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Pathway for a well-below 2°C climate target
Energy related CO, emissions

Cumulative energy-related CO: emissions and emissions gap, 2015-2050 (Gt CO2)
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Pathway for a well-below 2°C climate target
Renewables and enregy efficiency, boosted by substantial electrification

Annual energy-related CO:z emissions, 2010-2050 (Gt/yr)
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Pathway for a well-below 2°C climate target
Wind and solar power dominate growth in renewable-based generation

Electricity consumption in end-use sectors Electricity generation Total installed power capacity
(TWh) (TWh/yr) (GW)
2016 2050 Reference Case
60000 20000
o 5%
2% 5% _ 49% gy, 49, 17500
\ ‘ 50000
20764 39365 15000
TWh TWh 40000
12500
43%
37% 30000 10000
1% 7500
@ 22% 40+ 20000 —
= Doublin
10000 g
2500

47056
TWh

global electricity
0 ._—_ demand

3 5 % 2016 2030 2040 2050 2016 2050
A REmap Case REmap Case 9 Dom | na n-t ro I e
2050 REmap Case .
I Coal I Nuclear Solar PV I Geothermal Of W|nd energy
[ Buildings I Transport I Oil I Hydro CcSP Others 1
By ) Others ine) and photovoltaics
Il Industry Others Natural gas I Bioenergy [ Wind (onshore and offshore)
7 Re . . A . —_—
port: IRENA, Global Energy Transformation — A Roadmap to 2050 (2019 edition), ISBN: 978-92-9260-121-8 ——
© Fraunhofer ISE https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition % Frau nhOfer

FHG-SK: ISE-INTERNAL ISE


https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition
https://www.irena.org/publications/2019/Apr/Global-energy-transformation-A-roadmap-to-2050-2019Edition

Global power generation mix

Bloomberg New Energy Outlook 2019

Historical world power
generation mix

NEO2019 power
generation mix
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GHG emissions in Germany
History and goals
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German energy consumption today in the four areas of use
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Major questions

B How can heat (buildings, industry processes) and transportation sectors become
less dependent from fossil 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«

Electricity Generation Fuels

and Storage (incl. biomass and
Power-to-Hydrogen/Gas/Fuel)

Mimimize total cost =)

Strictly model-based techno-
economic optimization of

transformation pathways based on
comprehensive simulation of energy
systems (hourly time scale)

Processes in
Trade and

Transport (buildings, district
(different drive heating and
technologies) storage) Industry
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Methodology

b CO2-limits met (year by year)? ‘

/ Stock

1990 | 1991 | 1992 _mm 2017

Conventional & renewable power (PV, Wind, .

Buildings and heating systems ‘

Mobility (car fleet etc.)

Processes in industry and tertiary sector

Simulation of the entire systemfrom 2018 to 2050

-

in hourly time steps

2018 | 2019 | 2020 | ... | 2048 WW

Roll-out, replacement, retrofit \

Conventional & renewable power (PV, Wind, .
Buildings and heating systems

Mobility (car fleet etc.)

Processes in industry and tertiary sector
Storage (electricity, heat)

Power-to-X-technologies

Optimization of roll-out, replacement, retrofit

goal function: minimal cumulative total cost 2016-2050
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Study by the German academies of science
Working group sector coupling
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Study by the German academies of science
Investigated transformation pathways (selection)
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U
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Electricity generation

Installed capacity in GW in 2050 and today (CO, reduction 85 %)

Volatile renewables
1
f i i — |
High efficiency || N M

2z | N
Hydrogen | I
No restrictions - | I N

Today | N I
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m \Wind Offshore = Wind Onshore = Photovoltaics

m Flexible power plants

W Capacity from flexible
power plants almost same
as today (= cold winter,
weak wind & solar)

M Volatile renewable energy
capacity 340 GW ... 580 GW
=> 3...6 times higher than
today

® »High efficiency« scenario
leads to significantly lower
renewable energy
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Electricity production
Annual energy in TWh in 2050 and today (CO, reduction 85 %)

: .. | ? ? ? | | W Electric system
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Electricity use
Annual energy in TWh in 2050 and today (CO, reduction 85 %)

Sector coupling

High efficiency _-l_ 1
P2G/P2L N v I
Hydrogen — NEG—S T NN
No restrictions IEEEEG—
Today | N
(l) 2(|)0 4(|)0 600 800 1000 1200
Electricity use in TWh
m Basic load = Heat pumps m Power-to-heat
m Transport Hydrogen m Synthetic fuels/gases

Significant increase of
electricity use due to
sector coupling

W Direct use of electricity
in heat and transport
sectors (heat pumps,
battery / electric drive
train vehicles)

M Use of electricity for
hydrogen production
and power-to-gas and
power-to-fuel
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Energy flow chart

»No restriction« scenario, 2050 final energy
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Electricity Production in Germany — Example: Summer week in 2050
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Electricity Production in Germany - Example: Winter week in 2050
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Power plants
Sequential coverage of remaining positive residual load

60

40

gas turbine

yJo )il combined cycle power plan

combined heat and power

0
-20
-40 heating rOdS ..............................................................................................................
e  — heatpumps AN
— hydrogen
_80 — pumped hydro

— batteries
-100 | _ electric vehicles
—— residual load

(remaining) residual load [GW]

-120

-1 40 I T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000

hours

25 =
© Fraunhofer ISE % FraunhOfer

FHG-SK: ISE-INTERNAL ISE



Cumulative systemic total costs until 2050 in Billion €

High efficiency
P2G/P2L
Hydrogen

No restrictions

Business as usual

I S —— 7

| | CO, targets |
0 2000 4000 6000 8000
Cumulative cost 2018-2050 in bn €
m Fossil & bio fuels m Maintenance & operation m Invest & financing

Cost difference in the range
of 500 bn € ... >2500 bn €

Mainly investments = build
a new system

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

External cost not included
(e.g. health cost for coal)

No consideration of macro-
economic benefits

(i.e. value creation,
employment)
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Cost development
Overall macro-economic energy system cost in bn € per year

Scenario »No restriction« Scenario »High efficiency«
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Cost analysis
Cost categories and CO, pricing

GASTBEITRAG ZUR KLIMAPOLITIK

Die Energiewende erfolgreich steuern

VON KAREN PITTEL, HANS-MARTIN HENNING - AKTUALISIERT AM 12.07.2019 - 06:43

Karen Pittel, Hans-Martin Henning

Die Energiewende erfolgreich
steuern

Wer CO2 ausstdBt, soll kiinftig dafiir zahlen. Aber welcher Preis ist angemessen?

Es geht nicht (nur) darum, Haushalte und Unternehmen stirker zu belasten, F ran kfu rter AI Ig €meine Ze Itun g
sondern ihnen die richtigen Signale zu senden. 12. Ju I I 201 9
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»nSektorkopplung« — Optionen flir die nachste Phase der Energiewende
Phases of the energy system transformation

1 - Fundamental technologie:

Development RE C02
First deployment RE _259% Sta ges Of the

Development of efficiency techn.

»Energiewende«

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

3 — Synthetic fuels (SF)

High negative residual loads CO ;r- t h
Large-scale electrolysis _55_859 18 a a

SF for transport and industry

DEUTSCHE AKADEMIE DER
TECHNIKWISSENSCHAFTEN
4 — Final de-fossilisation
Replacement of fossil fuels C02

RE and SF imports -85-100% l

UNION
DER DEUTSCHEN AKADEMIEN
DER WISSENSCHAFTEN

Final transformation of energy supply

1

% Leopoldina
- °% £ Nationale Akademie
der Wissenschaften

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

—
Download: http://energiesysteme-zukunft.de/themen/sektorkopplung/ = Fraunhofer
ISE
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Renewable energy technologies
Average prices for wind electricity (January 2010 - December 2017)
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Source: Renewable Energy Auctions 2016, IRENA; *Source: Fraunhofer ISE % Fraunhofer
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Renewable energy technologies
Average prices for photovoltaic electricity (January 2010 - December 2017)

350 PPAs in Germany
in April 2018:
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Fundamental technologies
Integrated photovoltaics

Fahrzeugintegrierte PV Bauwerkintegrierte PV

INTEGRIERTE
PHOTOVOLTAIK .
b Z > 1000 GW |

PV in Verkehrswegen Schwimmende PV
o~ =

B no additional area needed

B opens up synergies

(substructure, covering material)

offers multifunctionality
(e.g. protection)

® increased range, autonomy

B produces electricity decentrally,

close to consumption

improves the CO, balance of the
consumer

improves acceptance for PV
expansion

offers opportunities for German
PV production
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Fundamental technologies
Integrated photovoltaics: Examples

Building integrated PV
(ISE, 2015)

e
"‘-"v ’

e AVAVAVALE 1
4R Fre @R :
i | e S fn l -

Hofgememschaft Heggelbach
Projekt ,,APV-RESOLN“ 20T7

color desi'Fn
of solar modules

PV car roof presented at IAA 2019

" 366 Solar Cells*
300 Watt
<i. 100% Invisible
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»nSektorkopplung« — Optionen flir die nachste Phase der Energiewende
Phases of the energy system transformation

1 - Fundamental technologie:
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 C02

Large-scale electrolysis
SF for transport and industry

i=acatech

DEUTSCHE AKADEMIE DER
TECHNIKWISSENSCHAFTEN

4 — Final de-fossilisation
Replacement of fossil fuels C02

RE and SF imports -85-100% l

UNION
DER DEUTSCHEN AKADEMIEN
DER WISSENSCHAFTEN

Final transformation of energy supply

1

% Leopoldina
- °% £ Nationale Akademie
der Wissenschaften

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

—
Download: http://energiesysteme-zukunft.de/themen/sektorkopplung/ = Fraunhofer
ISE

35

\




System integration
Power electronics

Synchronous machines play an important role today:
M Voltage regulation

Reactive power supply

Frequency regulation

Provision of current reserve

Network dynamics / Stability

M Network protection

Center for Power Electronics
and Sustainable Grids

Inverters have to take over many of these ancillary services

(in combination with battery storage)

Unique infrastructure for power
electronics and dynamic grid

=» Semi-conductor based grids regulation up to the multi-
megawatt range (110 kV)

=» Virtual synchronous machines

36

\

~ Fraunhofer

ISE



System integration
Storage: Application of storage technologies

Generation

#3

Transmission

Distribution

o2 | . .‘I

Electricity
Customers

— ) R 4B )
Renewables’ Ancillary Services Load Management Time Shifting
Integration
MW 10's MW 100 kW — MW kw
e Energy & PowerJ \Q High Power » C Energy & Powerj _ = Energy Y
37 Quelle: Michael Lippert, Li-ion battery storage and renewables, Intersolar Munich, 2014. —
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System integration
Storage: Role in the energy system in the years 2030 - 2035

Duration
0,1s 1is 15is 1 min 15 min 1h 8h

1/ month
@ 1/ day
2 Timeshift
qé 1oy Primary
T} Regulation
2 30/h L
€
=
<2  30/min

5/ sec

38 ) , .
e Source: IEC white paper electrical energy storage, 2011. % Fraunhofer
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System integration
Storage: Stationary batteries (»No restriction« scenario)

installed capacity in GWh

2015 2020 2025 2030 2035 2040 2045 2050
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System integration

Heat supply
2050: 35 Mio t
CO, for space
heating
100% '1'
0
q6 g, 80%
62 60% |- Heat pumps
=g
S 9
. |||||
£ 2 I h
c
SE 20% Oi eatlng
) I I I I I I I Heat networks
< 0% T IR
2015 2020 2025 2030 2035 2040 2045 2050
m System Warmenetz m Olkessel Gaskessel ® Biomassekessel ® Gaswarmepumpe
m El. Warmepumpe El./Gas hybrid WP Luft Mikro-KWK m H2-BZ CH4-BZ
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System integration
Heat supply — Project LowEx Bestand

’W\/Beck+ﬂeun

BESTE WERTE FURS HAUS

KERMI

\
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S e A *FAHRENHEIT
B .j‘ INATECH Analyse Technologie
5 STIEBEL ELTRON
Technik zum Wohlfiihlen
&(IT LOWEX VIESMANN

Karlsruher Institut fir Technologie Bestan d , climate of innovation

BOSCH

Technik furs Leben

Demonstration
VOLKSﬁWOHNUNG Wk%

Frank Bramfeld GBR

m Heat pumps offer energy saving potentials in
existing buildings, in particular in combination
with building refurbishment

Cross-sectional analysis and demonstration of
system solutions

® Development of multi-source systems for heat
= Project focus: Decarbonisation of the heat pumps in multi family house portfolio
supply of the multiple-family house stock ® Characterization of the icing dynamics

41 % fBﬂurn\?v?rstTgEi:ftterium Forderung durch das BMWi unter den Férderkennzeichen % Fraunhofer

und Energie 03SBE001B (LowEx-Bestand Analyse) und 03ET1540B (Heaven)
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System integration
Heat storage (»No restriction« scenario, CO, reduction -85%)

-=-decentralized -e-central, district heating

approximately

installed capacity, GWh

2015 2020 2025 2030 2035 2040 2045 2050
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»nSektorkopplung« — Optionen flir die nachste Phase der Energiewende
Phases of the energy system transformation

1 - Fundamental technologi
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

co,
-25-55%

3 — Synthetic fuels (SF)
High negative residual loads C02

i=acatech

SF for transport and industry
DEUTSCHE AKADEMIE DER

TECHNIKWISSENSCHAFTEN
4 — Final de-fossilisation

Replacement of fossil fuels
REan SFimports COZ
-85-100% l

UNION
DER DEUTSCHEN AKADEMIEN
DER WISSENSCHAFTEN

Final transformation of energy supply

1

% Leopoldina
- °% £ Nationale Akademie
der Wissenschaften

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

—
Download: http://energiesysteme-zukunft.de/themen/sektorkopplung/ = Fraunhofer
ISE
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Synthetic fuels
Power-To-X: Hydrogen Value Chain and Applications

Products with
Advanced Properties

H,O Tron -
Power — i BN 0 Hydrogen | lFueI Cell Systems, Gas Engines and Turb'ges Fuel Cell Mobility,
Cars, Trucks, Buses,
Wat Ilil crolvsi Trains, Forklifts,
Wind ater Electrolysis Methanol ‘xJ Ships. etc.
] m —_— 2  Sustainable base
‘ co,/Co g. chemicals, OME,
solar = T o DSl  ovEFoyners

—_— MeOH-Synthesis Formic Acid, etc.

= Industry /Biomass
‘ co - + o
Hydro ﬂ, r?\! : I??J Raffineries o4
Power

::j !I'L > Fuels:
OME, DME,
Co-EIectronsisHydrogen R Fischer Tropsch,
lﬂz "'X Haber-Bosch Ay 2 Kerosin, etc.

4\/\/\
( Q0 :
*Air i L é. Ammonlaé Fertilizer, etc.

Z Fraunhofer

ISE

Sustainable Feedstock Hydrogen Direct Use and Catalytic Conversion
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Synthetic fuels
Multi-GW scale electrolysis and P2G/P2L converters (»No restriction« scenario)

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

80

70
= 60
O
£ 50
>
x
w 4
o
S 30
]
L
= 20 ST — S
2 Phase out of natural gas
g 10 S

0 R — v =t :gf?MO'o,;‘ SvevsrarmoROROROR L
2015 2020 2025 2030 2035 2040 2045 2050
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Principle of combination of storage concepts
Example »Guaranteed electricity generation by volatile renewable energies«

Costs scale with
energy

Costs scale with
power

>

Optimization of design and

operation to provide guaranteed
electricity generation
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Principle of combination of storage concepts
Example »Guaranteed electricity generation by volatile renewable energies«

€ 08 - -
BT ST
‘ Il go_a ettt et e e e et
| \ i -
' Il _50.2—
[
‘ ‘ 0 2000 4000 6000 8000
o 2 Stundedes Jahres
d des ) hes
Wind q4 Load

w
(LN

3.2 GW 3.7 GWh

h I
Uon oW

I
o wn =

PV

Speicherladezustand, GWh

4.9 GW 1 GW
m constant
capacity
0.4 GW 0.8 GW

: 4100
: full load
i hours Optimization for northern Germany
(wheather data Hannover)
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Synthetic fuels
Power-To-X: Full Load Hours of PV and Wind Power Plants Combined

10w 150w 10w o'W eyw Ww 0  3E BCE WE 1

. — —
P ‘, - ¥ ” - 3
R A __1 , s
U ¢ s o
.. g " =

ME 150E 100'E

8000

7000

3000

2000

1000

48 Source: IEA (2017) Renewables
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Resource efficiency and circular economy
Approaches

= Material efficiency: reduction of
the use of raw material or
substitution of critical materials

."’E"‘

-—

EXPLORATION RAW MATERIALS

> i
xU
=1
+
0
o w

[+

= Secondary production of metals
via recycling: re-use of materials
to reduce the amount of needed
raw material

=» Design for recycling: products
that are easy to dismantle and TN
that indicate constituent 'O | usE, ReusE
materials on components, )
allowing for easier material
separation

\

49 Source: EIT Raw Materials, https://eitrawmaterials.eu/events/spring-school-on-circular-economy/
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Conclusion
1/2

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

Renewable energies (in particular solar and wind) become dominant
Efficiency and reduction of consumption essential (costs, acceptance)
Importance of electricity rises = increase up to 100 %

Sector coupling = Use of electricity (direct, indirect) for heating,
transport and industry

System integration of (volatile) renewable energies
Flexible power generation: controllable power plants
=» CHP (thermal power plants, fuel cells), CCPP, gas turbines
Flexible use of electricity = load management
Storage technologies
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Conclusion
2/2

Storage technologies in the context of the sector-coupled overall
system

Batteries for electro-mobility and stationary storage
Heat storage for low and high temperature applications
Hydrogen as central energy carrier for sector coupling

High importance of ressource efficiency and circular economy for key
materials (from copper and concrete to rare earth materials)

Important elements for the further development of the market
framework

Effective pricing of CO, emissions - across all sectors and energy
sources

Incentive mechanisms for flexible energy use and production and
system beneficial behaviour
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Fraunhofer-Institut fur Solare Energiesysteme ISE

Prof. Dr. Hans-Martin Henning

www.ise.fraunhofer.de

hans-martin.henning@ise.fraunhofer.de
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