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Deep transformation of our energy systems

B Climate and sustainability targets are key
topics on the global political agenda

B Energy supply causes major parts of
anthropogenic climate change

® Clear target = energy systems with
drastically reduced CO, emissions

B But: the pathway is highly complex

= Powerful tools & models needed for
comprehensive optimization of energy
system transformation pathways
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German GHG emissions

Historical values 1990-2015 and target values until 2050
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European Union CO, emissions
Historical values 1990-2016 and target values until 2050
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German energy demand of today
Composition of final energy
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Major questions

B How can heat (buildings, industry processes) and
transportation sectors become less dependent from
fossile energy sources?

B How can the complex overall system be transformed
towards achieving climate targets without compromising
on security of supply and at minimal cost?
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Renewable Energy Model »REMod«

Mimimize total
annual costs

REMod

Strictly model-based
techno-economic
optimization of
transformation
pathways based on
comprehensive
simulation of
energy systems
(hourly time scale)

Transport
(different drive
technologies)
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Methodology

Stock New installations, retrofit, replacement
1550 591 152 20 01 v SRR o i aus | [z 0[50
Conventional & renewable power (PV, Conventional & renewable power (PV,
Windg, ...) Wind, ...)
Buildings and heating systems » Buildings and heating systems
Mobility (car fleet etc.) Mobility (car fleet etc.)
Processes in industry and tertiary sector Processes in industry and tertiary sector

Simulation (1 h time step) of the entire

Storage (electricity, heat)
_ Power-to-X-technologies

Optimization of new installations,
— retrofit and replacement
b CO,-limits met » goal function: minimal cumulative total
(for all years)? cost 2018-2050
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Work from the German academies of science
Investigated transformation pathways

No restrictions

Major characteristics

No limits for direct electricity use (e.g. heat
pumps, transportation)

Transportation with majority of hydrogen /

Hydrogen fuel cell drive trains

O High fraction of H, in gas network

Minus 85 %

Power-to-Gas in 2050 O Transportation with majority of fuel/methane
I ] (compared based drive trains
(P2G/P2L) to 1990) O Building heating partly based on methane

O Good progress in efficiency in industry

A No limits for direct electricity use

: . O Good progess in implementing high efficiency

High efficiency s o

A Good progress in reducing energy demand
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Electricity generation
Installed capaity in GW in 2050 and today
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Electricity generation
Installed capaity in GW in 2050 and today

A |
High efficiency i_ _ I-

P2G/P2L |

Hvdro B Capacity for flexible power plants almost same as
y today (= cold winter, weak wind & solar)

\[N{=Niffai W \/olatile renewable energy capacity 340 GW ... 580 GW

=> 3...6 times higher than today

B »High efficiency« scenario leads to significantly lower

renewable energy capacity
=» important for societal acceptance

m Wind Offshore = Wind Onshore m Photovoltaics = Flexible power plants
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Electricity generation
Annual energy in TWh in 2050 and today
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Electricity generation
Annual energy in TWh in 2050 and today

High efficiency N

P2G/P2L |

B Electric system dominated by volatile production
=> full system integration of volatile renewable
production needed

Hydro

No restrict
B Far lower production from flexible power plants
T => significantly reduced full load hours

= market for capacity

Electricity production in TWh

m volatile RE m flexible power plants
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Electricity use
Annual energy in TWh in 2050 and today

Sector coupling

High efficiency _-I- [
2oz N
Hydrogen | N N I

No restrctions | N I

Today _|I|

0 200 400 600 800 1000 1200
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m Basic load m Heat pumps m Power-to-heat
= Transport Hydrogen m Synthetic fuels/gases
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Electricity use
Annual energy in TWh in 2050 and today

Sector coupling

1
a a r |
High efficiency [N |

P2G/P2L |

TWelee W Significant increase of electricity use due to
sector coupling

No restrict > Direct use of electricity in heat and transport
sectors (heat pumps, battery / electric drive train
vehicles)

T

» Use of electricty for hydrogen production and
power-to-gas and power-to-fuel

m Basic load m Heat pumps m Power-to-heat
= Transport Hydrogen m Synthetic fuels/gases
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Primary energy and final energy
Annual energy in TWh in 2050 and today

High efficiency -_--
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Primary energy and final energy
Annual energy in TWh in 2050 and today

High efficiency -_--

B Primary energy consumption decreases by 30-40 %

BELS m Major contributions

No restricti > Avoided losses of thermal power plants due to
electricity mainly from renewable sources

To
> Increased conversion efficiency in energy end-use

(heat pumps, electric drive trains)

m Basic electricity ®mLow T heat mProcess heat ®Transportation Losses
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Energy flow chart
»NO restriction« scenario, 2050
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Cost
Cumulative total energy system cost until 2050 in billion €

High efficiency _-_
oar2. |
ydrogen | N

No restrictions _-_
Business as usual _-- P R— 15:;:(9)21?;)/ missing CO,

0 2000 4000 6000 8000
Cumulative cost 2018-2050 in bn €

m Fossil & bio fuels = Maintenance & operation m Invest & financing
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Cost
Cumulative total energy system cost until 2050 in billion €

High efficiency | I

P2(

B Cost difference in the range of 500 bn € ... >2500 bn €
M B Mainly investments = build a new system

Y sfs B Approx.0,5...2,5 % of German GDP (2017)

Business as M External cost not included (e.g. health cost for coal) O,

B No consideration of macro-economic benefits
(i.e. value creation, employment)

m Fossil & bio fuels = Maintenance & operation m Invest & financing
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Cost development for »No restriction« scenario
Overall macro-economic energy system cost in bn € per year

Energy system
transformation

Business as usual

Annual overall energy
system cost, bn €

2018 2024 2030 2036 2042 2048 2054 2060
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Cost development for »High efficiency« scenario
Overall macro-economic energy system cost in bn € per year

Energy system
0 Y transformation =~

Business as usual

Annual overall energy
system cost, bn €

2018 2024 2030 2036 2042 2048 2054 2060
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Intermediate conclusions

M Transformation of energy systems in line with GHG emission reduction
targets seems in principle technically feasible

M Renewable energies (in particular solar and wind) become dominant
B Importance of electric energy increases = two times more

B Coupling of sectors =» electricity use (directly, indirectly) for heat and
mobility

B Short term storage and use of flexibilization options (e.g. load shifting)

M Large scale conversion of renewable electricity into synthetic energy
carriers (hydrogen, liquids, chemicals, methane)

W Efficiency and limitation of consumption essential: far lower cost and
lower needed capacity for wind and solar = societal acceptance

B New system cost competitive on the long run, i.e. once major investments
have been made and the system transformation has been completed

slide 28

\

~ Fraunhofer

ISE



Outline

GHG emissions and targets in Germany and Europe

Optimization of transformation pathways — methodology

Results

Phases of energy system transformation

Conclusions

slide 29

\

~ Fraunhofer

ISE



Phases of the energy system transformation

1 - Fundamental technologi
Development RE

First deployment RE
Development of efficiency techn.

Stages of the
»Energiewende«

cgration
Flexibilisation, digitalisation
Direct use of electricity, storage
Development new energy market

3 — Synthetic fuels (SF)
High negative residual loads (:C)2
Large-scale electrolysis A
SFfor transport and industry -55-85%

4 —Final de-fossilisation
Replacement of fossil fuels c02

RE and SF imports A
Final transformation of energy supply 85-100%

1

slide 30

Continiuous technology development and increasing energy efficiency Integrated
Increasing integration of energy Energy System

Source: »Sektorkopplung« - Optionen fiir die nachste Phase % Fraunhofer
der Energiewende. Published by acatech, November 2017

\

ISE



Average prices for PV electricity in PPAs
January 2010 - December 2017
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USD/MWh

Average prices for Onshore-Wind electricity in PPAs
January 2010 - December 2017
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Phases of the energy system transformation

1 - Fundamental technologies
Development RE

First deployment RE
Development of efficiency tech

Stages of the
»Energiewende«

2 —System integration
Flexibilisation, digitalisation
Direct use of electricity, storage
Development new energy market

3 —Synthetic fuels (SF
High negative residual loads (:C)2

Large-scale electrolysis

0,
SF for transport and industry -55-85%

4 —Final de-fossilisation
Replacement of fossil fuels c02

RE and SF imports A
Final transformation of energy supply 85-100%

1
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Continiuous technology development and increasing energy efficiency Integrated
Increasing integration of energy Energy System

|
Source: »Sektorkopplung« - Optionen fiir die nachste Phase % Fraunhofer
der Energiewende. Published by acatech, November 2017 ISE
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Heat storage
»NO restriction« scenario

-=-decentralized -e-central, district heating

installced capacity, GWh

2015 2020 2025 2030 2035 2040 2045 2050
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Stationary battery storage
»NO restriction« scenario

installed capacity in GWh

2015 2020 2025 2030 2035 2040 2045 2050
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New markets and new market design
New market actors and digital services

VA

CHP = combined heat & power

Car Sharing

Car Sharing

. . - heat

HP = heat pump - electricity

Digital

market place

Self-learning
EMS

Cyber-

Security

Planning

tools

Fully automated execution
and accounting of EMS
transactions

Smart contracts

Conformity to energy
market design

Fully integrated load
management

Artificial ilntelligence for
prognosis and control

Resiliency of decentralized
energy and IT structure

Powerful tools for design
and planning
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Phases of the energy system transformation

1 - Fundamental technologies
Development RE

First deployment RE
Development of efficiency techn.

Stages of the
»Energiewende«

2 —System integration
Flexibilisation, digitalisation
Direct use of electricity, storage
Development new enegey marke

3 — Synthetic fuels (SF)
High negative residual loads
Large-scale electrolysis

SF for transport and industry

e o ation
Replacement of fossil fuels c02

RE and SF imports A
Final transformation of energy supply 85-100%
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Continiuous technology development and increasing energy efficiency Integrated
Increasing integration of energy Energy System
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Source: »Sektorkopplung« - Optionen fiir die nachste Phase % Fraunhofer
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Multi-GW scale electrolysis and P2G/P2L converters
»NoO restriction« scenario

-+electrolysis —=methanization —=power-to-liquid

installed capacity in GW

2015 2020 2025 2030 2035 2040 2045 2050
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Phases of the energy system transformation

1 - Fundamental technologies
Development RE

First deployment RE
Development of efficiency techn.

Stages of the
»Energiewende«

2 —System integration
Flexibilisation, digitalisation
Direct use of electricity, storage
Development new energy market

3 — Synthetic fuels (SF)
High negative residual loads (:C)2
Large-scale electrolysis A
SFfor transport and industry =55-85%

4 — Final de-fossilisation

Replacement of fossil fuels c02

RE and SF imports A
Final transformation of energy supply 85-100%
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Continiuous technology development and increasing energy efficiency

Increasing ntegration of energy sectors > BECRERS

Integrated
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Conclusions
Solar electricity generation needs (PV, solar thermal)

M Needed global solar
electricity capacity of
15...20 TW in 2050

M Production capacity for
many 100 GW per year

M Product diversification for
various applications

20000

15000

10000

installed capacity in GW

5000

ap s w o < 0 ~ w o < o] ~ w o
Utility scale (PV, solar S 5 & 5§ 8 8 a & @& = = 8
~ ~ ~ o~ ~ ™~ ~ ~ ~ ~ o~ ~

thermal) for various
climatic conditions (e.g. desert)

Solutions for buildings (factory buildings; office & residential buildings)
Integration in built environment (e.g. parking spaces)
Multi purpose solutions (e.g. agro-photovoltaics, BIPV)

slide 41

\

~ Fraunhofer

ISE



Conclusions
Technology and market development needs

B Similar large capacities for wind and other renewables

B Large scale storage (batteries, pumped hydro, heat for district heating
networks)

W Large scale hydrogen production starting in the mid of the 2030s
M Power-to-gas and power-to-liquid technologies

B Compact and high efficient power electronics for stationary and mobile
applications

B Powerful load and grid management technologies based on self-learning
energy management systems using artificial intelligence

m New market frameworks to stimulate flexible load and generation

B Comprehensive, effective CO, pricing covering all energy sectors

Think big !
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Many thanks for your attention...

Fraunhofer Institute for Solar Energy Systems ISE

Hans-Martin Henning
Andreas Palzer, Christoph Kost, Philip Sterchele

www.ise.fraunhofer.de
hans-martin.henning@ise.fraunhofer.de
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