

The time to actis now. Governments
around the world are releasing and
executing hydrogen strategiesthat are
building global momentum. In 2019 Canada
seized this momentum by developing and
launching a new Hydrogen Initiative under
the Clean Energy Ministerial, designed to be
the cornerstone for global hydrogen
deployment.

Now, one year later, Canada is poised to
again leverage this momentum, to growthe
domestic opportunity for hydrogen
production and end-use, while also
benefiting from growth in global demand, via
this Strategy. Although the COVID-19
pandemic has shaken all sectors of the
economy, the recovery can also present a
unique opportunity for change.

Recommendations

The next five years will determine Canada’s
trajectory for achieving the 2050 vision and
associated benefits. Eight pillars of actions

have been identified, as follows:

Pillar 1: Strategic Partnerships

Themes include enabling and encouraging
collaboration between private sector
stakeholders, governments at all levels, and
academia to coordinate actions and
activities.

PAGE XII Hydrogen Strategy for Canada
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Pillar 2: De-Risking of Investments

Themes include driving investment to
establish supply and distribution
infrastructure, support regional deployment
clusters, and establish manufacturing
capabilities in Canada.

Pillar 3: Innovation

Themes include a strategy for sustained
support for research, developmentand
demonstration, that includes domestic
industry, academia, and government
collaboration, as well as international
collaborations. Support for demonstrations
and early deployments that include the full
value chain from supply, to distribution, to
end use can serve as a living lab to support
Canada’s innovators in the sector and
ensure these technologies can be
integrated in a safe and timely manner.

Pillar 4: Regulations, Codes and
Standards

Themes include developing codes,
standards, and regulations that enable and
accelerate the production, distribution and
use of hydrogen within domestic and
international regulated energy markets.
These regulatory instruments can range
from national codes and standards, to
industry specific established practices,
technical requirements, safety
assessments, and terminologies for
products, services, and systems.

Pillar 5: Enabling Policies

Themes include developing a Canadian
policy framework that is technology-neutral
and accelerates hydrogen adoption and
levels the playing field between low-carbon
hydrogen and other fuels. Approaches to
developing tools that are flexible enough to
meet the changing demands associated

with new, emerging technologies will be
explored.

Pillar 6;: Awareness

Themes include communicating the
hydrogen sector as a priority sector and
raising public awareness and confidence in
hydrogen systems and fuel cell technologies
through a combination of outreach
campaigns and highly visible flagship
projects.

Pillar 7: Regional Blueprints

Themes include developing regional specific
blueprints to focus on unique considerations
that may differ from region to region.
Blueprints will provide recommendations for
actions and roles/ responsibilities for all
levels of government and the private sector
to ensure each region is well positioned to
seize their specific opportunities.

Pillar 8: International Markets

Themes include developing an export
strategy and action plan to complement the
Hydrogen Strategy for Canada.

Roles and Responsibilities

Development of a strong Canadian
hydrogen economy requires a coordinated
and collaborative effort between industry,
governments, academia, and non-
government associations driven by a
common vision and strategy.

Implementation Plan

Following the release of this Hydrogen
Strategy for Canada, there will be ongoing
engagement with public, private and
Indigenous stakeholders, to continue the
momentum, initiate and track activities
related to the recommendations, follow
progress, and identify new priority areas as
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the market evolves. Itis proposed, that this
engagement will be formalized through an
Implementation and Steering Committee
and Working Groups.

PAGE XV Hydrogen Strategy for Canada
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Executive Summary:
The role of hydrogen and H.-based decentralized heating

Hydrogen is viewed by policymakers, business leaders and scientists as an important en-
ergy carrier for the success of the clean energy transition. Numerous recent studies have
investigated areas of application for hydrogen, presenting various roadmaps for the
broad-based introduction of hydrogen technologies.

The energy-policy debate of recent years has often focused on how the energy system
can be made sustainable while necessarily relying over the long term on the sun and
wind, two key sources of renewable energy. In this discussion, a broad consensus has
emerged that the direct use of electricity should be maximized whenever it is technically
viable and expedient.

With a view to the heating of buildings, it is now clear that heat pumps, which extract
up to three times more heat from the environment than they consume in electrical en-
ergy, are much more efficient than synthetic fuels based on power-to-gas (PtG) due to
the large conversion losses of PtG (with energy being transformed in multiple steps from
electricity to hydrogen, from hydrogen to methane, and then from methane to heat) [3].
Scientific studies conducted in recent years substantiate this pronounced disparity in ef-
ficiency between heat pumps and PtG. The most comprehensive study on this subject,
entitled “Building Sector Efficiency: A Crucial Component of the Energy Transition,” was
published by the Berlin-based think tank Agora Energiewende [4].

For this study, we assessed recent studies regarding hydrogen supply, demand, and in-
frastructure and conducted our own analyses. In the following sections, we present our
findings with regard to the role of hydrogen in the transformation of the energy system,
particularly in the building sector.

A. The general role of hydrogen:

1. The development of hydrogen infrastructure (electrolysers, grids, storage, and
PtL) is essential for the success of the clean energy transition.

The establishment of a central hydrogen grid offers important advantages for an
efficient and cost-effective transformation. The use of hydrogen by industry and
power plants must be prioritized, since the conversion losses compared to SNG or
PtG and the necessary electricity generation from renewable energies can be re-
duced. Priority should also be given to existing processes in which natural gas re-
forming must necessarily be substituted with green hydrogen. A residual level of
hydrocarbon demand will be unavoidable in international transport (PtL) and for
non-energy consumption, for which hydrogen must also be produced.

2. Estimates show hydrogen demand of 600-1,000 TWh in Germany in 2050, de-
pending on the share of biomass in the power mix. This demand would increase
by 25-40% if hydrogen were used for the decentralized heating of buildings.

The 50% replacement of natural gas for the heating of buildings with hydrogen
would result in an additional hydrogen demand of 250 TWh in Germany. This
figure is based on a comparison of scenarios for the efficient achievement of a
95% reduction in emissions by 2050 (including the German share of international
transport). By way of comparison, the Fraunhofer Hydrogen Roadmap [32] esti-
mates 2050 hydrogen demand at 250 to 800 TWh in Germany and between 800
and 2,260 TWh in Europe (without building heating).

3. Most of this hydrogen demand will have to be covered by imports.

Executive Summary

Fraunhofer IEE Hydrogen in the Energy System of the Future:
Focus on Heat in Buildings
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Executive Summary

Only green hydrogen is sustainable. Between 50 and 150 TWh of sustainable
green hydrogen can be produced from domestic renewable energy in Germany.
The global potential for the production of green hydrogen is fundamentally high
in regions rich in sun and wind. Pipeline transport is the cheapest option for im-
porting hydrogen from neighbouring regions.

4. The import potential from North Africa is limited and can only cover a fraction of
German and European demand.

Under consideration of local area and site restrictions, Morocco and Tunisia to-
gether may supply 400 TWh. Yet even if hydrogen production capacities in viable
North African countries were to be fully expanded, this would only cover part of
German and European demand.

5. Accordingly, the greater the volume of hydrogen demanded in Europe and Ger-
many, the more expensive it will become on a unit basis.

Our analysis shows that land area potential with very low costs (H, production
costs + import by pipeline) is very limited. Our estimates for Morocco and Tunisia
yield pipeline-based import prices of 5.3-9.9 ct/kWh for compressed hydrogen and
7.6-12.8 ct/kWh for liquid hydrogen. Imported liquid hydrogen from regions in
South America or South Africa with high average wind speeds and high solar ra-
diation will cost at least 6 ct/kWh. Additional infrastructure costs in the importing
country for storage, transport, and distribution of 3-6 ct/kWh must be added to
this amount, yielding total import costs of 9-12 ct/kWh.

6. Blue hydrogen based on Carbon Capture and Storage (CCS) is not carbon-neu-
tral.

When blue hydrogen is produced from fossil natural gas, at best 85-95% of the
emissions can be captured and injected underground. In addition, depending on
the country of origin and application, 0.5-4.1% leakage occurs during pipeline
transport. Therefore, blue hydrogen can at best be a bridge technology to enable
early structural change by industry.

The supply bottlenecks that will invariably occur in the global market ramp-up for
green hydrogen is an additional factor that must be taken into account. The more
hydrogen is needed in the long term, the greater the likelihood that dependence
on blue hydrogen will become locked in. This would move us further away from
achieving climate targets. This situation would be significantly aggravated if blue
hydrogen were to be used directly for the decentralized heating of buildings.

B. The role of hydrogen in the decentralized heating of buildings:

1. Hydrogen-based low-temperature heating systems consume 500-600% more
renewable energy than heat pumps.

Taking the energy losses that arise from the conversion and transportation of hy-
drogen into account, it is much more efficient in terms of renewable energy de-
mand to supply heat to buildings using heat pumps.

2. The medium-term introduction of a 20% hydrogen share in the gas grid would
only induce low reductions in carbon emissions.

The blending of hydrogen into natural gas grids is currently limited to 10%, and
an increase to 20% is under discussion. However, this only corresponds to an en-
ergetic share of 7-8%, meaning that little would be obtained in the way of climate
protection.

Fraunhofer IEE Hydrogen in the Energy System of the Future: 5146
Focus on Heat in Buildings
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Executive Summary

3. Along-term transition to 100% hydrogen supply by repurposing existing natural
gas grids is possible. However, under a decentralized heating system, enormous
costs would result for the premature replacement of end-customer boilers.

There is significant regional divergence in the restrictions and degrees of freedom
that govern hydrogen blending. These restrictions hinge on the origin of the nat-
ural gas and the characteristics of end-customer and industrial applications in each
respective distribution grid. In order to exceed a 20% hydrogen blending thresh-
old, it would be necessary to completely and abruptly switching distribution grids
to 100% hydrogen supply. This would require the premature replacement of all
existing natural gas boilers, a cost factor that would considerably exceed that of
converting the gas grids.

4. Supplying heat to buildings with heat pumps would ease demand for hydrogen
while also considerably reducing necessary import quantities.

Today’s heat pumps can efficiently service even buildings that have not yet under-
gone energy efficient retrofitting. Accordingly, the building sector would not com-
pete with other sectors in the area of hydrogen demand.

5. Security of supply and reliable power grid infrastructure are compatible with high
heat-pump penetration rates.

The technical requirements associated with ensuring security of supply during pe-
riods of no wind or sun and for expanding distribution grids can be fulfilled at
moderate additional cost. Electricity grid infrastructure does not represent a signif-
icant obstacle to reliance on heat pumps to supply heating energy to buildings.
The electricity required to run heat pumps can be covered in a cost-effective man-
ner almost exclusively with domestic renewable energy sources.

Fraunhofer IEE Hydrogen in the Energy System of the Future: 6|46
Focus on Heat in Buildings
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Introduction

1 Introduction

There are no alternatives to renewables in the effort to establish a carbon-neutral energy
system. The next phase of the clean energy transition will involve integrating the
transport, heating, and industrial sectors in a comprehensive transformation process. In
the building sector, a two-pronged effort is needed to make buildings more energy effi-
cient and transform heat supply.

In Germany and Europe, the energy policy debate is currently dominated by a focus on
hydrogen, which is seen as the universal energy carrier for the clean energy transition. In
this debate, discussion has centered on the direct use of hydrogen. However, hydrogen
can also be converted to a synthetic fuel using various techniques, such as power-to-
liquid (PtL); power-to-gas (PtG; in this study, including methanisation) and power-to-
chemicals (e.g. ethylene or naphtha). In general, a distinction is drawn between the direct
use of electricity and the conversion of electricity into hydrogen and other PtX-based
derivatives.

At the end of January 2020, the Federal Ministry for Economic Affairs and Energy (BMWi)
presented a draft National Hydrogen Strategy. This document focuses on the economic
opportunities for Germany as a supplier of hydrogen production systems. It also assesses
the potential for a hydrogen-based transport sector. Hydrogen is seen as offering industry
a competitive advantage insofar as it allows carbon emissions to be reduced or avoided

[1].

Fraunhofer, Germany'’s largest application-oriented research organization, recently re-
leased its own Hydrogen Roadmap. This roadmap also places an emphasis on industrial
policy, highlighting the technical potentials offered by hydrogen. However, it does not
address in detail the use of hydrogen in the building sector.

In December 2019, the EU Commission presented its plan for a European Green Deal,
which foresees a carbon neutral Europe by 2050. The European Green Deal also aug-
ments the 2030 abatement goal, ratcheting up ambition from a 40% reduction to be-
tween 50 and 55% [2]. These targets, which place the EU at the vanguard of climate
policy ambition, has knock-on effects for German energy policy. Germany will assume
the presidency of the European Council on 1 July 2020 and there are indications that it
will use this position of influence to promote the creation of markets and infrastructure
for hydrogen in the EU [1].

Furthermore, policymakers are currently working to revise the Ecodesign Directive' and
the Energy Label? for space heating systems and water heaters. In this context, the EU
intends to establish European-wide minimum technical standards for the installation of
space and water heaters while also updating guidelines for energy consumption labels.
In this regard, technical requirements for “hydrogen ready” gas boilers are currently be-
ing deliberated. With a view to the heating-system transformation pathway, two ques-
tions emerge: (1) what is the lifespan of existing boilers? And (2) can these boilers tolerate
a gradual increasing percentage of H, in the natural gas grid, or will it be necessary to
conduct early replacement of all existing equipment within a given grid area? Of course,
the potentially low hydrogen tolerance of other natural-gas-based technology that is cur-
rently connected to the grid needs to be taken into account. On the other hand, there
are key large-scale consumers that can be supplied with pure hydrogen. Prior to defining

! Review of Commission Regulation (EU) No. 814/2013 [Ecodesign]
2 Commission Delegated Regulation No. (EU) No. 812/2013 [Energy Label]
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. . . . . Introduction
technical standards for gas boilers, policymakers should first answer these questions con-

cerning the overall transformation of the gas system.

The energy-policy debate of recent years has often focused on how the energy system
can be made sustainable while necessarily relying over the long term on the sun and
wind, two key sources of renewable energy. In this discussion, a broad consensus has
emerged that the direct use of electricity should be maximized whenever it is technically
viable and expedient. With a view to heating energy for buildings, PtG should not be
considered an option due to (1) the large conversion losses it entails (electricity = elec-
trolysis = methanisation 3 2 heat) , and (2) the considerable efficiency advantage en-
joyed by heat pumps (electricity + ambient heat = heat) [3].

Heat pumps require little ﬁﬁ

electricity

Electric boilers require a mul- %&1‘ ﬁi’i‘ ﬁﬁ

tiple of electricity Figure 1: Electricity consumed

by various technologies to re-

Heating systems based on place one unit of fossil-fuel-
. based heat
PtG require even more elec-

tricity Source: [3]

Scientific studies conducted in recent years substantiate this pronounced disparity in ef-
ficiency between heat pumps and PtG. The most comprehensive study on this subject,
entitled “Building Sector Efficiency: A Crucial Component of the Energy Transition,” was
published by the Berlin-based think tank Agora Energiewende [4]. This study undertakes
a detailed assessment of various issues, such as how the technologies used to heat build-
ings impact German and European energy systems, and how a growing proportion of
heat pumps impacts local power distribution grids. It also models system-transformation
costs, including expenditures to retrofit the building stock. A key finding of the study is
that the cheapest scenario for transforming the system is to retrofit buildings at a medium
pace in combination with the large-scale deployment of heat pumps. By contrast, heavy
reliance on PtG is the least favorable scenario option, not only with a view to technology
costs, but also in terms of energy consumption. Figure 2 below shows 2011 energy con-
sumption in Germany as well as energy consumption associated with the “Efficiency?,”*
"Efficiency + Heat Pumps (HP),”*> “Efficiency + Power to Gas (PtG),” ¢ and “Business as
Usual (BAU) + PtG"7 scenarios.

3H, + CO2> CHs

4 Very high retrofit rate and lowest heat demand; mixed technology use.
> High retrofit rate and medium heat demand; more heat pumps.

6 High retrofit rate and medium heat demand; more gas boilers.

7 Low retrofit rate and higher heat demand; even more gas boilers.
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The dashed line in Figure 2 allows comparison between the last three scenarios and the
Efficiency? scenario. The Effizienz? scenario represents the base line in the following Fig-
ure 3, which compares the average discounted cost differentials (from today to 2050) of
the three scenarios with the Effizienz? scenario. When comparing costs, the Efficiency +
Heat Pumps scenario generates net savings of €2.89 billion annually, while the Efficiency
+ PtG scenario generates net supplemental costs €3.72 billion annually. For its part, the
Business as Usual (BAU) + PtG scenario produces net supplemental costs of €8.15 billion
annually. The net supplemental costs are denoted with a black line.

20
Net B PtG import
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costs B Expansion of heating networks
compared to
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c power grids

O Generation of electricity, district
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O Fuel costs for oll and gas in
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+ N + compared to B Investments in plant technology
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These scenarios clearly indicate that synthetic fuels have a significant cost disadvantage
as a solution for decentralized heating. With a view to current discussion regarding the
use of hydrogen, however, the following question emerges: To what extent do the lower

Introduction

Figure 1: 2050 energy con-
sumption in the building sec-
tor in various scenarios

Source: Authors’ figure based on
(4]

Figure 2: Average discounted
cost differentials of the sce-
narios in relation to Effi-
ciency?

Source: Authors’ figure based on
(4]
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conversion losses associated with hydrogen in relation to PtG (hydrogen has a 75% effi-
ciency rate, as opposed to 60% for PtG?) make it necessary to revise the previously es-
tablished consensus regarding the optimal long-term solution? An additional option un-
der consideration is to process natural gas using advanced carbon capture and storage
(CCS) in order to produce blue hydrogen. In this way, an additional question is: What
impacts would the implementation of blue hydrogen have on the energy-system conver-
sion pathway? When the focus is narrowed to applications in industry or in gas-fired
power plants, the currently discussed transformation of infrastructure toward greater re-
liance on hydrogen offers the potential to make the clean-energy transition more efficient
and less expensive. With a view to a decentralized system supplying heating energy, how-
ever, a more nuanced assessment of the potential offered by hydrogen is required.

This study critically examines these questions in order to arrive at evidence-based conclu-
sions. The first part of the study discusses potential future demand for hydrogen in all
applications in addition to potential hydrogen supply. An assessment is then conducted
of required changes to existing natural gas grids, as well as to the need for new hydrogen
infrastructure, both in general and with a view to decentralized building heating. The
next section addresses the opportunities and possible hurdles associated with a heating
system that is predominantly based on heat pumps. The final part of the study draws
conclusions based on the presented scenarios.

8 Efficiency measured in terms of calorific value (CV). By comparison, the conversion efficiency of future elec-
trolysis plant is expected to be 88%.

Introduction
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. . . Fields of application for hydrogen
2 Fields of application for hydrogen energy: energy:

An assessment An assessment

With regard to efficiency, a distinction must be drawn between the direct use of hydro-
gen and its further processing using PtL or PtG. Furthermore, it is necessary consider the
technological contexts in which hydrogen can act as a replacement to existing forms of
energy, and the potential alternatives to this usage that exist. Existing studies that model
the future energy system in Germany come to strongly divergent conclusions regarding
future hydrogen demand, primarily because of differing assumptions regarding hydro-
gen'’s areas of application. However, these studies are united by the fact that they do not
take into account the current discussions regarding the development of a hydrogen in-
frastructure. In order to conduct a comparison of these studies, it is necessary to adjust
their conclusions using a ranking system.

2.1 Study rankings from an energy system perspective

1. Current areas of application for grey hydrogen (hydrogen manufactured from natural
gas)

The replacement of natural gas reformers with green hydrogen — especially in ammonia
and methanol production, but also in refineries — is the option with the highest efficiency
—that is, the option that leads to the greatest carbon emissions savings over the medium
term, as well as the most efficient use of electricity over the long term [5]. Alternatively,
some studies (see Section 2.2) assume carbon capture and storage of reformer emissions,
which is comparable to blue hydrogen, in addition to the use of PtG.

2. Direct use of hydrogen in industry

The direct use of hydrogen, e.g. for process heat in industrial facilities, is also highly effi-
cient. Particularly in steel production, there is a great potential for reducing greenhouse
gas emissions, namely by replacing the existing carbon-based reduction of iron ore with
hydrogen-based direct reduction in blast furnaces. The hydrogen that is used today as an
inert gas, which is obtained from natural gas reforming, can also be replaced by green
hydrogen. A complete substitution of coal or coke demand in steel production would
result in additional hydrogen demand in Germany of 2.4 Mt Hy/a, which is equivalent to
80 TWh/a [6]. The share of steel that is recycled is to be increased from 25% today to
50% over the long term, which will result in a 25% reduction in required hydrogen quan-
tities, thus reducing future demand to around 60 TWh/a.

3. Direct use of hydrogen in power stations and CHP plants

Hydrogen can also be used in the future to replace natural gas as a fuel for electricity
generation in power stations and combined heat and power (CHP) facilities. This allows
methanation losses to be avoided. When there is insufficient feed-in from renewables,
CHP facilities can be used to generate industrial process heat and district heating. In ad-
dition, security of supply can be assured, even without CHP heat generation.

In general, it is only efficient to use hydrogen for the centralized generation of heat en-
ergy when this heat energy cannot otherwise be produced electrically using electrode
boilers or large heat pumps. However, the use of hydrogen as a substitute for biomass
(e.g. waste wood) must be discussed here.

4. Unavoidable consumption of hydrocarbons

In the domain of international air and sea transport, there are virtually no technical alter-
natives to the use of liquid fuels. Accordingly, hydrogen can only be used indirectly in
international transport following conversion using PtL. PtL production is also required for
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Fields of application for hydrogen
energy:
An assessment

the replacement of existing fossil resources (such natural gas and naphtha) in the chem-
icals industry. Examples of regeneratively produced hydrocarbons include industrial soot
production from PtL hydrocarbons and plastic production from ethylene. PtL conversion

of hydrogen is also required to replace natural gas combustion in high-temperature fur-
naces.

5. Direct use of hydrogen in transport

From a present-day perspective, the role that hydrogen will play in the road transport of
the future is unclear. Nevertheless, the emission standards that are adopted over the next
ten years will be a decisive factor for car and truck manufacturers. Accordingly, in com-
parison to electric vehicles, hydrogen-based propulsion technologies will reach market
readiness too late. This fact is underscored by the limited availability of hydrogen fueling
stations: there are less than 100 such stations in Germany at present. Due to these me-
dium-term dynamics, a significant long-term role for hydrogen appears unlikely. In the
domain of truck transport, the cost and efficiency difference between hydrogen and elec-
tric propulsion technologies is smaller. However, there are already a broad spectrum of
battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) in the domain
of truck transport, including fast-charging stations and trolley-truck infrastructure. In ad-
dition, small quantities of PtL fuels can be used to extend vehicle range. Hydrogen will
gain in importance if policymakers fail to facilitate the expansion of trolley-truck infra-
structure. In the area of passenger vehicles, the cost and efficiency differences are larger,
and the adoption of electric vehicles depends to a greater extent on customer prefer-
ences. Compared to the domain of truck transport, a larger network of hydrogen filling
stations will be required for the broad based adoption of hydrogen-fueled passenger ve-
hicles. By contrast, the use of fuel cells in efficient niche applications for ships and trains
that cannot be electrified will avoid the high efficiency losses associated with PtL produc-
tion and combustion.

6. Direct use of hydrogen for low temperature heat

In the domain of low-temperature heat, hydrogen must compete directly with the heat
pump, a highly efficient technology. As total demand for heat energy in this area of
application is very high, one must consider whether a sufficient supply of hydrogen would
even be available for this purpose (see Section 3).

In the domain of district heating and industrial process heat, large heat pumps can be
used to supply the necessary heating energy. Existing studies project district heating to
be significantly expanded, such that 20%-35% of the building stock is serviced by district
heating grids, in order to efficiently supply densely populated areas with heating energy.
The environmental heat (e.g. from river water or purification plants) that is available for
expanding district heating varies greatly from region to region, however [7]. Further in-
vestigation is required to determine the extent to which hydrogen can play a role as an
energy source in hybrid district heating systems when there are regional limitations to
renewable heat potential.

With a view to the decentralized supply of heating energy to buildings, modern air-source
and geothermal heat pumps are technical capable of covering the heating demand of up
to 80% of the building stock (see Section 5). As in the domain of road transport, the
German climate targets for the building sector (which foresee an emissions reduction of
66% by 2030 compared to 1990) and European burden sharing for the non-ETS sector
(which foresees a 38% reduction in emissions by 2030 compared to 2005) create strong
pressures for action over the medium term, as meeting the targets will otherwise become
inordinately expensive. This means that it is too late from a technical perspective to im-
plement hydrogen. Due to the long lifespans of boilers and the restrictions associated
with market ramp-ups (e.g. limited contractor availability; time-intensive conversion of
production capacities), lock-in effects must be avoided. In addition, the requirements and
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costs associated with hydrogen gas grid infrastructure must be reflected at the household
connection level (see Section 4).

This study assumes that hydrogen condensing boilers would be the preferred technology
for the decentralized supply of individual buildings with heating energy. We do not con-
sider PEM stationary fuel cells, as over the long term this technology would lead total
power demand to significantly exceed available wind and PV power supply. CHP opera-
tion should be focused on the creation of heat sinks, as this allows the highest level of
efficiency. Gaps between renewable power generation and demand are expected to oc-
cur at low demand levels and outside the winter heating period. In comparison to cen-
tralized CHP plants, decentralized deployment of PEM fuel cells would have significant
cost disadvantages while also lacking benefits in terms of efficiency. The broad-based
application of this technology is therefore not considered by this study. However, there
is still a need for research on large and efficient solid oxide fuel cells (SOFCs), which can
be used for district heating, for industrial process heat, and, if necessary, for process heat
in commercial real estate. Particularly in the event of technical restrictions due to methane
slip in lean-mix CHPs (see Section 3.1), changes in the CHP sales market may occur in the
future. However, this issue is beyond the scope of this study.

2.2 Current and future hydrogen demand

Current trends: Substitution of grey hydrogen

In Germany, methanol and ammonia production volumes are not anticipated to rise
sharply in the long term, and refineries are expected to see a decline in fossil fuel produc-
tion volumes over the long term. In these areas of application, therefore, the volume of
fossil-based hydrogen that will need be substituted in Germany is anticipated to fall over
the long term from 1.7 Mt H2/a (57 TWh/a) today to about 1.1 Mt H2/a (36 TWh/a) in
2050 [8].

Anticipating the future: Forecasted hydrogen demand in energy system studies

In order to evaluate fields of application for hydrogen, we first consider four different
studies that model the future of the German energy system. These studies develop vari-
ous scenarios for total energy demand in coming years. None of these studies consider
the development of a hydrogen economy as is currently being discussed.

¢ Klimaschutzszenario 2050 [Climate Protection Scenario 2050] was developed by
Oko-Institut and Fraunhofer ISl on behalf of the Federal Ministry for the Environ-
ment, Nature Conservation, Construction and Nuclear Safety (BMU). It models a
95% GHG reduction over 1990 by 2050 [9].

e Paths for Achieving Resource-Conserving Greenhouse Gas Neutrality, also known
as the RESCUE study, was conducted by the Federal Environmental Agency (UBA).
This study’s “GreenEe1"” scenario envisions a “very high” reduction in greenhouse
gas emissions by 2050 [10].

e The study Climate Paths for Germany, conducted by Prognos AG and the Boston
Consulting Group on behalf of the Federation of German Industries (BDI), also
forecasts emissions reductions of 95% over 1990 by 2050 [11].

o Leitstudie Integrierte Energiewende [Lead Study for an Integrated Energy Transi-
tion], conducted by the German Energy Agency (DENA), presents a 95% GHG re-
duction over 1990 in its “Technology Mix Scenario TM95"” [12].

In addition, we draw on current data from the “Energy Transition Barometer” maintained
by Fraunhofer IEE. On the basis of various scenarios that are regularly updated, this ba-
rometer illustrates potential options for the energy system of the future. The latest version
can be found at the Fraunhofer IEE website [13].

Fields of application for hydrogen
energy:
An assessment
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. . . , , ) Fields of application for hydrogen
The first three studies mentioned above are united in forecasting that a large share of

energy for heating buildings will be provided by decentralized heat pumps in combination
with expanded district heating grids that rely on high-capacity heat pumps. In the

energy:
An assessment

transport sector, electric passenger cars achieve very high penetration rates, and trolley
truck networks are also expanded. These studies also foresee significant progress in the
energy efficient retrofitting of the building stock, although they neglect the effects of
urbanization and demographic change in rural and structurally weak areas. Finally, it must
be mentioned that none of the studies consider the development of a hydrogen econ-
omy. Comparing the studies to one another, the following points of difference emerge:
the BMU and UBA scenarios assume high resource efficiency, while the BDI scenario as-
sumes average resource efficiency. By contrast, the DENA study shows relatively high
resource consumption, and power-to-x demand is very high.

The BMU scenario only foresees the use of blue hydrogen in steam reforming, and green
hydrogen is only used to a very limited extent for electricity generation. The scenario also
assumes a comprehensive transition to sustainable transport. Performing our own calcu-
lations based on data from this study, we conclude demand for hydrogen from primary
sources of consumption would total 654 TWh/a. This figure is a composite of direct hy-
drogen consumption, hydrogen for international transport, non-energy consumption,
and residual demand.

The UBA scenario, by contrast, does not foresee the use blue hydrogen, and green hy-
drogen is only used in the chemicals and steel industries. In this scenario, there is a partial
transition to sustainable transport. Performing our own calculations based on data from
this study, we estimate total hydrogen demand at 1,052 Twh/a.

The BDI scenario envisions the use of blue hydrogen only for steam reforming, and the
use of green hydrogen to a very limited extent in transport. In the heating sector, no
hydrogen consumption is presumed, nor is hydrogen used to generate electricity, mean-
ing the figures for natural gas must be converted to estimate hydrogen demand. This
scenario does not expect a comprehensive transition to sustainable transport, and
transport activity remains high. Own calculations based on data from this scenario esti-
mate total hydrogen demand at 1,095 TWh/a.

The DENA study assumes reliance on a wide range of energy sources and technologies in
the industrial, buildings, and transport sectors. Electric heat pumps and gas and oil heat-
ing systems, among other technologies, are used to provide heating energy to buildings.
In the industrial sector, the energy supply mix is anticipated to remain largely unchanged,
with the exception of greater reliance on natural gas. In the transport sector, the vehicle
fleet is composed of a mix of conventional and electric vehicles. Based on data from this
study, we estimate total hydrogen demand at 1,621 TWh/a.

The Energy Transition Barometer estimates 2050 final energy demand of 1,594 TWh/a,
broken down as follows: 208 TWh for households, 183 TWh for the commercial/retail
sector, 530 TWh for industry, 299 TWh for domestic transport, 168 TWh for international
transport, 114 TWh for raw materials, and 92 TWh for maritime transport. Hydrogen
demand in 2050 is estimated at 192 TWh for direct use, 306 TWh for international
transport and non-energy consumption, and an additional 68 TWh for residual demand.

The left-hand side of Figure 3 shows the final energy demand forecasted by the four
scenarios and the Energy Transition Barometer. While final energy consumption in Ger-
many stood at 2,841 TWh/a in 2015, the predicted figures for 2050 range between 1,449
TWh/a (UBA) and 2,078 TWh/a (DENA). The right-hand side of Figure 4 shows estimated
hydrogen demand in 2050. None of the scenarios assume direct consumption of pure
hydrogen for heating energy in the building sector; PtG is used to heat buildings in the
DENA study, however.
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Fields of application for hydrogen
energy:
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2.3 Conclusions

Section 2 showed the need to determine the priority with which hydrogen should be
used, i.e. within the sense of a ranking system. This ranking should be based on the
efficiency of the application in question and should take place when there are no alter-
natives to hydrogen. The use of hydrogen is beneficial in the industrial sector (e.g. for
ammonia, methanol, and steel production) and in power plants, both with or without
CHP operation. Hydrogen use is also necessary to produce PtL fuels for international
transport and for raw materials such as ethylene in non-energy consumption.

The role that hydrogen will play in road transport remains unclear, however. The reliance
on electric vehicles is maximized in the considered scenarios. In scenarios with a high
share of chemical fuels, annual hydrogen demand for road transport alone would amount
to some 220 TWh. Approximately two-thirds of this demand would be attributable to
heavy freight transport. In this connection, we assume that there will be approximately
5,000 hydrogen filling stations, some 10 million fuel cell passenger cars, and about
100,000 fuel cell trucks. Calculations based on the IEE scenario, which foresees a 95%
GHG reduction, indicate hydrogen demand of 566 TWh (for chemicals production and
energy needs in industry; for PtG and PtL fuels in the transport sector; and for the German
share of international air and sea transport). Due to the assumption that the energy effi-
cient retrofitting of the building stock will only proceed at a moderate pace, in this sce-
nario heating energy for buildings is covered by heat pumps, which results in electricity
demand of 113 TWh/a (specifically, 85 TWh for decentralized heat pumps and 28 TWh
district-heating heat pumps).

Alternatively, if the current 50% share of demand covered by natural gas in building
heating were to be replaced with hydrogen, then hydrogen demand for combustion pur-
poses would increase by 250 TWh. Accordingly, reliance on hydrogen in the building
sector alone would lead to a 25-60% increase in German hydrogen demand.

Figure 4 ranks the various areas of application for direct hydrogen use in terms of their
efficiency (i.e. increased or reduced electricity consumption compared to the reference
technology) and infrastructure requirements (centralized or decentralized and year-
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3 Global demand and green hydrogen production in
Germany

This section discusses various techniques for producing hydrogen, including the associ-
ated color-based nomenclature. A primary focus is placed on green and blue hydrogen.

3.1 Hydrogen production options

Color-based nomenclature

In the domain of hydrogen production, a colour system is used to refer to hydrogen
types.? Figure 5 provides a simplified representation, ignoring direct comparison between
types. In current discussion regarding medium and long-term solutions, a particular focus
is being placed on the volume of carbon-neutral green hydrogen that can be produced
at an acceptable cost. The quantity of low-emission blue hydrogen that can be produced
over the medium term, and at what cost, is additional issue for discussion. Other hydro-
gen production techniques are less relevant, as explained below.

negative
H, from biomethane
c -
g plnk H2 Reformer + CCS green H2
5 none
= Nuclear power Wind / PV
8_ electrolysis H, from biolog. proc. electrolysis
é |°W blue Hz Fermentation, algae, ...
g Reformer + CCS
8 Natural gas
L
H, from coal /
c H 2
7] medium petroleum
[
G Gasification + CCS
high

low medium high
Sustainability

The GHG impact of hydrogen produced using natural gas, and other types of hydrogen
production

The fact that natural gas-based hydrogen, despite CCS, cannot be described as CO,-free,
but rather only as low in CO,, is due in particular to the emission effect of methane slip
(i.e. the emission of CH4 from leakage or incomplete combustion), which occurs through-
out the entire natural gas process chain (extraction, processing, transport, distribution,
and use). Methane slip can have a strong climate impact over the short term. The global
warming potential (GWP) of a ton of methane is 34 times higher than that CO; over a
time frame of 100 years; over 20 years, methane is 86 times as powerful as CO,. The
short-term potency of methane is particularly relevant considering the tipping points in
our climate system (e.g. the melting of polar ice caps or artic methane release). Once
these tipping points have been reached, it will be impossible to return to climate equilib-

® White hydrogen is not considered in this figure. It is naturally occurring in some parts of the world, such as
Africa, but has limited exploitation potential. It can also be produced through fracking.

Global demand and green
hydrogen production in Germany

Figure 5: Hydrogen types:
A qualitative comparison

Source: Authors’ figure

Fraunhofer IEE Hydrogen in the Energy System of the Future:
Focus on Heat in Buildings

17 | 46



Filed: 2020-08-28, EB-2019-0294, Exhibit |.ED.12, Attachment 2, Page 18 of 46

Global demand and green

rium that formerly prevailed, even following a lowering of methane levels in the atmos- hydrogen production in Germany

phere [14]. Figure 6 shows the global warming potential of methane over time. The x-
axis shows the number of years since initial release into the atmosphere. The y-axis shows
GHG potency in comparison to carbon dioxide.

GWP of CH, over time

120

100 86

[+2]
=]

[=a)
=]

36

=
(=]

Figure 6: Global warming po-
tential of methane over time

GWP of CH, in relation to CO,
[
(=]

0 Global Warming Potential (GWP)

0 10 20 30 40 50 60 70 80 90 100
. o Source: Authors’ figure, as in
Years since emission [15], based on [16]

Available data concerning the magnitude of the methane slip problem are plague by
uncertainty; experts are working to better understand this issue [17]. The volume of emis-
sions also needs to be assessed individually in relation to the country in question, grid
level, and area of application. The range that is presented in Figure 8 is in agreement with
the estimates produced by various sources, from environmental scientists to the natural
gas industry.’ Yet it must also be mentioned that there are various technical options for
further reducing methane leakage. Unintended leakage is also a problem with carbon
capture and storage (CCS), as CCS generally has a capture rate of 90%. Similarly, there
are invariably upstream losses in the transport of natural gas.'" With a view to the present
study, these emissions are relevant for the assessment of blue hydrogen and for the
blending of hydrogen to natural gas (which would keep natural gas emissions elevated
over a long time frame). Figure 7 shows minimum and maximum estimates for the impact
of the methane slip, which is most pronounced over a 20-year time domain.

10718], [19] and [20] estimate methane slip at between 0.5-4.1%, depending on the application and country
in question (see Figure 7), while based on [21], Zukunft Erdgas GmbH assumes a mean value of 0.6% for
methane slip.

" Upstream CO; emissions (from combustion) can be reduced by electrifying gas compressors and expansion
valves. In addition, CCS is increasingly being used to reduce emissions from natural gas extraction. The lower
value shown in Figure 10 presumes the application of these options.
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Global demand and green
hydrogen production in Germany
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Methane pyrolysis (turquoise in Figure 5) has the advantage of allowing the decentralized
production of hydrogen, without the need to develop hydrogen or CO; infrastructure.
However, turquoise hydrogen is significantly less efficient than blue hydrogen (as produc-
tion requires natural gas, electricity and high-temperature heat, and some 40% of the
energy remains stored in the graphite). While this graphite can be used to replace coke-
based graphite, graphite demand is limited, such that a supply glut would result if the
use of this hydrogen production technique were significantly expanded. In the case of
large production quantities, therefore, there would be significant energy losses associated
with graphite sequestration as a carbon sink. In this way, compared to blue hydrogen,
turquoise hydrogen leads to higher natural gas consumption and, by extension, higher
costs. In addition, there is higher methane slip and consequently higher emissions and,
depending on the graphite substitution effect, a wider range of emissions. Given these
clear disadvantages, methane pyrolysis is not considered further as part of this discussion.

Pink hydrogen is hydrogen produced through electrolysis using electricity from nuclear
power plants. The production potential for this type of hydrogen is limited, however,
given the lower number of new nuclear plants and their power production costs. This
type of hydrogen also cannot be characterized as sustainable, given issues related to op-
erational safety and toxic waste disposal.

Low-CO; hydrogen can also be produced from coal or petroleum through gasification,
given the use of CO, capture and storage. Hydrogen can also be produced from biomass
using various techniques. However, limitations to biomass availability and high produc-
tion costs militate against their large-scale application.

White hydrogen refers to naturally occurring geological hydrogen. First discovered in the
1970s as underground hydrothermal systems, today white hydrogen is known to occur
in the form of subterranean free-gas deposits, as deposits in rock formations, and as a
dissolved gas in groundwater. Various research projects and drilling experiments are still
seeking to determine the technical and economic feasibility of tapping these deposits. In
recent years, an increasing number of natural hydrogen deposits have been discovered
that are considered suitable for exploration. Little is known, however, about the geo-
chemical mechanisms that lead to the formation of geological hydrogen or the associated
transport mechanisms within the earth's crust. Accordingly, reliable estimates of produc-
tion potential have not been produced, and viable exploration strategies have yet to be
developed. For this reason, we have not included white hydrogen in figure 6, nor do we
seek to estimate it future production potential [22].
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Blue hydrogen

Steam reforming with CO; capture and storage is currently being discussed as the most
important alternative to green hydrogen. It must be considered that natural gas reform-
ing has an efficiency loss of 20-25%. Approximately 85-95% of CO, emissions can be
captured and stored in natural gas reservoirs, meaning 5-15% of the CO; is released into
the atmosphere.'2 In addition, methane slip occurs, which would be higher in the case of
hydrogen supplied from Russia or in the case of domestic reforming with CO, removal
than in the case of offshore reforming or hydrogen imports. Assuming natural gas prices
and production costs remain constant at over €50/MWh for blue hydrogen, CO, avoid-
ance costs of over €150/t CO, would be incurred. In order to prevent CO; from entering
the atmosphere during carbon capture and storage, regulations require the carbon diox-
ide to remain completely and permanently underground. In the event of leakage, harmful
effects can result for the groundwater and soil.

The effective monitoring of above-ground facilities, especially for transport and storage,
is therefore a mandatory prerequisite for the use of CCS, but the monitoring technologies
required in this regard are not yet available. In addition, there are uncertainties regarding
available geological storage capacities and the natural conditions that make for suitable
storage sites. While former natural gas and petroleum extraction sites are viewed as pref-
erable storage locations, carbon storage in saline aquifers or under the ocean floor is also
being considered. Given these factors, the large-scale use of blue hydrogen over the next
decade on the basis of conventional CCS is just as implausible as the large-scale use of
alternative processes, e.g. pyrolysis-based hydrogen production, which is still under de-
velopment [23].

On the other hand, gaseous CO, storage is seen as one of several options for avoiding
emissions or achieving negative emissions (via BECCS' or DAC'™). One point of discussion
at the present time is whether blue hydrogen can enable structural change in the indus-
trial sector by serving as a bridge technology. This option is relevant to the extent that it
is not possible to supply industry with green hydrogen over the medium term because of
insufficient renewables feed-in and competing forms of direct power use.

Green hydrogen

The electrolytic production of hydrogen is currently experiencing strong cost declines.
Upfront investment costs as low as €200/kW are currently being touted for alkaline elec-
trolysis [27]. While some industry observers claim this cost figure is unrealistically low, it
is nevertheless clear that fixed investment costs (CAPEX) are falling much faster than ex-
pected. Be that as it may, operating costs (OPEX), including power procurement prices,
are more important for the economic feasibility of a hydrogen production operation. In
this connection, one must differentiate between, on the one hand, hydrogen production
using surplus electricity during power production peaks, and, on the other hand, hydro-
gen production using renewable energy systems that have been specially constructed for
this purpose. Setting aside the issue of power price components, in the case of produc-
tion based on surplus power, the hydrogen production will be economically competitive,
but limited in terms of output potential. Accordingly, government subsidies would be
required to ensure production at the necessary scale. In the second case — that is, of
dedicated renewable energy facilities for hydrogen production — the operating costs for
facilities in Germany are very high. As a result, in addition to reliance on offshore wind

12 E3G_2020_Briefing_Wasserstoffstrategie.
13 BEECS - Bio-energy with carbon capture and storage.
14 Direct air capture.

Global demand and green
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power, it would be economically advised to undertake the hydrogen production in a for-
eign country.

Conclusions

Blue hydrogen is not emissions free; rather, it is low in emissions.’> The blending of hy-
drogen in the natural gas grid still leads to methane slip over an extended time frame.
This represents a distinct disadvantage of blending at gradually increasing rates in com-
parison to conversion to 100% hydrogen for key areas of application, in tandem with
structural change in industry. At the same time, expert opinion on the opportunities and
risks associated with carbon capture and storage diverge considerably, meaning this issue
cannot be adequately assessed at this time. However, due to the residual emission im-
pacts of blue hydrogen — including in particular that of methane over short times scales
—itis clear that at best, blue hydrogen can only be a transitional solution, and not a long-
term option. Accordingly, green hydrogen should be preferred in all areas of application,
as it is the only form of hydrogen that is truly sustainable.

3.2 Global production of hydrogen and its import

A global and European perspective — Classifying hydrogen demand

With a view to the global market for hydrogen, potential demand is the only parameter
that has been estimated in studies to date. By contrast, with a view to production poten-
tial, only country-specific studies have been performed. The largest share of global hy-
drogen demand, which stood at 74 Mt/a (2,457 TWh/a) in 2018, is attributable to appli-
cations requiring pure hydrogen, such as ammonia production (which accounts for 42%
of demand) and refineries (which account for 52%). This hydrogen is mainly obtained
from natural gas reforming, but is also partly produced using crude oil or coal. In addition,
hydrogen is a by-product of chemical processes such as chlorine-alkali electrolysis; this
accounts for production totaling 48 Mt/a (1,593 TWh/a). This hydrogen, which is utilized
in the form of hydrogen-rich mixed gases, is combusted or used in methanol or steel
production, among other applications. Since the beginning of the 1990s hydrogen de-
mand has approximately doubled worldwide [28].

As a result of global economic and population growth, ammonia and methanol demand
is expected to increase by approx. 30% up to 2030, leading to a concomitant rise in
demand for hydrogen in the chemicals industry. Hydrogen demand will also be aug-
mented by new applications (see Section 3). Despite efficiency measures, fuel consump-
tion in the global aviation industry is expected to rise from about 2,400 TWh/a today to
about 3,700 TWh/a in 2030 and to 6,700 TWh/a by 2050 [29]. Moreover, international
maritime transport currently accounts for fuel demand of 4,500 TWh/a.

Fuel consumption in the EU is expected to increase over the medium term up to 2030,
bringing PtL consumption to 686 TWh/a for air transport and 582 TWh/a for maritime
transport over the long term.[30] The considered scenarios make divergent predictions
regarding green hydrogen demand growth. These predictions vary — in some cases con-
siderably — according to the expected degree of electrification in each energy sector, the
bioenergy share, and expected cost reductions in hydrogen production and transport
technologies. The 2050 forecasts for global hydrogen demand range from current de-
mand levels to almost 22,000 TWh/a [31]. Anticipated green hydrogen demand also var-
ies by sector. In the considered scenarios, the share of demand attributable to the

15 In addition to CO, emissions that result from incomplete CO; capture in CCS, CH4 emissions occur due to
methane slip, which is why blue hydrogen must correctly be described as low in CO; equivalents, rather than
merely low in CO;.
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transport sector ranges between 28% and 88%. In all scenarios, however, it is the sector
responsible for the largest share of demand. For the EU, plausible demand in 2050 ranges
between 800 and 2,259 TWh/a; for Germany, it ranges between 250 and 800 TWh/a
[32].7 Some of this demand will take the form of direct hydrogen consumption, while
some will take the form PtL or PtG. The Fraunhofer Barometer anticipates total demand
of 566 TWh/a, of which 249 TWh takes the form of direct hydrogen consumption (in-
cluding 57 TWh of hydrogen imports, which are processed nationally to ethylene for non-
energy consumption) [13]. Figure 8 depicts forecasted demand levels.
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Hydrogen supply from a global, European, and German perspective (hydrogen imports)
Internationally, some locations enjoy preferential conditions for export-oriented green
hydrogen or PtL fuel production, such as Australia or Patagonia. As liquid H2 is more
expensive, from a European perspective it would be economically sensible to import hy-
drogen in gaseous form by pipeline from North Africa.

In order to model possible international locations for the production of green hydrogen
and the resulting import volumes and costs for Germany, we carried out an assessment
of suitable locations, including a cost analysis, of two countries in North Africa that are
relatively stable politically and have existing natural gas connections to Europe: namely,
Morocco (extensive wind and PV resources) and Tunisia (PV resources only). This analysis
allows us to generate representative insights. Our assessment of suitable locations is
based on the Devkopsys project [33]. The first step is to exclude areas that are not suitable
for renewables production or for which restrictions exist to hydrogen production using
water electrolysis. From the maximum theoretical area of available land (considering land
use, protected areas, slope inclination, and population density), the remaining areas are
then circumscribed based on maximum permissible distances (e.g. to seawater desalina-
tion, available manpower, port infrastructure). A further reduction is performed based on
maximum permissible electricity production costs. When estimating technical and eco-
nomic potential, it is also necessary to take into account societal and ecological require-
ments [34]. Against this backdrop, we assume 50% of the identified potential areas will
be used to cover local energy demand.

The selected regions identified in this manner for export-oriented green hydrogen pro-
duction are now assigned an area requirement figure, a renewable energy to electrolysis
output ratio, and efficiency and utilization factors for electrolysis in order to estimate
hydrogen production volumes. Two options for the transport of the produced hydrogen
to Germany are investigated:

16 A comparative assessment that includes international maritime traffic projects demand of 600-1000 TWh/a
(see Figure 3).

Global demand and green
hydrogen production in Germany

Figure 8: Hydrogen de-
mand in Germany, Eu-
rope, and worldwide

Source: Authors’ figure
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Global demand and green
hydrogen production in Germany

e By liquid hydrogen tanker (LH, path)
o liquefaction of the hydrogen by cooling down to -253°C
o Average distance between production country and Hamburg
=  Morocco: 3,500km
*=  Tunisia: 4,500 km
o Approx. 5% losses (supply chain to the buyer)
e By hydrogen pipeline (CH, path)
o Compression of the hydrogen to 100 bar
o Average distance along existing natural gas pipelines between the pro-
duction country and the centre of Germany
=  Morocco: 2,800 km
* Tunisia: 2,400 km
o 8% losses per 1,000 km

Totaling 400 TWh/a, the pipeline export potential of the two countries would fail to meet
European demand for pure hydrogen, even in the very efficient scenarios. This makes it
clear that Europe will most likely need additional liquid hydrogen imports from other
regions. While this would lead to higher costs, other regions are generally more flexible
with a view to potential for renewables development.

Morocco: Tunisia:
Renewable energy output (in selected regions) 125 193 PV GWout

(62Wind,63PV) .
Electrolysis/renewables ratio 0.5 0.56 - Table 1: Hydrogen production
Max. pot. electrolysis output 62.5 108 GWin potential — Estimates for Mo-
Electrolysis efficiency 71 71 % rocco and Tunisia
Electrolysis full-load hours (optimized) 6,000 3,200 h
H2 production volumes (select regions) 266 245 TWhh2 Source:
LH2 import volumes (liquid hydrogen by ship) 183 168 TWhiz Authors’ calculations; preliminary
CHz import volumes (gaseous hydrogen by pipeline) 206 198 TWhh2 results [33]

The resulting production area potentials and associated production costs for the selected
regions are shown in Figure 9, including existing natural gas pipelines between Africa
and Europe and potential new pipeline routes. Morocco has a high area potential and
low hydrogen production costs in the south of the country. By contrast, significantly
higher production costs would result in the preferred regions in Tunisia.
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The estimations for Morocco show how renewables production is limited by lack of avail-
able area; this is particularly true of wind energy. In the case of Morocco, hydrogen pro-
duction costs rise in a linear fashion with increasing production volumes up to 150 TWh.
Production costs increase at a higher rate for the remaining 100 TWh of production po-
tential. By contrast, fewer restrictions are associated with the exploitation of PV potential,
as can be seen in our estimations for Tunisia. The first 200 TWh can be realized at a nearly
a constant cost rate. Solely the exploitation of the final fifth of production potential leads
to significant cost increases.

The losses attributable to transport (including those for liquefaction and compression)
amount to approx. 31-32% in the case of LH; and approx. 19-22% in the case of CH,.
To improve comparison of cost differences between import options, average LH; and CH;
import costs and cost components are shown in the following figure. Although the CH,
import options have higher transport costs, they are significantly overshadowed by the
high liquefaction costs for LH; (see Figure 10).

Global demand and green
hydrogen production in Germany

Figure 9: Potential areas for
hydrogen production with a
6% cost of capital rate, ex-
cluding non-feasible inland
areas (yellow) and along the
coast (red).

Orange lines designate exist-
ing natural gas pipelines; the
dashed lines indicate poten-
tial pipelines.

Source: Authors’ figure based on
[35]; map adapted from [36]
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Market ramp-up in PtX exporting countries may pose an additional limitation. With a
view to fulfilling global climate targets, necessary infrastructure would have to be devel-
oped in the first or most important exporting countries by 2050, and there would also be
a need to replace this infrastructure as it ages. This, in turn, creates a need for local
technical and manpower resources. As the ongoing replacement of ageing plants will
require the dedication of increasing manpower and technical resources, there are limita-
tions to the pace at which market ramp-up can occur in each country. Accordingly, plan-
ning that foresees the short-term development of extensive renewables capacity in these
countries must be characterized as overly ambitious. As an alternative, one could deploy
excess manpower and technical capacities to these countries over the short-term. Their
subsequent withdrawal, however, could lead to economic dislocation. What is more, the
higher the global demand for hydrogen, the greater the need in terms of supporting
manpower and technical resources. An additional 1,000 TWh of hydrogen imports world-
wide would require an additional 350-650 GW of electrolysis capacity and 700-1,150
GW of renewables capacity. By way of comparison, the current global increase in wind
and PV capacity is about 200 GW per year. In the following, we illustrate the market

Global demand and green
hydrogen production in Germany

Figure 10: Average import
costs to Germany from Mo-
rocco and Tunisia with varia-
ble cost of capital rates (6%;
10%)

Above: LHz import costs by
ship

Below: CH. import costs by
pipeline

Source: Authors’ calculations
Preliminary results based on [33]
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Global demand and green

ramp-up that would be necessary in Morocco and Tunisia. The 0% and 50% overdevel- hydrogen production in Germany

opment pathways are negative examples,'” while the 15% overdevelopment pathway is
a feasible positive example from today's perspective (see Figure 12).
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Our analysis shows that the potential area for development with very low costs (i.e. hy-
drogen production costs and import by pipeline) is very limited. Accordingly, the greater
the volume of hydrogen demanded in Europe and Germany (i.e. due to more areas of
application), the more expensive it will become. Another bottleneck is posed by the speed
of the early market ramp-up at a global scale. The more green hydrogen is needed over
the long term, the more unlikely it becomes to reach the climate-policy target that is
defined in this regard.

7 Goal output cannot be realised as quickly with 0% overdevelopment. However, 50% overdevelopment
would lead to economic dislocation.
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Offshore hydrogen in Europe and Germany, with a focus on the North Sea: A potential
alternative?

Compared to pipeline-based hydrogen imports from North Africa, hydrogen production
using electricity from offshore wind would be significantly more expensive due to higher
electricity generation costs and offshore infrastructure requirements. However, in con-
trast to onshore wind or PV within Germany, offshore wind has the potential to efficiently
produce hydrogen at an early stage. This fact is primarily attributable to grid restrictions,
including bottlenecks in north—south electricity transmission. Because of these re-
strictions, hydrogen production plants relying on electricity generated offshore would
face less competition from direct consumers when procuring electricity. However, when
wind is intensely harvested in a given region, this can lead to large-scale reductions in
wind speeds. For this reason, sufficient space between wind parks must be allotted. In
the absence of measures to ensure adequate space between wind parks, full-load oper-
ation could shrink to between 3,000 and 3,300 hours per year, down from its current
level of around 4,000 hours.™ If Germany were to install 50 to 70 GW of wind power in
the German Bight alone, the number of full-load hours would decrease considerably [37].

Yet even if the technical and economic potential of German/European hydrogen produc-
tion using offshore wind power has not been fully quantified from a present-day per-
spective, it is clear that this potential is limited due to regional wind speed reduction
effects. Furthermore, depending on the cost of capital for foreign investment, hydrogen
produced from offshore wind in Europe would be more expensive than compressed hy-
drogen imports and comparably expensive or more expensive than liquid hydrogen im-
ports. For the sake of simplification, if one presumes long-term offshore wind power
generation costs of 5 cents/kWh, then the resulting compressed hydrogen generation
costs would be 9.1 cents/kWh.

3.3 Conclusions

Section 3 shows that only green hydrogen can be considered sustainable. Furthermore,
it must be imported, especially from regions with a strong endowment of wind and solar
resources. Blue hydrogen is low in carbon emissions but not carbon neutral. Furthermore,
expert opinions diverge concerning carbon capture and storage. Nevertheless, given un-
avoidable limitations to the supply of hydrogen, it should only be used for a given appli-
cation when no alternatives are available. Accordingly, hydrogen will not be available in
sufficient quantities for applications such as the heating of buildings. The potentials as-
sociated with the efficient and cost-effective import of gaseous hydrogen by pipeline
connection is limited. For this reason, it would be necessary to rely in part on the import
of liquid hydrogen by ship, which is more expensive. Furthermore, when a greater volume
of hydrogen is required over the long term, it becomes more expensive and more difficult
to fulfill hydrogen targets. What is more, if blue hydrogen is used as a bridge technology
in this context, the more difficult it will be to switch to green hydrogen later. In this way,
the higher the demand for hydrogen, the greater the risk of remaining dependent on
blue hydrogen.

18 The effects of such an expansion have not yet been quantified, as there are various options for responding
to these challenges, including international coordination in wind-farm site selection decisions, or the devel-
opment of floating offshore wind farms.
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Presentation of options and

4 Presentation of options and infrastructure require- infrastructure requirements

ments

The following key insights emerged from BMWi's “2030 Dialogue Process on Gaseous
Energy” [38]:

e Gaseous energy sources are an integral part of transition to clean energy, even
given ambitious long-term climate targets.

e Over the long term, gaseous energy sources will be a necessary part of the en-
ergy system in Germany.

e Given the ambitious climate protection targets for 2050, there is practically no
room for the use of fossil-based natural gas.

e This means that policymakers and business must embrace a process of funda-
mental change in order to usher in an essentially carbon-free or carbon-neutral
gas industry.

With regard to gas infrastructure, the following recommendations and calls for action
and emerge from these insights [38]:

e Existing natural gas infrastructure must be further developed in order to ac-
commodate diversified supply sources and routes for pipeline gas and LNG.

e @Gas infrastructure must be adapted in order to be able to accommodate a
greater share of hydrogen in the future. This transformation process (referred
to as "H, readiness"), which is necessary over the long term, should elaborated
in a stakeholder process with relevant interest groups before the end of this
legislative period and implemented in the coming legislative period.

e German states should be encouraged to promote long-term regional and mu-
nicipal planning, especially for heat supply, taking into account gas, heating,
and electricity grids.

e At the federal level, a comprehensive approach that interweaves electricity,
heating and gas infrastructure is necessary. This issue is already being exam-
ined.

e German positions and proposals should be drawn up on the basis of the results
of this dialogue process and introduced at an early stage to ongoing political
processes at the EU level. The development of uniform European regulations
should then be sought.

4.1  Technical requirements and their effects

Hydrogen blending depending on the origin of natural gas

In a position paper regarding the application of natural gas grid regulations concerning
the feed-in biogas to the feed-in of hydrogen and synthetic methane, the German grid
regulator BNetzA states [39]: “Hydrogen is a gas that differs substantially in its composi-
tion and combustion characteristics from natural gas and other grid-compatible gases.
Furthermore, without mixing, it can cause damage to grids, storage facilities, and cus-
tomer installations. Accordingly, pure hydrogen is not grid-compatible. However, hydro-
gen can still be grid-compatible, provided that intermixing with grid-compatible gas
downstream of the feed-in point does not have any effect on the interoperability of the

gas supply grid.”

This means that hydrogen can be feed into the grid as a so-called Zusatzgas (“additive
gas”). Additive gases are gas mixtures that differ substantially from the Grundgas, or
“primary system gas,” in their composition and combustion characteristics. They can be
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added to the primary system gas (which is usually natural gas) in limited quantities. The
amount of blending is governed by the need for consistent combustion behaviour [40].

The Wobbe index, which provides a measure of gas substitutionality (with regard to the
heat load of gas systems), is of particular importance, especially for grid management.
“When adding hydrogen to the publicly accessible network, the limits defined in G 260
for relative density, calorific value, and Wobbe index must always be observed” [41].
DVGW Technical Regulation G 260 on “Gas Quality” specifies, among other things, the
requirements for the quality of combustive gases in public gas grids.

In the following Figure 12, the change in gas composition characteristics is shown by way
of example for three natural gases (“Holland-L,” “North Sea-H,” and “Russia-H") as a
function of hydrogen concentration. While the natural gas types Holland-L and North
Sea-H are still clearly within the permissible G 260 thresholds for H and L gases given a
hydrogen concentration of 10%, this is no longer the case for Russia-H. The lower thresh-
old for relative density (d = 0.55) is not met by Russian-H plus 10% hydrogen. Further-
more, at a hydrogen concentration of 20%, all three natural gas types fail to meet the
required threshold value for relative density. If the relative density level requirements are
not met by higher blendings, the G 260 Technical Regulation calls for individual testing.
This means that gas mixtures containing hydrogen which fall below the lower threshold
value for relative density can potentially be used.
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The DVGW Technical Regulation Code of Practice G 262, titled “Using Gases from Re-
newable Sources in Public Gas Grids” (last updated: 2004), which is currently applicable
to the feed-in of regenerative gases into natural gas grids in accordance with German
grid regulations, states that the maximum share of hydrogen in combustive gases is to
be limited to < 5% by volume. However, the current version of DVGW Code of Practice
G 262 (A) (September 2011) indicates that hydrogen concentrations in the single-digit

Presentation of options and
infrastructure requirements

Figure 12: Change in
gas quality characteris-
tics (Hs, Ws, d) as a
function of hydrogen
concentration for three
different natural gases,
taking into account G
260 thresholds (as of
2013).

Source: Authors’ figure
based on [40-42]
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percentage range (< 10%) in natural gas are non-critical in many cases if the require-
ments for combustion characteristics are observed. According to DVGW, the future reg-
ulations should initially aim for a hydrogen feed-in target of about 20 percent by volume
[43].

However, further restrictions, which are described below, stand in the way of the wide-
ranging blending of 20% hydrogen in all grid areas.

Hydrogen tolerance of end-customer systems and storage devices

With regard to the hydrogen tolerance of gas burners, it can be stated that manufacturers
of gas-fired end-customer systems must ensure that all systems placed on the market can
be operated safely with gases in accordance with DVGW Code of Practice G 260. “Fur-
thermore, DIN EN 437, which applies to all gas systems connected to public gas grids,
prescribes a test gas (G 222) with a 23% share by volume for the group natural gas H.”
This G 222 test gas is used to conduct a short-term test (to check the tendency of gas
burners to flash back) and, accordingly, does not allow any statements to be made about
the long-term suitability of the systems for hydrogen-rich gases [44].

An additional aspect that must be taken into account with the direct feed-in of hydrogen
is the use of natural gas as a vehicle fuel. It is specified that a maximum hydrogen con-
centration of 2% by volume may not be exceeded in local distribution grids in which
natural gas filling stations are located. This requirement was imposed due to the risk of
gas tanks in older vehicles suffering from material failure [41]. This risk affects gas tanks
that are made of steel. Since gas tanks made of other materials (that no longer suffer
from this weakness) are now commonly used, over the medium term the threshold value
for compressed natural gas (CNG) filling stations could potentially be raised.

Another important factor pertaining to the use of natural gas mixtures that contain hy-
drogen in CNG vehicles and combined heat and power plants is the “methane number,”
which is a measure of the knock resistance of the fuel gas mixture in gasoline engines.
Methane has a methane number of 100, while hydrogen has a methane number of 0.
Higher hydrocarbons (ethane, propane, butane, etc.) also have a reduced methane num-
ber. The natural gas types “Denmark-H" and “North Sea-H"” have a relatively high share
of higher hydrocarbons (approx. 9%), which means that these gases already have rela-
tively low methane numbers of 72 and 79, respectively. DIN 51624 specifies a minimum
methane number of 70 for natural gas as a vehicle fuel [40]. The addition of hydrogen to
natural gas is thus extremely limited for these two gas mixtures.

Furthermore, DVGW Code of Practice G 262 (A) imposes clear restrictions on the hydro-
gen content of fuel used to operate gas turbines. Depending on the gas turbine manu-
facturer, the limit values for hydrogen range between 1 and 5% by volume. In the future,
however, new gas turbines are likely to have significantly higher hydrogen tolerances (up
to 100%).

Regarding industrial applications, the following is stated in the “Gas 2030 Dialog Pro-
cess”: “However, even small blending quantities in domains that depend on consistent
gas quality (e.g. material applications in chemistry) or constant temperatures (e.g. glass,
ceramics) can pose significant risks for process reliability. Moreover, as hydrogen has 1/3
the calorific value of natural gas, it is not suitable for all high-temperature applications in
pure form. In the case of blending, given the increased need for measurement and con-
trol technologies, we can also anticipate impairments to the energy efficiency of produc-
tion processes. Consequently, hydrogen blending is not viewed as a priority option for
the applications in the industrial sector” [38].

Since hydrogen serves as a substrate for sulfate-reducing bacteria, there is also a risk of
bacterial growth, especially in subterranean pore storage facilities. According to G 262,
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it is therefore recommended that the injection of hydrogen into pore storage facilities be
limited. With a view to hydrogen grids, the use of cavern storage facilities (see diagram
below) — among other storage options — is thus anticipated.

Conversion of the natural-gas supply grid to a 100% hydrogen grid

An alternative to the blending of hydrogen to natural gas is to convert existing natural
gas supply grids to 100% pure hydrogen grids. FNB Gas, the German non-profit associ-
ation of gas grid operators, has published the following map, which envisions the layout
of a potential hydrogen supply grid [45]. The imagined grid is based on the rededication
of 90% of existing natural gas transport pipelines (which often consist of several pipelines
running in parallel). This rededication will be possible if the demand for natural gas, es-
pecially in the building sector, decreases over the medium term, thus freeing up pipeline
capacity. The total length of the pipeline grid is approx. 5.900 km. Only some 600 km of
new hydrogen pipelines would have to be built nationwide over a medium time frame in
order to enable two discrete grid systems, operated in parallel — namely, one for natural
gas (or methane-rich gases of the 2nd gas family) and one for hydrogen. Cavern storage
facilities could be connected to the hydrogen grid based on the relative shares of hydro-
gen and natural gas demand. This infrastructure would enable the supply of hydrogen to
key existing and new industrial consumers and, if necessary, to new gas turbines from
2030 onward (see Figure 13). Furthermore, this infrastructure would enable the pipeline-
based distribution of hydrogen over a wide area to hydrogen filling stations, as well as
the setting of fixed blending ratios in natural gas distribution grids that vary on a regional
basis (depending on local base gases and end-customer system tolerances).

The expansion of hydrogen infrastructure is one facet of the National Grid Development
Plan for 2020-2030. This plan foresees aggregate hydrogen demand of approximately
94.4 TWh in 2030. Compared to the hydrogen produced in 2017 via natural gas reform-
ing, this would mean additional demand of 25.4 TWh/a, primarily due to higher hydrogen
consumption in industry and the transport sector. The plan foresees a particularly robust
rise in the Ruhr region and along the Rhine river [46]. Against this backdrop, German
pipeline operators forecast national hydrogen feed-in from electrolysis plants of 1.6 GW.
Accordingly, demand will far outstrip national production using electrolysis, necessitating
significant green and blue hydrogen imports [47]. In light of the time needed to ramp up
green hydrogen production, output levels in 2030 are likely to be just 5% of their re-
quired 2050 levels (i.e. 25 TWh in 2030, compared to 500 TWh in 2050), as shown in
Figure 11. This vividly demonstrates the medium-term dependence of these scenarios on
blue hydrogen.
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4.2 Decentralized hydrogen infrastructure:
A cost assessment

Based on the German Environmental Agency’s roadmap for gaseous fuels as part of the
clean energy transition [48], specific costs of between €10 and €19 per MWh of hydrogen
energy will be incurred, depending on the model for converting natural gas infrastructure
to hydrogen. By comparison, the distribution costs that arise for newly constructed hy-
drogen grids tend to be twice as high per unit of energy.

By comparison, a French study cites specific costs of €1-8 per MWh for adapting 10-40
TWh/a of natural gas infrastructure to hydrogen (given a total gas volume of 195-295
TWh/a) [49].

If the gas distribution grids are repurposed for operation with pure hydrogen, expendi-
tures ranging between €3.1 and €6.2 billion are anticipated up to 2050. Due in particular
to a drop in consumption in the building sector, there will be a need to decommission
grids at the local distribution level. The costs incurred in this connection will range from
€3.1 billion to €17.2 billion. This decline in consumption will also lead to rising operating
costs at the distribution grid level (up to a factor of 2.5) [48].

At the grid level of long-distance transport, there is also a need for modifications, espe-
cially with a view to compressor stations. If the dismantling of compressor stations is not
necessary, costs of up to €1.6 billion are estimated up to 2050. Decommissioning re-
guirements arise “in the case of an extreme hydrogen growth path, and only for pipeline
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sections through which no gas transit to neighbouring countries takes place.” If such
pipeline sections are decommissioned, the corresponding compressor stations will need
to be dismantled and removed. This will result in costs of approx. €4.6 billion up to 2050,
including the costs for new compressors in the remaining pipeline sections. At the
transport grid level, a moderate increase in operating costs of €0.90/MWh can be ex-
pected in a gas scenario with a high hydrogen share [48].

4.3 Conclusions

The blending of hydrogen in natural gas networks is already technically possible and gen-
erally permissible today. However, in comparison to regeneratively produced methane
(biomethane, SNG' or PtG), feed-in is limited to <10 % and, depending on the compo-
sition of the base gas in the natural gas grid and downstream consumers, is not possible
in the same concentration ranges. In the future, this figure is to rise to 20%, but this is
associated with technical uncertainties and a need for local clarification. Due to the lower
calorific value of hydrogen in comparison to methane, the prospectively envisaged blend-
ing of 20% hydrogen by volume to natural gas would lead to a reduction in the hydro-
carbon content of only 7-8% (in the case of natural gas vs. green hydrogen, a figure
equivalent to CO; savings), since a larger gas volume is required to supply gas consumers
with the same amount of energy. The conversion of the transport grid to 100% hydrogen
would enable considerable freedom for the transformation of the natural gas supply,
since hydrogen-critical elements (pore storage, existing gas turbines, certain industrial
consumers) can continue to be supplied with pure natural gas and can efficiently supply
key hydrogen consumers (industry, new gas power plants). However, if larger quantities
of hydrogen are integrated into the energy system in other applications, there will be a
need to repurpose the grids (from natural gas to hydrogen) and/or construct new grids
for pure hydrogen transport at the local distribution level. In this case, the cumulative
costs for gas heating systems (i.e. decentralized house connections) will be significantly
higher than for supplying vehicle filling stations at central locations. If a significant reduc-
tion in GHG emissions in the building heating sector is to be achieved through the use of
hydrogen, it would be necessary to achieve a higher hydrogen blending share (up to
approx. 100%). However, this would require the replacement of all end-customer heat-
ing systems. An alternative to the physical supply of energy to gas consumers is virtual
supply, such as that offered today for biomethane or SNG. However, the goal of a cli-
mate-neutral building stock cannot be achieved in this way.

19 SNG stands for synthetic natural gas, a natural gas substitute based on electricity and PtG.
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5 Decentralized heat supply concepts based on heat
pumps

The option of supplying building heat with hydrogen on a decentralized basis must be
compared to the alternative of supplying heat using heat pumps. However, when con-
sidering this option, the question arises as to whether Germany will be able to achieve
sufficient wind and PV power expansion to supply the high demand for direct electricity
use that would be associated with large scale reliance on heat pumps. Furthermore, it
must be clarified whether an energy system that relies predominantly on heat pumps in
the building sector is technically feasible.

5.1 Renewable power potential for direct electricity use

The following Figure 14 summarizes national electricity consumption for Germany in the
first three scenarios presented in Section 3 (excluding the DENA study). These scenarios
feature a high share of direct electricity use. The demand forecast presented by the Fraun-
hofer Barometer is also included. According to these scenarios, total national electricity
consumption will increase from 558 TWh/a in 2015 to between 711 TWh/a (BDI) and 791
TWh/a (UBA) in 2050. The Fraunhofer Barometer foresees consumption of 900 TWh in
2050. Indirect power consumption (hydrogen and PtG/PtL) is outlined in red.
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Current figures from the Fraunhofer Barometer anticipate direct electricity use of approx.
837 TWh in 2050, which exceeds the consumption in the BMU, BDI, and UBA scenarios.
This demand is composed of 113 TWh for building heating, 126 TWh for industrial pro-
cess heat, 137 TWh for road traffic, and 461 TWh for conventional electricity consump-
tion, including the associated grid and storage losses. This anticipated demand for elec-
tricity must considered in relation to the feasible expansion of generation potential:

Decentralized heat supply
concepts based on heat pumps

Figure 14: National
electricity consumption
in four scenarios

Source: Authors’ figure
based on [9-11, 13]
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Decentralized heat supply
concepts based on heat pumps

Offshore Wind

e The ability of offshore generation to serve as a source for direct electricity use
will depend on the availability of connections to the transmission grid as well as
the capacity of the north—south transmission lines.

e Assuming a total expansion potential of 40 to 50 GW [37], it will be possible to
devote some 25 GW to direct consumption, according to a conservative esti-
mate (i.e. 100 TWh). This leaves a potential of 15-25 GW for direct hydrogen
use.

Photovoltaics

e Ground-mounted PV has a high potential of 140 GW [50]. Additional areas can
also be converted for PV panel installation. The potential offered by roof-
mounting is very high at approx. 280 GW and will increase further as techno-
logical progress improves efficiency [10].

e  Given numerous recent advances in PV technology, it appears increasingly clear
that PV will make a decisive contribution the fulfillment of climate targets. Po-
tential PV output is much greater than potential demand. Numerous synergies
will arise locally through new flexible consumers (electric vehicles and heat
pumps). However, the key criterion should remain as follows: from a present-
day perspective, what quantity of electrical power can be used directly at low
cost for grid expansion and storage? Based on modeling experience and sce-
nario comparisons, we use 250 GW — 250 TWh for this purpose.

Onshore Wind

e The expansion of onshore wind is rendered somewhat uncertain by ongoing
public resistance and legal hurdles. The allocation of new areas for onshore
wind will be a decisive factor moving forward. Depending on the urbanization
patterns native to each German state, regulations pertaining to required tur-
bine distance from inhabited areas are often of secondary importance.

e If 2.3% of land area in Germany is used at distances of 800 to 1,000m from
inhabited areas, and reductions are made for protected areas, forest areas, and
reference yields, the capacity potential for low-wind turbines is approx. 200
GW [10]. Given a generally applicable requirement of 1,000m between tur-
bines and inhabited areas, the land area potential is reduced to 1.7%, and, by
extension, the capacity potential shrinks to 150 GW.

e Inview of current developments, we use the lower value of 150 GW — 450
TWh.

In total, this results in an estimated potential of over 800 TWh. If we add hydropower
generation from hydrogen balancing power plants and renewable electricity imports, the
potential for direct electricity consumption is over 900 TWh. It should be noted that Ger-
many is densely populated. Other countries have higher land potentials (e.g. France or
Poland could serve as possible long-term onshore wind exporting countries). Accordingly,
even if direct electricity use is maximized at a low level of efficiency, power demand can
be met in a cost-efficient manner almost exclusively from national sources.
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5.2 Heat-pump integration in the building sector

In Germany, the heat pump sales market is strongly concentrated in the new construction
sector, accounting for around 55-60% of sales. However, in order to achieve climate
targets in the building sector, the near-term ramp-up of heat pump installation is also
necessary in the existing building stock. Some 70-75% of heat pumps sold for installation
in existing buildings are air heat pumps. Given a low renovation rate for the building
envelope (roof, walls, windows), and taking into account boiler replacement rates, this
means that heat pumps don’t merely need to be installed in "efficient" existing buildings
(i.e. buildings built from 1977 onward according to the First Thermal Insulation Ordi-
nance, or from 1995 onward according to the Third Thermal Insulation Ordinance). Even
if the rate at which the energy-efficient retrofitting of residential buildings takes place
were to be increased from its current rate of approx. 1% up to 2% as a long-term aver-
age, it would take 50 years to refurbish the existing building stock (rather than 100 years).
However, in order to achieve complete decarbonisation of the building sector by 2050,
all buildings would have to be supplied with renewable heat within 30 years. Accordingly,
the heat pump sales market must grow faster than the building refurbishment market.
In this way, there will be a need to install a large number of heat pumps in unrefurbished
existing buildings built prior to 1978 (even if energy efficient retrofitting in combination
with heat pump installation makes economic sense).2° Due to the low heat density of air
and heat transfer mechanics, the technical effort to provide high flow temperatures is
slightly higher for air-source heat pumps than for ground-source heat pumps. Systems
based on ground source heat pumps never reach negative temperatures on the cold side
of the heat pump, allowing them to generate the required flow temperatures with higher
efficiency [7].

In existing buildings, however, higher temperatures are often used than would be neces-
sary for heating. If the heating circuit is not hydraulically balanced, short-circuit flows will
occur and, as a result, the return temperature will rise. To avoid uneven heat distribution,
heating water circulation pumps are dimensioned larger and/or the flow temperature is
set higher than actually necessary. In addition, the heating curve is often set so that suf-
ficient heating power is still available in the transitional period (e.g. for heating the build-
ing after night-time cooling). In many cases, the return temperature is not based to the
design temperature, but increased.

In addition, compared to design specifications, there are usually already improvements in
the building fabric (e.g. double-glazed windows), which leads the heat pump to be tai-
lored to a larger heating area than necessary. Furthermore, a higher temperature is usu-
ally sought in order to avoid the dew point of low temperature oil boilers. According to
this generalized description, there is a high potential to optimize the required heating
supply and return temperatures by means of installing new circulation pumps and adjust-
ing the heating curve and hydraulic balancing [7]. In addition, there are various options
for improving the readiness of existing buildings for heat pumps. Hydraulics in existing
buildings, for example, can be easily accommodated by using inverter units (air heat
pumps) or well-dimensioned fix-speed heat pumps with buffer storage tanks (ground
heat pumps) [51]. The temperature requirement can also be reduced in the area of do-
mestic hot water by using cellar air. In the case of apartment buildings, this requirement
can be reduced by means of floor heat exchangers or fresh water stations, which avoid
the legionella problem.

In addition, in order to achieve lower supply temperatures in existing buildings, sectional
radiators (cast iron, steel, or tubular steel) can be replaced by panel heating (floor, wall

20 Especially in the case of semi-detached homes and apartment buildings (regardless of age), serial refurbish-
ment techniques (such as £nergiesprong from the Netherlands) can be used to standardise a large number of
relatively similar building modifications and then implement them both faster and cheaper.

Decentralized heat supply
concepts based on heat pumps

Fraunhofer IEE Hydrogen in the Energy System of the Future:
Focus on Heat in Buildings

36| 46



Filed: 2020-08-28, EB-2019-0294, Exhibit |.ED.12, Attachment 2, Page 37 of 46

heating, edge strip heating) or low-temperature radiators. In the case of radiators, there
is the option of using large flat surfaces (with a lot of radiant heat) or deeper convectors
that have natural lift or a fan [7]. In many cases it is sufficient to replace the radiator only
in individual rooms, e.g. in the bathroom [51]. If it is not possible to improve the building
insulation or replace radiators in an existing building, high-temperature heat pumps can
be used for flow temperatures up to 70°C. Alternatives include hybrid or bivalent systems,
in which a heating element or a conventionally fired peak load boiler (gas, oil, pellet) is
added as a backup in cases in which maximum load is required. In a renovation schedule
for a building, a heat pump can be installed at an early stage and, after the heat require-
ment has been reduced later through renovation, the conventional boiler can then be
shut down. Hybrid compact systems can also be permanently installed in historical/half-
timbered buildings or other types of buildings that cannot be fully renovated at a later
date [7].

To address noise pollution concerns associated with air heat pumps, manufacturers have
been using larger heat exchangers with lower flow speeds or specially shaped fans. Noise
emissions are also being reduced by designs that blow the air upwards. Split units, which
locate compressors inside the building, are another solution in this regard [52].

The efficiency level of heat pumps is likely to increase moderately in the future. Many
technical enhancements, such as speed-controlled compressors/fans and electronic ex-
pansion valves, have already been implemented. The necessary use of new refrigerants,
on the other hand, could have a negative impact on product efficiency. The ongoing
adaptation of systems to changing user behaviour could have considerable potential for
reducing the energy consumption of heat pumps. Another energy-savings feature cur-
rently under development is automatic self-optimization. To increase convenience, mul-
tifunctional devices are being used that provide heating, domestic hot water preparation,
efficient ventilation, and active cooling. Alternatively, in the case of passive cooling, heat
can be extracted from the building by means of a suitable hydraulic circuit and dissipated
into the heat sink that otherwise acts as a heat source (geothermal probes, ice storage)
[51]. Geothermal probes and ice storage tanks can be used as seasonal heat storage in
combination with inexpensive solar thermal absorbers. This can make a decisive contri-
bution to increasing the efficiency of geothermal heat pumps, especially for ground re-
generation. In the commercial buildings, there are a number of heat pump solutions. In
addition to heating, efficient cooling (office buildings, hotels, etc.) is often required. Air-
to-air heat pumps are also particularly suitable for renovation projects, as they can be
installed flexibly and in a space-saving manner.

Despite these technical and economic possibilities, there are also restrictions — for exam-
ple, with regard to air heat pumps in apartment buildings, especially due to the space
required for air supply.?! For such buildings, the efficient supply of heating energy via
local or district heating grids is a sensible alternative. Further study is required to deter-
mine whether niche applications may arise in the non-residential buildings sector in con-
nection with GHD process heat, or what contribution hydrogen can make to district heat-
ing, depending on existing local infrastructure (see Section 2.1).

5.3 Power supply and grid requirements

Bottlenecks or dark doldrums?

“Dark doldrums” refers to a time of no or very low solar and wind power production. In
such situations, the supply of power will have to be assured by burning fossil fuels or PtX
energy sources. A survey by the German Weather Service (DWD) in 2018 systematically

21 To solve this problem, however, one solution is roof-top installation, as well as the use of parking spaces for
waste disposal.
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investigated the frequency with which dark doldrums occur. The survey sought to identify
periods of at least 48 hours between 1995 to 2015 during which wind and PV electricity
— as defined by the DWD - could be fed into the grid at only 10% of potential output.
To simplify the analysis, generation capacity was assumed to be equally distributed across
the country, and no grid restrictions were taken into account. The following Figure 15
shows the result of the survey: Over the twenty year period that was examined, very low
wind feed-in occurred just 13 times per year if both onshore and offshore wind turbines
are taken into account, and 23 times per year if only onshore turbines are taken into
account. By contrast, low wind generation in combination with low PV output occurred
just twice per year for more than 48 hours. If one broadens the analysis to include PV
across Europe, dark doldrums occur statistically less than once per year (0.2 times), a
figure that can be attributed meteorological adjustment effects.
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In order to quantify necessary energy output and costs, the feedbacks to the energy sys-
tem resulting from these periods of low renewables production must be evaluated, which
are shown in the following Figure 16. In addition to compensating for divergence in wind
generation between large-scale high and low pressure areas, as well as creating PV feed-
in when there are very cold outside temperatures in Germany, we have to assume a
number of other offsetting effects. These effects have a strong impact on reducing na-
tional power demand, even given moderate European grid expansion.
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Figure 15: Number of
situations per year with
dark doldrums (here
less than 10% of the
nominal capacity for at
least 48 hours) (1995-
2015)

Source: Authors’ figure
based on [53]

Figure 16: Impacts to
the European energy
system due to the cold
doldrums

Source: Authors’ figure
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Decentralized heat supply

Based on investigations conducted by Fraunhofer IEE [54] into a future energy system concepts based on heat pumps

that presumes the occurrence of 7 historical weather years, the following Figure 17 shows
the operating times of Germany's gas-fired power plants in 2050, portrayed as a contin-
uous line over the year. The utilization and overall low power generation of approx. 30
TWh in relation to a total power demand of over 800 TWh makes it clear that PtX as a
fuel in power plants only has to be used very rarely to supply power to heat pumps, and
that the plants can almost exclusively be supplied directly with wind and PV power.
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Based on this publication, the Fraunhofer Barometer depicts a European extreme situa-
tion based on the historical weather year 2012 for a 2050 scenario with a very high
proportion of heat pumps, widespread use of electric vehicles, and fluctuating renewable
energy feed-in. At the beginning of February in this example year, the temperature is
below -10°C on average over all residential areas (and is therefore particularly relevant
for air heat pumps) and there is very little wind over a long period of time — both in
Germany and in large parts of Europe. Depending on assumptions regarding load shed-
ding and flexible operation, conventional power plants with approx. 35-40 GW of ca-
pacity will be needed in Germany. This extreme situation was also artificially exacerbated
by setting wind generation to zero throughout Europe, and by assuming zero PV feed-in
from roof-mounted systems (due to possible snow in Germany). To safeguard against
such a hypothetical event, an additional installed gas turbine capacity of approx. 15-30
GW is required. The annual fixed costs for gas turbine capacity are approx. €40,000/MW.
In total, this results in a cost factor of approx. €2—2.8 billion in fixed costs, or approx.
€0.6-1.2 billion in additional costs, which are very low in relation to total system costs.
Scientifically, these analyses show that the dark doldrums require additional power plant
capacity to guarantee security of supply. However, the costs for this are low and can be
financed via capacity markets, since these power plants are used very rarely and therefore
only consume small quantities of expensive PtX fuel.

Based on analysis conducted as part of the IEE project "Transformation Paths in the Heat
Sector," a moderate renovation rate in combination with 15 million heat pumps leads to
heat generation of 340 TWh and maximum heat-pump electrical consumption of 87 GW
(5.8 kW/building). A detailed analysis of the time series shows that maximum power de-
mand by heat pumps during the dark doldrums (given conditions like that in early Febru-
ary 2012, when the outside temperature throughout Germany is significantly below -
10°C for several days and there is very little wind generation) is not as high as installed
capacity, but stands at just 50% of this capacity, assuming PV feed-in can be used during
the day to fill heat storage tanks [7]. The volume of power demanded by electric cars in
Germany [33] is of a similar order of magnitude, even considering the higher flexibility
potential offered by electric vehicles (due to the higher charging capacity per household
connection).
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Local power distribution grids: A crucial bottleneck?

The installation of a large number of heat pumps can lead to electrical equipment over-
load in local distribution grids. In a considered worst case, if the outside temperature in
a region is below -10°C for an extended period of time, then all houses would have to
be supplied with heating rods. In a worst case, this would require grid reinforcement
measures or grid expansion. The costs associated with this grid expansion must therefore
be included as a further factor.

Various “distribution grid studies” have been conducted over the last ten years for Ger-
many and for individual German states in order to estimate the grid expansion costs that
will arise given forecasted supply and demand trends. Unfortunately, most of these stud-
ies focus on the grid expansion necessary to accommodate increased variable renewable
generation. The impact that will be exerted by demand vectors such as heat pumps and
electric vehicles has been neglected to date [55, 56]. The DENA distribution grid study,
for example, assumes no load increase in the calculation of grid expansion costs up to
2030, with the argument that electricity savings from increasingly efficient applications
will offset demand from new sources of electrical consumption. By contrast, the distribu-
tion grid study undertaken for the state of Baden-Wdrttemberg [57] asserts that if flexi-
bility options such as heat pumps are used in a bundled manner in supra-regional elec-
tricity markets, without taking the status of local grids into account, this simultaneity will
result in a considerable increase in grid expansion costs in urban and semi-urban low-
voltage grids.

Load management to avoid grid expansion and bottlenecks can be carried out directly
and indirectly and does not have to exclude the use of flexibility in electricity markets.
Rather, it only restricts it temporarily. Direct load management allows loads to be
switched on or off directly by the grid operator in order to compensate for load peaks or
drops. Indirect load management is implemented with the help of so-called incentive
models. Flexible consumers such as heat pumps and vehicle charging stations can be
managed in a manner beneficial for the grid by means of dynamic pricing. In other words,
instead of being a burden on the grid, heat pumps can even be harnessed to reduce grid
expansion costs by feeding electricity into the grid and avoiding grid bottlenecks. In [56],
load management is ascribed little importance (both with regard to the electricity market
and the avoidance of grid expansion). However, it is acknowledged that load manage-
ment will become more important as the share of flexible loads increases. By contrast,
the VDE study on load shifting potentials in Germany [58] assumes that heat pumps can
be used to integrate PV and wind power plants as early as 2025. Recent studies on the
topic of “redispatch 2.0" are currently assessing the potential and technical use of flexi-
bility options such as heat pumps from the distribution grid to eliminate bottlenecks in
the transmission grid. According to the study “Distribution grid flexibility for reducing
redispatch costs in Germany” [59], total flexibility potential is estimated at 10 GW, 27%
of which would be provided by heat pumps. The provisioning of flexibility is a supple-
mentary benefit that is provided by heat pumps — and one that has yet to be adequately
quantified.

The avoidance of grid expansion costs could also be achieved through optimized on-site
consumption based on PV panels and heat pumps. It should be noted, however, that
such dual systems will only induce the improved integration of PV panels and heat pumps
if clear specifications concerning grid interconnection are actually implemented. The sub-
sidy programme for PV battery storage previously demonstrated this fact.

The cost drivers of distribution grid expansion — PV, heat pumps, electric vehicles?

How high will costs to expand the distribution grid be up to 2050? And how will these
costs be shared between wind and PV power producers, heat pump operators, and other
sources of electrical demand, such as electric vehicles? A rough guide is provided by Con-
sentec’s study “Building Sector Efficiency: A Crucial Component of the Energy Transition”
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[4] (Figure 2). Using a simplified grid model, this study estimates distribution grid expan-
sion costs in Germany depending on various heat pump adoption and RE expansion rates.
These costs increase from €18 billion/a today to just €20 billion/a by 2030 and then, in
the scenario with the highest share of heat pumps, to €30.9 billion/a. The supplemental
costs of expanding distribution grids are higher in this case than in a scenario with high
reliance on PtG to heat buildings — namely, by some 3.2 billion €/a in 2050. (Figure 2
shows the average discounted cost difference from today to 2050.) If these differential
costs were allocated to additional heat pump output, this would amount to 186 €/kWe
and thus to only about 5% of the investment cost for a heat pump. Furthermore, these
estimates show that over the next decade, a strong expansion of heat pumps can be
integrated into existing grids without significant additional economic costs. Depending
on the scenario, heat pumps account for between 10% and 25% of the total increase in
grid costs. The majority of grid expansion costs are caused by the addition of RE genera-
tion plants and other load increases. Accordingly, heat pumps should not be regarded as
the main driver of grid expansion. On the other hand, the expansion of renewables is
only ever carried out for electricity consumption — that is, for the decarbonisation of ex-
isting consumption; for new direct electricity consumers; and also potentially for electro-
lysers (if more hydrogen were to be supplied nationally as an alternative to heat pumps
or electric vehicles). A cause-based allocation is therefore complex and depends on prem-
ises and individual local conditions.

Grid expansion is not so much about the energy required, but rather about the maximum
load demanded. The charging capacities of electric vehicles today range around 11 kW
(for home charging of a single car). The connected load of a heat pump is around 3-5
kW for a single-family home and will not scale upward in coming years to the extent
expected for home vehicle charging stations. In relation to a residential building, the con-
nected load of heat pump is thus significantly lower than that of home charging stations
for electric vehicles, and also lower than the feed-in capacity of a common PV system.

The demand for heat in the residential sector can be regarded as largely constant and
will tend to decline in the coming decades due to changes in climate and, above all, more
efficient buildings.22 The increase in vehicle charging capacity, however, is not yet fore-
seeable, as the aim is to achieve ever shorter charging times. The simultaneity of power
demand is also important for grid expansion. The simultaneity of demand for heat pumps
is generally cited at 80%, while electric vehicles are generally considered to fall in the 20—
30% range [60]. However, this only applies if there is a large number of vehicles in a grid
area. Furthermore, due to the individually higher connected load of electric vehicles, in-
termittent EV demand is already comparable to that of heat pumps. Locally, especially in
the low-voltage range, the consideration of simultaneity underestimates grid expansion
costs [61]. Accordingly, the costs incurred by electric vehicles should be seen as a low-
end estimate. In this way, it can be assumed that the installation of charging stations for
electric vehicles will be a much stronger driver of grid expansion. Heat pumps are likely
to only play a small role, even over the long term. This conclusion is corroborated by the
distribution grid study for the German state of Hessen [62]. In this study, grid expansion
costs are estimated for both heat pumps and electric vehicles. The additional installed
capacity attributable to heat pumps exceeds that attributable to charging stations in
2024, but by 2034 the charging capacity of electric vehicles is dominant.

In any event, whether and how much additional costs will arise for distribution grid ex-
pansion due to heat pumps has not yet been fully clarified. Intelligent control and load
management, directly or via incentives, can simplify integration, but is also linked to ad-
ditional costs for information and communications technology. In any event, the installa-
tion of the necessary technologies in the field of metering and controls (e.g. smart meters)

22 prognos AG and Boston Consulting Group, Ed., "Klimapfade fiir Deutschland", 2018, p. 221.
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should be promoted regardless over the next few years due to new grid operation meth-
ods (e.g. for bottleneck management).

In summary, the integration of new renewable generation is likely to be the primary driver
of grid expansion costs over the near future, as heat pumps are likely to play a marginal
role in driving these costs. In the medium to long term, intelligent load management and
the use of large heat pump systems in conjunction with local and district heating grids
can make integration more cost-effective. Indeed, if a sustainable transport sector based
on electricity is to be ushered in by 2050, electric vehicles are likely to be the major driver
of load-related grid expansion, with heat pumps only playing a marginal role. However,
a detailed investigation of this topic has not yet been conducted.

5.4 Conclusions

Chapter 5 showed that the use of hydrogen is not necessary for the decentralized sup-
ply of heating energy to buildings. Even in a densely populated country like Germany,
there is sufficient expansion potential for wind power and PV to supply the high pro-
spective demand associated with direct electricity use in the areas of electric vehicles,
industrial process heat, and building heat. Comprehensive solutions now exist to enable
the efficient installation of heat pumps in existing buildings that have not undergone
energy efficiency renovation — a form of installation that will be necessary for rapid mar-
ket ramp-up, given the limited pace of building renovation. Despite a very high share of
direct electricity demand, security of supply in an energy system dependent on variable
renewables can be assured during the dark doldrums at low additional cost given mod-
erate additional capacity from gas turbines. Even if high absolute cost increases are an-
ticipated to finance grid expansion, especially in low-voltage grids, it is clear that heat
pumps will not place significant demands on grid expansion in the future. The motivat-
ing factors for grid expansion are the increased deployment of renewable energy to
achieve climate targets in combination with higher electric vehicle penetration rates.
The share of grid expansion costs attributable to heat pumps is comparatively lower,
and also low in relation to heat pump investment costs.
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Green hydrogen or green electricity
for building heating?

July 14, 2020

In Germany and Europe, the energy policy discussion is currently
strongly shaped by hydrogen as a universal energy source for the
energy transition. However, the different sectors require a
differentiated view. A study by the Fraunhofer IEE in Kassel examined
the use of hydrogen in the future energy system with a special focus
on building heat supply and related it to the direct use of electric power
in heat pumps. An online presentation of the study and follow-up
discussion will take place on: 22 July 2020 at 16:00 — 17:15.

The European Commission has recently set out plans for the energy
system of the future and published the European hydrogen strategy.
The three main pillars of this strategy reflect a strong focus on an
“energy efficiency first” principle. This includes a greater direct
electrification of end use sectors — heat-pumps in buildings are
explicitly mentioned as an example how to increase the use of green
electricity where possible. The focus of the hydrogen strategy is on
“sectors that are not suitable for electrification” and the opportunities to
use hydrogen as a means for “storage to balance variable renewable
energy flows”. In particular the strategy intends to “boost the demand
for clean hydrogen coming from industrial applications and mobility
technologies”. Even in the long term vision up to 2050, the use of
hydrogen is seen mostly in industry, for fuelling buses and trucks, in
synthetic fuels for aviation and shipping and as clean combustible for
back-up power plants.

This recent study analyses the role of green hydrogen in the future
energy system for the German case and proposes a clear prioritization
of the future hydrogen use across all sectors based on its potential to
mitigate climate change and where alternatives are not available at
reasonable cost or in the required quantities. A special focus of the
study commissioned by the Information Center for Heat Pumps and
Cooling Technology (1ZW) is given on heat in buildings by comparing
the use of green hydrogen as a combustible for heat in buildings with
the direct use of electricity in the form of heat pumps.

The study’s findings are clear: hydrogen is not a viable option when it
comes to heating buildings. The amount of green electricity needed to
produce green hydrogen for this purpose is 500 to 600 percent greater

Dipl.-Phys. Jochen Bard

Director of Energy Process
Technology Division

Fraunhofer IEE
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34119 Kassel, Germany
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7] Send email


https://www.iee.fraunhofer.de/en/send-mail?l=en&m=1.ba906a2600917449eb59a1b12e8de65e&k=4a6f6368656e2042617264&r=2f656e2f7072657373652d696e666f7468656b2f70726573732d6d656469612f6f766572766965772f323032302f487964726f67656e2d616e642d486561742d696e2d4275696c64696e67732e68746d6c

Filed: 2020-08-28, EB-2019-0294, Exhibit I.ED.12, Attachment 3, Page 3 of 5
than the amount needed to power an equivalent number of heat

pumps.

“The differences in efficiency are so large that it is unreasonable to
propose the wide-spread use of hydrogen for heat in buildings,” Prof.
Dr. Clemens Hoffmann, the Executive Director of Fraunhofer IEE,
says.

The authors of the study put Germany’s production potential for green
hydrogen at 50 to 150 TWh. This is only 5 to 25 percent of the demand
projected for 2050. The authors do recommend the priority use of
hydrogen when there are no good alternatives to fossil fuels. The most
relevant hydrogen applications include synthetic fuels for airplanes and
ships; the production of ammonia, methanol, and steel; and the supply
of power plants with and without CHP.

If hydrogen were to replace the natural gas used for building heating,
demand would increase by another 25 to 40 percent. The authors thus
conclude that the direct use of electrical energy is the much preferred
option for the decarbonisation of distributed heat generation. According
to the study, the additional electricity demand for heat pumps can be
covered almost entirely by Germany’s own renewable energy sources.
Moreover, the authors say that the power grid can handle the
additional load, in part because heat pumps are capable of storing
energy.

In the main, the findings support the course currently pursued by the
German federal government - whose national hydrogen strategy
predominantly assigns the heat market a secondary role — as well as
the priorities of the European Green Deal.

The study can be downloaded at: https://s.fhg.de/r3t

An online presentation of the study and follow-up discussion will take
place on:
22 July 2020 at 16:00 — 17:15:

In view of the current discussion on the use of hydrogen, the question
arises to what extent a new assessment of the fields of application
must be made if compared to the power-to-gas approach (conversion
from electricity to hydrogen to methane) with an overall efficiency of
around 60% hydrogen with an overall efficiency of around 75%.

The study provides answers to this and other aspects that also link to
the EU Strategy for Energy System Integration and the EU Hydrogen
Strategy and that we would like to present to you online. We also
discuss the results of the study with:


https://s.fhg.de/r3t
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- Patrick Crombez, Member of the board, European Heat Pump

Association
- Jochen Bard, Fraunhofer IEE
- Jorgo Chatzimarkakis, Hydrogen Europe

Agenda:

- Introduction to the topic and presentation of the study by Jochen
Bard, Fraunhofer IEE

- Round table discussion with the panellists

Please register at info@iee.fraunhofer.de

Study

Hydrogen in the
Future Energy
System: Focus on

Heat in Buildings

DOWNLOAD

Shars e

Follow us EEEE

JOBS | CAREER PRESS | INFOTHEK SITEMAP CONTACT IMPRINT DATA PROTECTION

© 2020


https://www.iee.fraunhofer.de/en/career.html
https://www.iee.fraunhofer.de/en/presse-infothek.html
https://www.iee.fraunhofer.de/en/sitemap.html
https://www.iee.fraunhofer.de/en/contact.html
https://www.iee.fraunhofer.de/en/publishing-notes.html
https://www.iee.fraunhofer.de/en/data_protection.html
https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/documents/Studies-Reports/FraunhoferIEE_Study_H2_Heat_in_Buildings_final_EN_20200619.pdf
https://www.iee.fraunhofer.de/content/dam/iee/energiesystemtechnik/en/documents/Studies-Reports/FraunhoferIEE_Study_H2_Heat_in_Buildings_final_EN_20200619.pdf
https://www.facebook.com/sharer/sharer.php?u=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.facebook.com/sharer/sharer.php?u=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.facebook.com/sharer/sharer.php?u=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://twitter.com/intent/tweet?text=Hydrogen%20and%20Heat%20in%20Buildings%20-%20Hydrogen%20has%20taken%20center%20stage%20in%20recent%20energy%20policy%20debates.%20In%20both%20Germany%20and%E2%80%A6&url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://twitter.com/intent/tweet?text=Hydrogen%20and%20Heat%20in%20Buildings%20-%20Hydrogen%20has%20taken%20center%20stage%20in%20recent%20energy%20policy%20debates.%20In%20both%20Germany%20and%E2%80%A6&url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://twitter.com/intent/tweet?text=Hydrogen%20and%20Heat%20in%20Buildings%20-%20Hydrogen%20has%20taken%20center%20stage%20in%20recent%20energy%20policy%20debates.%20In%20both%20Germany%20and%E2%80%A6&url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.linkedin.com/cws/share?url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.linkedin.com/cws/share?url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.linkedin.com/cws/share?url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.xing.com/social_plugins/share?url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.xing.com/social_plugins/share?url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.xing.com/social_plugins/share?url=https%3A%2F%2Fwww.iee.fraunhofer.de%2Fen%2Fpresse-infothek%2Fpress-media%2Foverview%2F2020%2FHydrogen-and-Heat-in-Buildings.html
https://www.facebook.com/fraunhofer.iee
https://www.facebook.com/fraunhofer.iee
https://twitter.com/fraunhofer_iee
https://twitter.com/fraunhofer_iee
https://www.linkedin.com/company/fraunhofer-iee/
https://www.linkedin.com/company/fraunhofer-iee/
https://www.xing.com/companies/fraunhoferiweskassel/updates
https://www.xing.com/companies/fraunhoferiweskassel/updates

Filed: 2020-08-28, EB-2019-0294, Exhibit |.ED.12, Attachment 3, Page 5 of 5



	Cover Letter
	I.ED.12
	I.ED.12_Attachment 1
	I.ED.12_Attachment 2
	I.ED.12_Attachment 3

	hlYXQtaW4tQnVpbGRpbmdzLmh0bWwA: 
	form1: 
	button3: 

	button1: 



