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There is a limited set of no-regret applications in all sectors that e
urgently need renewable hydrogen to become climate-neutral.

No regret - Reaction agents - Long-haul aviation - Long-term storage - District heating
(DRI steel) - Maritime shipping for variable (residual heat load *)
- Feedstock renewable energy
(ammonia, chemicals) back-up
Controversial - High-temperature - Trucks and buses ** - Absolute size of need
heat - Short-haul aviation given other flexibility
and shipping and storage options

Bad idea - Low-temperature - Cars Individual buildings
heat - Light-duty vehicles

*

After using renewable eneragy, ambient and waste heat as much as possible. Especially relevant for large existing district heating systems with
high flow temperatures. Note that according to the UNFCCC Common Reporting Format, district heating is classified as being part of the power sector.

** Series production currently more advanced on electric than on hydrogen for heavy duty vehicles and busses. Hydrogen heavy duty to be deployed
at this point in time only in locations with synergies (ports, industry clusters).
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Publications on climate-neutrality, hydrogen and industry
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> |eqal analysis

> slide deck
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No-regret hydrogen:

Charting early steps

for H, infrastructure
in Europe

> full study

> data appendix
> webinar

Towards a
climate-neutral
Germany by 2045

Towards a Climate-Neutral Germany

> summary (EN)
> full study (DE)

> data appendix (DE)

Breakthrough
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Climate-Neutral
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> summary
> full study
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The Future Cost of
Electricity-Based
Synthetic Fuels
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synthetischer Brennstoffe

> full study
> PtG/PiL calculator

> slide deck
> webinar
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https://www.agora-energiewende.de/fileadmin2/Projekte/2017/SynKost_2050/Agora_SynKost_Study_EN_WEB.pdf
https://www.agora-energiewende.de/en/publications/ptg-ptl-calculator/
https://static.agora-energiewende.de/fileadmin/Projekte/2020/2020_11_EU_H2-Instruments/2021-07-08_Presentation_H2-Instruments.pdf
https://www.agora-energiewende.de/en/events/no-regret-hydrogen-charting-early-steps-for-h2-infrastructure-in-europe/
https://www.agora-energiewende.de/en/publications/making-renewable-hydrogen-cost-competitive-1/
https://www.agora-energiewende.de/en/publications/data-appendix-no-regret-hydrogen/
https://www.agora-energiewende.de/en/events/no-regret-hydrogen-charting-early-steps-for-h2-infrastructure-in-europe/
https://www.agora-energiewende.de/veroeffentlichungen/klimaneutrales-deutschland-2045-datenanhang/
https://www.agora-energiewende.de/en/publications/breakthrough-strategies-for-climate-neutral-industry-in-europe-study/
https://www.agora-energiewende.de/fileadmin2/Projekte/2017/SynKost_2050/Agora_SynCost_Webinar_slides_Deutsch_and_Maier_20180516.pdf
https://www.agora-energiewende.de/en/publications/the-future-cost-of-electricity-based-synthetic-fuels-3/

Agora

Energiewende




*ggﬁ ‘ Guidehouse @ AQoOra

Energiewende

BECKER BUTTNER HELD

Project overview: Making renewable hydrogen cost-competitive

Commissioned by: Agora Energiewende
Partners: Guidehouse, with research support from Becker Buttner Held Making renewable

Question: Which policy instruments are best-suited to bring green H, to the applications
that really need it to become climate-neutral?

Methodology:
Analysis of regulatory context and economics of renewable H,

Analysis of policy instruments needed in 2020s and outlook beyond 2030

Results:

Policy instrument factsheets Download:

Legal analyses of each instrument by BBH * Publication



https://www.agora-energiewende.de/en/publications/making-renewable-hydrogen-cost-competitive

Background:
Germany‘s demand for H, amounts to 63 TWh (2030) in the Agora

»,Climate-Neutral DE 2045 scenario — for safeguarding security of “esevence
supply in the energy system and to create a climate neutral industry.

Demand for CO,-free H, in Germany between 2025 and 2045 Towards a climate-neutral Germany by 2045
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Prognos et al. (2021); Note: Hydrogen only. In addition, Germany will need 158 TWh of Power-to-Liquid by 2045.




Ramping up renewable hydrogen will require extra policy
support that is focused on rapid cost reductions.

Renewable hydrogen cost gap

8
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Fossil-based hydragen Fossil-based hydrogen Renewable hydrogen
with carbon capture

B (O cost at a price of 50 €/t CO;

The figures assume a natural gas price of €20/MWh and a CO; capture rate of around 75%. All figures are in 2019 euros.

Agora Energiewende (2021) based on BNEF (2021), Prognos et al. (2020), Hydrogen Europe (2020),

Gas for Climate (2020), Agora Energiewene & AFRY (2021)
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Renewable hydrogen cost gap:

Future electrolysis capacity for renewable H,
estimated at 33 GW to 90 GW.

How to do project developers want to bridge
the cost gap?

Anticipating higher willingness to pay among
customers and/or some form of policy support?

The cost of renewable hydrogen depends on:

Cost of renewable electricity
(which is on track to become cheaper anyway)

Annual operating hours of the electrolyser

Electrolyser system costs
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Higher capacity factors will lower the cost of hydrogen

Renewable hydrogen production costs depending on operating hours

B Electrolyser system cost (€ 620/kW) + fixed costs
B Electrolyser system cost (€ 410/kw) + fixed costs
B cElectrolyser system cost (€ 160/kW) + fixed costs

B cElectricity price (€ 16/MWh)

Hydrogen production cost [€/kg]
D

2 ~ 2 €/kg fossil-based hydrogen without or with carbon capture at CO; price of 50 €/t

1] 1200 2600 4000 5400 6800 8200
Annual operating hours

Agora Energiewende (2021) based on Guidehouse (2021)
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Cost of hydrogen can be lowered by
distributing the investment costs over as many
annual operating hours as possible

At an electrolyser system cost of

€620/kW, more than 5,400 hours are required
to bring production cost below €2/kg
(~ fossil-based H, with/without carbon capture)

€160/kW, just 1,500 hours is sufficient to hit
breakeven — making electrolysis in Southern
Europe based on solar PV alone increasingly
attractive.

Note that operating costs would increase
disproportionately at more than 5,000
operating hours if electrolysers use grid
electricity and operate based on market prices
for H, and electricity.




The costs of electrolysers will fall given economies of scale Agora
and learning-by-doing effects, but such deployment will only .
materialize with predictable and stable hydrogen demand.

Production cost of H, and fossil-based H, with and without carbon capture
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gas, a price of €20/MWh is assumed. The capture rate for fossil-based H, with carbon capture is assumed to be around 75%.

Guidehouse (2021) based on BNEF (2021), Prognos et al. (2020), Hydrogen Europe (2020), Gas for

Climate (2020), Agora Energiewene & AFRY (2021)
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There is nothing automatic about those cost
reductions. Someone needs to pay the learning
curve.

Electrolyser manufacturers need predictable
pipeline of projects to invest in GW plants

Yet this predictability is only possible through
policy support, given the current economic
uncompetitiveness of renewable hydrogen.

Using taxpayer money to support renewable
hydrogen needs basic agreement on where to
prioritise investment.

Therefore, renewable hydrogen needs to be
channelled into uncontroversial applications.

Conversely, a lack of common ground might
delay the renewable hydrogen ramp-up, given
the integral role of policy support.
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CO, prices in the 2020s will not be high enough to deliver a Agora
stable demand for renewable hydrogen, reinforcing the need

for a hydrogen policy framework.

Impact of carbon pricing on hydrogen production costs in 2030

2030 average price renewable H, (=3.7 €/kg H.)
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For natural gas, a price of €20/MWh is assumed. The capture rate for fossil-based H. with carbon capture is assumed to be around 75%

Guidehouse (2021)

Energiewende

Carbon pricing will be a cornerstone of the
needed policy framework but is has its limits in
the short to medium term.

Even at CO, prices of €100-200/t, the EU ETS
will not sufficiently incentivize renewable
hydrogen production.

Given low EU ETS prices, additional policy
support instruments will be needed for a
considerable time

A general renewable hydrogen quota is not
sufficiently targeted to induce adoption in the
most important applications and comes with
further problems related to technological
compatibility, distribution and efficiency.

Therefore, we need other policy instruments.
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A policy framework to ramp up the market for renewable Agora
hydrogen should initially target the applications where gl

hydrogen is clearly needed and a no-regret option.

Overview of needed policy support for renewable H, in Germany and the EU

Billion EUR per year
Germany EU
Support instruments for renewable hydrogen Low High Low High

Carbon Contracts for the transformation of 33% DE / 50% EU primary steel
production capacity to H.-DRI with current free allocation regime (2022-2035/2040)
The instrument facilitates investments in breakthrough technologies. By offsetting
the additional operating cost of breakthrough technologies, a CCfD de-risks long-term
investments.

Cost recovery: Through climate levy or EU-ETS revenues

11* 2.7% 47* 10.2*

CCfD for the transformation of 33% DE / 50% primary steel production capacity to o* 16* o* 6
H.-DRI with effective CO-price gradually increasing from 50€/t (2021) to 90€/t in 2040 ’ }
PtL quota for aviation (2025-2030 (10%) & 2030-2050 (increase to 100% by 2050))

By setting an EU-wide 10% quota in aviation, demand for e-kerosene is created, leading
to a ramp-up in renewable H; and PiL production and further technological learning. 1.4 19 103 14
A long-term pathway must be towards 100% climate-neutral e-kerosene.

Cost recovery: Additional costs are passed on to end-users (aviation passengers)

The cost projection for the CCfD instrument in line 1and 2 represent alternative and mutually exclusive scenarios with regards
to the evolution of Europe’s carbon leakage policy. Note that Guidehouse assumes an aviation quota of only 5%. See the
report for a more comprehensive overview of policy support instruments.

Agora Energiewende (2021) based on Guidehouse (2021)

Carbon contracts for difference (CCfD) will
enable European industry to start the transition
to climate-neutral products.

A power-to-liquid (PtL) quota in aviation of
10% by 2030 would deliver clear market
signals that Europe intends to import
considerable volumes of liquid e-fuels

Gas power plants need to be 100% H,-ready
to back up renewables and meet residual heat
load in district heating

Scalable green lead markets could help to
create a business case for renewable H,

H, supply contracts can enable competition
between production in the EU and abroad.

The required policy support for renewable H, at
the EU level is anticipated to cost €10-24 bn p.a.
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The instruments need to be complemented by regulation for FIEEMROCE
sustainability and system integration.

Lifecycle emission intensity by H, production route in gCO, per kWh H, (LHV) Hydrogen from electrolysis

800

IS most sustainable with 100% RES

00 can lead to high CO, emissions otherwise

600 . . 9 9
needs clear criteria for climate neutrality and

500 a roadmap for applying the criteria

"o (industry may require different treatment)

oo needs appropriate siting for sustainability and
system integration, given grid constraints

[gCO, per kWh H;]

200
Fossil-based hydrogen with carbon capture...

has similar emission intensity as electrolysis

100

0 with grid intensity of 100g CO,/kWh
Fossil-based Fossil-based Electrolysis Hz Electrolysis H; Electrolysis Hz
Hz (SMR) H. with (G (Grid intensit (100% bl e 1
carbonmélapture grid r?wrixmggm) 10Crllg ICnDjfrl:;rz) er:‘:?ge;)va © doeS nOt need addltlonal pOIICy Support
CertifHy “Low carbon hydrogen” = EU taxonomy DA ShOUId Comply Wlth StI’iCt SUStainabiIity Cl‘iteria

LHV. Assuming a capture rate for fossil-based H, with carbon capture between 65% (for existing SMR) and 90% (for new ATR)

criteria should be ratcheted up (climate-
Guidehouse (2021) neutrality would require negative emissions)
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Renewable hydrogen needs major additional renewable Energiewende
energy deployment.

Wind and solar generation capacity needed to reach -55% GHG emissions by 2030 Pace of renewable H, expansion will largely

depend on the growth in renewables

1000 550 GHG emissions 801 GW wind and solar PV are needed
900 801 by 2030 to reduce GHG emissions by 55%
+153% . q

800 > relative to 1990, according to the European

i Commission’s Climate Target Impact
Assessment.

600

3 500 Hydrogen ambitions beyond the COM’s

Impact Assessment may even require greater

400

316

- renewable energy expansion.
Solar PV

200

B Offshore Wind
100

B Onshore Wind
2020 2030

Agora Energiewende (2021)
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Key conclusions
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There is a limited set of applications in all sectors that urgently
need renewable hydrogen to become climate-neutral.

Ramping up renewable hydrogen will require extra policy
support that is focused on rapid cost reductions.

CO, prices in the 2020s will not be high enough to deliver stable
demand for renewable hydrogen, underscoring the need for a
hydrogen policy framework.

A policy framework to ramp up the market for renewable
hydrogen should initially target the applications where hydrogen
Is clearly needed and a no-regret option.
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Hydrogen infrastructure: Where to start? Agora
No-regret investment opportunities 2030 for .
hydrogen pipelines, based on industrial demand.

No-regret corridors for 2030 based on industrial hydrogen demand in TWh/a Adding potential hydrogen demand from

power, aviation and shipping sectors is
likely to strengthen the case for a more
expansive network of H, pipelines.

Best LCOH 2050
Hybrid
Solar

Wind

Even under the most optimistic scenarios
any future H, network will be smaller
than the current natural gas network.

B Industrial hydrogen demand
2050 in TWh per year

e , A no-regret vision for H, infrastructure

Agora reduces the risk of oversizing by fo-
cussing on inescapable demand, robust

Iﬁ green hydrogen corridors and storage.
Ensure link between energy infra-
structure planning and new JRC energy

and industry geography labs announced

AFRY (2021) Only those hydrogen pipelines that are resilient to the future levels of hydrogen demand In updated Clean IndUStry Strategy

and the technology assumptions used here have been considered to be “no-regret”.
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