TOWARDS A CLIMATE-NEUTRAL ENERGY SUPPLY

Pathways for the German energy transition and implications for global developments
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Motivation
Climate Change - Forest fires, extreme wether events, melting glaciers,...

National Geographic, October 10t 2020: CNN, November 16t 2019: CBS News, January 39 2020:
“Climate change is contributing .venedig sees worst ~How climate change has intensified
to California's fires” floods in 50 years” the deadly fires in Australia”

The Guardian, March 11th 2020: Time, May 2274 2020: BBC, May, 224 2020:
“Polar ice caps melting six “The Taste of Bordeaux “Cyclone Amphan batters
India and Bangl

times faster than in 1990s” adesh”
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Motivation
Global Greenhouse Gas Emissions by Economic Sector

Anthropogenic impact
on increased greenhouse
effect and resulting
climate change obvious

The energy sector overall
contributes more than
three quarters to global
greenhouse gas
emissions

Clear target: energy
systems with drastically
reduced CO, emissions

Agriculture,

Forestry and Other Electricity and Heat

Production
Laggvgse 25%
Buildings
o
Other Energy

10%

T t
ra1n45(|;)or Industry

21%
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Source: IPCC (2014); based on global emissions from 2010. Details about the sources included in these estimates can be found % Fraunhofer
in the Contribution of Working Group Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. ISE



Motivation
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)

1800
- - - - -—=+2°C
1600 .
Current trajectory: >2°C
1400
'''''''''''''''''''''''''''''''' Reference Case: >2.6°C "~ 7
1200 Reference Case:
Cumulative emission reductions considering current and
1000 in the REmap Case, 2015-2050: -400 Gt planned policies of
countries and includes
800 > REITIaD Case: "well-below” <2°C ° commitments made in
TemmEmEmEmEmmmm—— e bk :5 C Nationally Determined
600 --------------------------- ContribUtionS
400 = Climate targets can (still) be reached
200 = Action must be taken now
0
2015 2020 2025 2030 2035 2040 2045 2050 2060 2070
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Motivation
Pathway for a well-below 2°C climate target — IRENA REMap scenario

Annual energy-related CO: emissions, 2010-2050 (Gt/yr)

35 33 Gt in 2050

Buildings

Electrification

30 o of heat and
Buildings T - transport w/RE: Renewable
ranspo 36% energy and
25 electrification
o deliver 75%
70% emission .
Lol reductions Sliiinadll Of emission
20 resulting e;;r;”' reductions
District Heat from the . J
REmap Case
. E
15 Key elements for reaching global ergg?%ﬁgy_
Power climate targets in the energy sector YT
10

m Renewable energies
REmap Case: 9.8 Gt in 2050

m Electrification / sector integration

m Energy efficiency

0
2010 2015 2020 2025 2030 2035 2040 2045 2050
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Motivation
Current status in Germany - Energy consumption today in the four areas of use

800 -
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Quelle: »Sektorkopplung« — Optionen fur die nachste Phase der Energiewende. acatech — Deutsche Akademie % Fraunhofer
der Technikwissenschaften et. al. November 2017. Daten: ,Energiedaten, Gesamtausgabe”, BMWi, 02/2017. ISE



The challenge - Organise and stimulate the complex transition
Structural phases of the energy system transformation

“2030 2050

1 - Basic technologies
development of RE

phases of the

first expansion of RE L. & ‘%@
development of efficiency technolo energy tra nS|t|0n _$° "’;ﬂ .
g : Leopoldina
I ) g 2% Nationale Akademie
2—.S§fs.ten.1lcmt.eg.r.atlt.)n F ,'; der Wissenschaften
flexibilisation, digitisation 4, &
2 A

direct power usage, storage system -25
evolution of a new energy market

3 — Synthetic combustibles/fuels
high negative residual loads

large-scale electrolyses -S5to :q'\- t h
synthetic fuels for transport & indust | aca ec

DEUTSCHE AKADEMIE DER
TECHNIKWISSENSCHAFTEN

4 - Final defossilisation
abolition of fossil energy sources
RE imports -85to

conclusion of energy supply transformati

A A AR APAPADA = union
i == DER DEUTSCHEN AKADEMIEN
KB  Hmnd dmmand Hmmsamnd = oc wissenscHATEN
Continuous technological development and increasing energy efficiency Integrated
Increasing coupling of the energy sectors energy system
9 Coupli i - i iti iti -_—
pling the different energy sectors — options for the next phase of the energy transition. Position paper =
by the German academies of science. Produced in the framework of »ESYS — Energiesysteme der Zukunft«. % FraunhOfer

https://energiesysteme-zukunft.de/publikationen/stellungnahme-sektorkopplung/ ISE



Content

Motivation

Energy system analysis - Methodology

Results for Germany

Conclusions

10
© Fraunhofer ISE % FraunhOfer

FHG-SK: ISE-INTERNAL ISE

\



Energy system analysis - Methodology
Renewable Energy Model »REMod«

M Strictly model-based techno-economic

optimization of transformation pathways

Consideration of all sectors and
energy sources

Comprehensive simulation of energy
systems (hourly time scale)

Mimimize total transformation cost

Energy sources
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Energy system analysis - Methodology

/ Stock Roll-out, replacement, retrofit \
e Lo S v | o T | o Lo | o
Conventional & renewable power (PV, Wind, . Conventional & renewable power (PV, 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

Storage (electricity, heat, chemical)

- Power-to-X-technologies

Simulation of the entire systemfrom 2018 to 2050

in hourly time steps

- Optimization of roll-out, replacement, retrofit
CO2-limits met (year by year)? goal function: minimal cumulative total cost 2020-2050

/
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Energy system analysis - Methodology
What can we expect from such model - and what not?

It can...

...not give answers to the following:
Forecast of the future
Describe business models for market participants

Describe price building on the market

...provide answers to questions such as:

How can transformation pathways and corresponding overall energy systems look like — based on
cost and performance projections for all potentially involved technologies?

What are overall system costs (incl. investments, capital cost, M&O cost, fuel cost)?
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Energy system analysis - Methodology
Assumptions for the four energy worlds/scenarios

persistance on
conventional

Persistance technologies

cost-
Reference optimal

B Transport: higher share of combustion engines in
new passenger car registrations

re gas boilers for new installations,
mps; lower rate of building renovation

resistance a

energy savings and
Inacceptance large infrastr gy g

changes in behaviour

M Reduction of the expansion potential for wind M Decline in energy consumption in all sectors
energy (e.g. fewer kilometres travelled, reduction in

demand for electricity)

B Less grid expansion for electricity imports

B No use of overhead line trucks M Increased flexibility for car batteries (V2G, G2V)
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P. Sterchele et al.: Paths to a Climate-Neutral Energy System, Fraunhofer ISE, Freiburg, February 2020. Z Fraunhofer
https://www.ise.fraunhofer.de/en/publications/studies/paths-to-a-climate-neutral-energy-system.html ISE
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Primary and final energy in 2050

Primary energy

2018
Final energy
Primary energy
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Final energy
Primary energy
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Final energy
Primary energy
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Course of electricity supply (reference scenario)

combined heat and power
(heat grid)

O combined heat and power
(decentral)

B photovoltaic
wind onshore

wind offshore | oil power plant

Run-of-the-river

oower plant nuclear power plants

electricity imports B lignite-fired power plant

.................................. B combined cycle gas turbine B hard coal power plant

(CCQGT) power plant

— B gas turbine power plant
2020 2030 2040 2050
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Electricity supply and demand in a winter week (reference scenario, 2050)

wind wind photo- stationary pumped combined heat combined-cycle  fuel cells
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Electricity supply and demand in a summer week (reference scenario, 2050)

import stationary pumped combined heat combined-cycle gas turbine,

run-of- photo- wind wind

others batteries hydro and power fuel cells H,, gas turbine river voltaics onshore offshore
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-------------------------------- using a variety of flexibilities
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heat stationary
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System integration
Heat supply in the building sector

TWhy, 800 B CHP

700 M Fuel cell

600 H B B N B B e

_________________ H B N I EE e B Gas boiler

500

oy — - - - M Heating rod
Bl Wood boiler
B Oil boiler
I Solar thermal energy

Heat grids

B Heat pumps

© Storage losses
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System integration
Development of large scale heat storage in heating networks

GWh (central thermal storage) W Reference

M Persistance
Inacceptance

M Sufficiency

0

2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050
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Synthetic fuels
Power-To-X: Hydrogen Value Chain and Applications

Products with
Advanced Properties

HO o1 i
@ Power —/ r! IOZJ Hydrogen | IFueI Cell Systems, Gas Engines and Turb'ges Fuel Cell Mobility,

Sustainable Feedstock Hydrogen Direct Use and Catalytic Conversion

Cars, Trucks, Buses,
Water Electrolvsi Trains, Forklifts,
ater Electrolysis i
Wind y Methanol g\) Ships, etc.
| m — ®»  Sustainable base
‘ Co,/CO — é. chemicals, OME,
Solar @ S ‘ DME, Polymers,
—_— : MeOH-Synthesis ~—— Formic Acid, etc.
= Industry /Biomass
co - &
Hydro HO t! s I??J Raffineries § LJJ |
= Fuels:
Power L BN v Eﬁ !IIL OME, DME,
O 5 Kerosin, etc.
ﬂ\@ I Co, i “'{ Haber-Bosch
, Air [ Ammonia = Fertilizer, etc.
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Synthetic fuels
Development of electrolyzer capacity

GW,, (installed power of electrolyzers) W Reference
M Persistance
Inacceptance

M Sufficiency

2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050
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Final de-fossilitation
Composition of fuels (2030, 2050)

B Reference
I Persistance

B Inacceptance

Sufficiency
] e e, -
0 fossil ‘ synthetic ‘ synthetic ‘ sum fossil synthetic synthetic
imported domestic imported domestic
2030 2050
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Final de-fossilitation
Power-To-X: Full Load Hours of PV and Wind Power Plants Combined
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Final de-fossilitation

Imported synthetic energy carriers produced abroad by electrolysis and
converted to hydrogen with renewables

Reference Persistence L
TWh (Imported energy carriers) TWh (Imported energy carriers) LIQUId fuels
600 600
M Hydrogen
500 500
400 a0  _—muEEERR
300 30 2 “ANEEEERE
200 200
100 100
I 1T T T T T T 1 T
- 2020 2025 2030 2035 2040 2045 2050 - 2020 2025 2030 2035 2040 2045 2050
Non-Acceptance Sufficiency
TWh (Imported energy carriers) TWh (Imported energy carriers)
600 600
500 500
400 400
300 300
200 200
100 100
: 2020 2025 2030 2035 2040 2045 2050 0 2020 2025 2030 2035 2040 2045 2050
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Energy-related CO, emissions after breakdown into the sectors

Mio.t (Energy-related CO, emissions) (BB

B Transport
Buildings

B Industry

® Energy sector

0 1990 2020 2030 2040 2050
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CO, avoidance costs for the next three decades and total until 2050

€/to, (CO, avoidance costs)

B Reference

Persistance

B Inacceptance

M Sufficiency

0 2021-2030 2031-2040 2041-2050

2021-2050
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Resource efficiency and circular economy
Example: Metals

B From 1970 to 2017, the annual global extraction of |
metal ores grew from 2.6 billion tons to 9.1 billion tons Er:‘é'r:‘t’anl'
impacts

Competing
usage
interests

Social
impacts

Material
demand

Resource
depletion

dependency
on imports
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Resource efficiency and circular economy
Important factor for a cost-efficient transformation

M Classic energy supply system is based on fossil but 100%
finite energy sources — all other materials in power 90%
plants and facilities play a secondary role from a

. 80%
resource perspective -
0
M Future energy system is based primarily on b
renewable energies (inexhaustible according to 60% 2N
human judgement) and will consist of many 5 o
- . 50% Shipping
millions of energy conversion and storage plants _
_ _ _ _ 40% Maintenance
= Massively increased use of a variety of materials Equipment
(semiconductors, composite materials, polymers, 30% » Energy
copper, steel, concrete, rare earth metals,...) 20% B Labor
=>» Share of material costs will be dominant 10% = Materials
for many technologies of the future energy system 0
0
Li-ion Batteries PV Wind
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Resource efficiency and circular economy
Approaches

1. Energy efficiency: reduction of
the needed number of components

..”.t?l.'A

PROCESSING RAW MATERIALS

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

PRIMARY
RESOURCES

3. Reuse: e.g. second life of car batteries

4. Recycling:

(eit ) RawNMiaterials
Connecting matters

Secondary production of metals via recycling
to reduce the amount of needed raw material

Design for recycling: products that are easy
to dismantle and that indicate constituent
materials on components, allowing for
easier material separation

34
Figure: EIT Raw Materials, https:/eitrawmaterials.eu/events/spring-school-on-circular-economy/ % Fraunhofer
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Conclusion
1/2

B 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
—in Germany and worldwide

W Efficiency and reduction of consumption essential (costs, acceptance)
B Sector coupling:

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

Importance of electricity rises = increase up to 100 %

36
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Conclusion
2/2

M 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 (batteries, heat storage, hydrogen)

® Challenges:
Further development of the market framework is necessary
Social acceptance of the transition is mandatory

High importance of resource efficiency and circular economy for
key materials (from copper and concrete to rare earth materials)
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Thank You for Your Attention!

Foto © Fraunhofer ISE

Fraunhofer Institute for Solar Energy Systems ISE, www.ise.fraunhofer.de

Prof. Dr. Hans-Martin Henning, hans-martin.henning@ise.fraunhofer.de

38
© Fraunhofer ISE % FraunhOfer

FHG-SK: ISE-INTERNAL ISE

\


http://www.ise.fraunhofer.de/
mailto:hans-martin.henning@ise.fraunhofer.de

