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Background

European Green Deal Paris Agreement

(11 orN”
(“well below 2°C”)
Mobilising research
and fostering innovation
Transforming the
Increasing the EU’s Climate EU’s economy fora A zero pollution ambition
ambition for 2030 and 2050 sustainable future for a toxic-free environment

A \
Supplying clean, affordable Preserving and restoring
and secure energy ecosystems and biodiversity
I [

Mobilising industry From ‘Farm to Fork’: a fair,

for a clean and circular economy healthy and environmentally
\ friendly food system

/

Building and renovatingin an Accelerating the shift to
energy and resource efficient way sustainable and smart mobility

Leave no one behind
(Just Transition)

Financing the transition

TheEUasa A European
global leader Climate Pact

What does it mean?

* (net) zero greenhouse gas (GHG) emissions by 2050 are mandatory
 negative GHG emissions are costly, risky, with unclear responsibilities
« thus zero GHG emissions is the real target for the energy system
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Key Rationale for Electrification: Efficiency [t

Electricity Heat Transport

Fossil-fuel condensing power station Gas heating Internal-combustion engine

Losses

Electricity Propulsion

40 % efficiency 85 % efficiency 25 - 40 % efficiency*

Wind/solar energy Heat pumps Electric mobility

Losses

Losses

[ o 3

Electricity

Tomorrow

100 % efficiency 340 % efficiency 80 % efficiency

* The efficiency of internal-combustion engines in other applications (e.g. maritime transport, engine-driven power plants) can exceed 50 %.
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Continued Milestones for Cost Decrease
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for ==t €/kWp in the base case (Vartiainen et al., 2020)
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Major Milestones on 100% RE Research cpn
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Basis for Change: PV enabling Green Hydrogen [Riessss
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Key insights: g 20 E
massive continued cost decline for solar PV, wind, 200 g
battery, electrolysers, CO, DAC 100
massive pressure to eliminate all fossil fuels o o -
massive direct and indirect electrification of all energy 2020 2030 Joars 2080 2050
sectors and non-energetic fossil fuel demand Referonces.

. ] PV, battery: Vartiainen et al., Progress in PV
Green Hydrogen in a Solar Powered Energy Transformation Electrolyser: LUT model assumptio, Nature
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LUT Energy System Transition Model
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Key features:
full hourly resolution, applied in global-local studies, comprising about 120 technologies
used for several major reports, in about 50 scientific studies, published on all levels, including Nature
strong consideration on all kinds of Power-to-X (mobility, heat, fuels, chemicals, desalinated water, CO,)
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Power-to-X: the Core of Sector Coupling

BOX 3. POWER TO HYDROGEN TO X Case: Sustainable Europe

ELECTRICITY GENERATION

POWER TO X
[ 1T Il |
DIRECT USE :I» Hydrogen
veuescron |G | I I
z -Methane
H % - ~ = B I
: } : I I
I ELECTROLYSIS HYDROGEN H, CO, 5C I FFT fuel - = =
ELECTRICITY 2 L ; 5 - .
| = EEN
_—
z | Chemical
L G feedstock Solar PV @® Wind @ Hydro Other RE
. @ Fossil coal @ Fossilgas&oil Nuclear
H - - - CUMULATIVE GHG EMISSIONS
e Outside the scope of this study
Key insights:
Power-to-X comprises: Mobility, Fuels, ’
Chemicals, Heat, Steel, Desalinated Water G o
Hydrogen is ONLY required, where direct : h
electrification fails, e.g. chemicals, fuels for _ e
aviation/ marine i
Power-to-X is an essential core element for '
least cost zero GHG emissions and a booster link to report

for solar PV demand

Green Hydrogen in a Solar Powered Energy Transformation source: SolarPower Europe/ LUT, 2020. 100% Renewable Europe
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Hourly Operation of the Energy System (Europe)

FIGURE 4.8 HOURLY OPERATION OF THE EUROPEAN ENERGY SYSTEM

Moderate scenario (spring week)
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Key insights:

Week of least renewables supply (winter)
and most renewables supply (spring) is
visualised

A 100% renewables-based and fully
integrated energy system in 2050 will
function without fail every day of the year:
Even in the dark winter days the region
easily copes with energy demand

Key balancing components are
electrolysers (Power-to-fuels) which
convert electricity to hydrogen, when
electricity is available, but drastically
reduce their utilisation in times of low
electricity availability

Massive ramp rates in the energy system
have to be managed, as well as forecasting
errors require balancing

Collaboration with SolarPower Europe.

Green Hydrogen in a Solar Powered Energy Transformation
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Energy System Structure: Present (Europe) Ress

FIGURE 3.24 ENERGY FLOWS FOR THE EUROPEAN ENERGY SYSTEM IN 2020

Input Transformation Output Key mSIths:
Energy sectors (power,
Solar PV Uranium Renewable energy Power H
® wind @ Fossil coal @ Non-renewable energy @ Heat heat’ transport) praCtIca"y
® Hydro @ Fossilgas @ CElectricity storage ® Transport separated
@ otherRe et = e Dominating role of fossil
® EnvironmentHP
fuels
Transport sector has

Solar PV: 174 TWh .
Wind: 582 TWh T practically not yet started

dro: h Direct use: 4,368 TWh Power: 3,876 TWh vy
Y L the transition

Uranium: 1,025 TWh
Electricity storage: 50 TWh

3,105 Twh £
Other RE (Electricity): 138 TWh Gas (Electricity): 591 TWh Heat Pumps:
152 TWh

Environment heat: 84 TWh

Other RE:
1772 Twh I

Other RE (Heat): 1,488 TWh

Direct use:
7,651 TWh Heat: 7,651 TWh

Heat storage:
0 TWh

Coal (Electricity): 1,315 TWh

Fossil coal:
4,722 TWh
Fossil gas:
4,449 TWh

Transport el:
164 TWh

Transport: 7,254 TWh

Fossil oil:
6,916 TWh

Oil (Transport): 6,912 TWh

10 Green Hydrogen in a Solar Powered Energy Transformation source: SolarPower Europe/ LUT, 2020. 100% Renewable Europe
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Energy System Structure: Future (Europe)

FIGURE 3.25 ENERGY FLOWS FOR THE EUROPEAN ENERGY SYSTEM IN THE MODERATE SCENARIO IN 2050  FIGURE 3.24 ENERGY FLOWS FOR THE EUROPEAN ENERGY SYSTEM IN 2020
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"RE synthetic fuels for transport.
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11 Green Hydrogen in a Solar Powered Energy Transformation source: SolarPower Europe/ LUT, 2020. 100% Renewable Europe
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Regional and Global Super Grids
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Key insights: 3500 - 1
What's the value add of very large Super Grids? gm I |
Grids on a major region level (SAARC, Europe, etc.) reduce the
E 2500
system cost by about 10% by resource balancing, comparedto 3
state/ country level optimisation. § =
The higher the solar PV share, the lower the balancing value. TS :
Integration beyond major region level, e.g. Americas North & 1000 - .
South, Europe & Eurasia & MENA, Asia Northeast & Southeast, 500 |
leads to negligible further cost reductions of about 1%.
PtX powerfuels/ chemicals trade will generate substantial value. oF o T € P e @ o

12 Gre_e“_HydrOQen ina So_lar Powered E“erg_y Transforma_tic?n source: Aghahosseini et al., 2019. Renew Sustain Energy Rev 105, 187-205;
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Power-to-X: the Core of Sector Coupling

BOX 3. POWER TO HYDROGEN TO X

POWER TO X
[ 1T Il |
DIRECT USE :I» Hydrogen
veuescron |G |
z -Methane
H g -
- _
ERLE:ICE::EE ELECTROLYSIS HYDROGEN H, CO, LFT fuel
z | Chemical
S feedstock
Becis Outside the scope of this study
Key insights:
Power-to-X comprises: Mobility, Fuels,
Chemicals, Heat, Steel, Desalinated Water
Hydrogen is ONLY required, where direct
electrification fails, e.g. chemicals, fuels for
aviation/ marine
Power-to-X is an essential core element for

least cost zero GHG emissions and a booster
for solar PV demand

link to report
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Case: Sustainable Europe

ELECTRICITY GENERATION
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Solar PV @ Wind ® Hydro Other RE
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CUMULATIVE GHG EMISSIONS
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50 000 Fuels and Chemicals in general:
L - steady growth of chemicals, whereas
VM s 12174 Methanol represents non-Ammonia
2 35 000 . .
E o 11195 . Methanol demand (fossil, synthetic) chemicals feedstock equivalent
- 2646 Ammonia demand (fossil, synthetic) » liquid hydrocarbons are in steady decline,
§ 20 000 L 10508 Liquid hydrocarbons demand (fossil, bio, FT mainly due to electrification of road
g 5 000 17555 = Methane demand (fossil, bio, synthetic) transportation
2.0 o0 Hydrogen final energy * Methane demand in decline until 2040 with
“ 5 000 e o increase towards 2050, with some

0 2944 uncertainty for substitution of Methane by
2030 2040 2050 Hydrogen
50000

< 45000 . . .

= Synfuels and synthetic Chemicals:

= 40000 . .

= oo 12174 « first markets in 2030

- 30000 MeOH - output synthetic RE ° strong grOWth until 2040, continued until

8 3340

E 25000 NH3 - output synthetic RE 2050

B 20000 1058 FT fuel demand * less uncertainty for synthetic Chemicals

& 15000 9516 . = Methane demand synthetic (sNe, Lng)© Mighest uncce_rta!nty for Methane demand

E 10000 o Hydrogen final eneray due to subst_ltutlon by Hydrogen (heat)

2 5000 4834 5008 and Ammonia/Methanol (marine)

0 e - - sustainable bioenergy for Fuels
2030 2040 2050

14 Gre.en.Hydrogen ina Sqlar Powered Energy Tra“Sforma_ti?“ source: dena/LUT, 2020. Powerfuels in a Renewable Energy
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Details for Methane and FT fuels markets

Methane (SNG) and Fischer Tropsch markets:

S w0 * Phase-out of fossil gas does not necessarily lead to SNG
£ o0 - | phase-in, in particular not in the power sector

%30000 o MeOH - output synthetic RE . H h t t h t d d . SNG

g - igh temperature heat demand requires

- - « Marine fuel may require SNG/LNG, while ammonia and
Eﬁﬂ% it u Methane demand synthetic (SNG, LNG) methanol may gain high shares

£ 100 ” Hyirogen il energy * Aviation requires highest share of FT fuels

g sm o 09  Marine and Road demand for FT fuels is more uncertain

20 2040 2050 « Green Hydrogen is the basis for these synthetic fuels
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Green Hydrogen in a Solar Powered Energy Transformation source: dena/LUT, 2020. Powerfuels in a Renewable Energy
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Global demand distribution: SNG/FT fuels

global value: 9529 TWhm global value: 10808 TWh“,l
synthetic Methane contribution 90.1% thereof 23% traded synthetic FT fuel contribution 94% thereof 26% traded
1 4 17 72 300 1 T 45 299 2000
Demand for Methane (fossil, bio, SNG, LNG) 2050 [TWhth] Demand for liquid hydrocarbons 2050 lTWhtn]

Key insights:

« Dominant share (90%) of methane demand based on green hydrogen, thereof 23% traded, rest local
Large green hydrogen based methane markets in North America, Europe, South and Northeast Asia
FT fuels dominate the sustainable liquid fuels market (94% share), as biofuels are strongly limited
Large green hydrogen based FT fuels markets similar to SNG

Green hydrogen is the basis for these synthetic fuels

16 Green Hydrogen in a Solar Powered Energy Transformation source: dena/LUT, 2020. Powerfuels in a Renewable Energy
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE World, upcoming report
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Global demand distribution: Ammonia, MeOH [t

global value: 3340 TWhth global value: 12174 TWhth
synthetic Ammonia contribution 100% thereof 26% traded synthetic Methanol contribution 100% thereof 26% traded
1 5 26 129 650 1 7 48 332 2300

Demand for Ammonia 2050 [TWh Demand for Methanol 2050 [‘I’Whth]

th]

Key insights:

- Ammonia is the basis for fertilisers, but can be also used as fuel, in particular for marine transport
Methanol is expected to become the dominant new bulk chemical for multi-use, e.g. plastics, however,
methanol could be also used as fuel, in particular for marine transport

Similar to SNG/FT, about a quarter may be traded, thus most demand could be domestically supplied
Demand distribution similar to SNG and FT fuels: North America, Europe, South and Northeast Asia
Green hydrogen is the basis for these synthetic fuels

17 Green Hydrogen in a Solar Powered Energy Transformation source: dena/LUT, 2020. Powerfuels in a Renewable Energy
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE World, upcoming report
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Global trading of synthetic fuels: case FT

Demand and realised cost curve of FT fuels in 2050 - realised exports with shipping costs

Supply and demand curve of FT fuels in 2050 - realised exports
T o T T T

115 115 T T T T
—— Demand | I = Demand pre-trade
— Supply | —— Demand post-trade
A | 110 Supply
attractive domestic volume traded volume low cost volume
105 -

g

&

average LCOF pre-trade

* HL\\ - B
|

OF traded volume

75 1 75 | -
| I
| I

70 = 70 : :
|
|

=
=3

n
]
a
E
-

5
w
[=}
Q
3

o
T
£

3
o

Post-trade LCOF of FT fuels [€/MWh]
8

65 65 I I I
0 2,000 4,000 6,000 8,000 10,000 12,000 ] 2,000 4,000 6,000 8,000 10,000 12,000
Volume of FT fuels [TWh,, ] Volume of FT fuels FI’Wh!h]

Key insights:
+ Global trading model has been established, based on 145 regions, aggregated to 92 countries/regions
Global average levelised cost of fuels has been defined as separator for imports and exports
Exporter attractiveness has been introduced: cost, volume, political stability
About a quarter of the global demand may be traded
 Key importers: Europe, Japan, Russia, but even countries of the Sun Belt
 Key exporters: South America, sub-Saharan Africa
Most countries in the world can opt for domestic self-supply
Green hydrogen is the basis for Fischer-Tropsch fuels
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Green Hydrogen Cost Potential

Levelised cost of baseload hydrogen onsite, in 2030
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Levelised cost of baseload hydrogen onsite, in 2040

Key insights:

« Green hydrogen cost continuously decline

« Latest PV cost decline may lead to 10-20%
lower cost as shown here

* 30-40 €/ MWh,;, green hydrogen cost may be
available in many parts of the world

* Fossil gas price range assumed 15-25
€/MWh,,, thus CO, emission price needed
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Christian Breyer » christian.breyer@lut.fi

Green Hydrogen in a Solar Powered Energy Transformation

@ChristianOnRE

source: Fasihi and Breyer, 2020. Baseload electricity and hydrogen supply based on

hybrid PV-Wind power plants, Journal of Cleaner Production, 243, 118466
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Electricity used for Green Hydrogen

Ratio of PV to hybrid PY-Wind plant capacity for baseload electricity onsite, in 2030

R R R R Key insights:

e » Considered had been the scalable
sources of electricity: PV and wind

* Area limitations have been factored in

« 2030: PV is already very strong in may
parts of the world, typically contributing
more than 50% for least cost green
hydrogen

« 2050: most parts in the world are
dominated by PV supply, while best wind
sites contribute up to 30% for least cost

30 %

20 %

10 %

0%

100% green hydrogen, typically during winter
%0% and rainy seasons

=« < Bifacial PV is not yet factored in, but may
{70% push the shares further towards PV

1% < Summing up, PV emerge the THE low-cost
{00% electricity source for green hydrogen

20 %

10 %

0%

Green Hydrogen in a Solar Powered Energy Transformation source: Fasihi and Breyer, 2020. Baseload electricity and hydrogen supply based on
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE hybrid PV-Wind power plants, Journal of Cleaner Production, 243, 118466
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Green Hydrogen in industry: Chemicals

high-TRL scenario e T
waste water, other wastes & Diesol Gasali:;m
ene recoves
icals: I Mixed A
secondary chemingc; Alcohols Fischer-Tropsch
02, air, N2, other A
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Formaldehyde s
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Alcohols

water

i Methanol seems to become the new
L s onds key bulk chemical
poiyethyion —— Ammonia can be produced with
T ———  green hydrogen
S o e et E i What'’s needed low-cost electricity,
water (for hydrogen) and air (for CO,)
Global electricity demand for a
' sustainable chemical industry may
carbon dicede be around 25,000 TWh,, in 2050

methane for heat

L ethylene glycol

air and water

21 Green Hydrogen in a Solar Powered Energy Transformation source: Kitelhon et al., 2019, PNAS.
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Green hydrogen in industry: Iron & Steel

Traditional versus HYBRIT technology 7. il

BLAST FURNACE

HYBRIT —a joint venture with Vattenfall and LKAB
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Key insights:
coal is mainly substituted by green hydrogen
electricity is needed for the Electric Arc Furnace process (as today’s steel recycling), but also for green hydrogen
little carbon is needed for steel as a material and can be taken from biomass or CO2 direct air capture
global electricity demand for a sustainable steel industry may be around 5,000 TWh,, in 2050
all GHG emissions can be avoided.

Green Hydrogen in a Solar Powered Energy Transformation
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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S u m m a ry Open your mind. LUT.

Cost decline of PV is stable since 1950s

Practically unlimited solar resource potential for energy supply

Electrification of all energy sectors will boost PV demand

100% RE scenarios since 1975 and analytic global scenarios since 1996

PV shares in global scenarios increases continuously: 70-80% may be the limit
Key supporting technologies for PV are batteries, electrolysers and CO, DAC

PV-based green hydrogen enables solutions for hard-to-abate sectors

v Vv Vv Vv Vv YV V¥V V

Green hydrogen is the basis for direct hydrogen use, but also in particular for
further synthesis to SNG, Fischer Tropsch fuels, ammonia and methanol

A\

Strong sector coupling is a major driver for PV

» The Solar Age is a key opportunity to fix multiple issues, first of all climate change

Green Hydrogen in a Solar Powered Energy Transformation
Christian Breyer » christian.breyer@lut.fi @ChristianOnRE
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Thank you for your attention ...
... and to the team!
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TRUST IN RENEWABLE.

all publications at: www.scopus.com/authid/detail.uriZauthorld=39761029000

new publications also announced via Twitter: @ ChristianOnRE K
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Open your mind. LUT.

Lappeenranta University of Technology


http://www.scopus.com/authid/detail.uri?authorId=39761029000
https://twitter.com/ChristianOnRE

