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Energy system scenarios
Use and limits of scenarios of the energy transition

Purpose and use

« |dentification of feasible pathways

« Options for achieving given targets 3

- Assessment of trade-offs, sensitivities and cost-efficient I I I Illlllllllll—l
interplay between different technologies ||| LLLELELEL | it

« Scenarios are no forecasts

« Often optimization under boundary conditions, not an [ESYS 2023]

explicit simulation of decisions, policies, technological
development, ...
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Common modelling approach: Linear optimization
Example PyPSA-Eur

» Objective function: usually cost minimization

minz = z Cn,sg_n,s + 2 Cn,shn,s + z ClFl + 2 Wt z On,s,tgn,s,t + 2 On,s,t hn,s,t
n,s l t n,s

+ E [SuCnIS,t + San'Slt]
n,s ) n,s t

Investment costs (hourly) Operational costs

» Boundary conditions
Z Inst + Z hn,s,t - Z fn,s,t + z Knlfl,t — Z dn,s,t
S S S l S

Nodal power balances (hourly)

1
Inst *  Ins < Inst < Inst *  Ins E M Wt Gnst " €ns < CAPCOZ
n,s

n,s,t

Generator constraints Emission cap
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Common modelling approach: Linear optimization
Example PyPSA-Eur
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Assumptions and modelling decisions matter!
Publications, open data and open modelling: Transparency and joint
development

Cell Sneak Peek

Benefits of a Hydrogen Network in Europe

R I

Volume 134, 1 September 2017, Pages 469-481 118 Pages

W v - Posted: 26 Jul 2022 . Publication Status: Review Complete
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Fabian Neumann
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Volume 341, 1 July 2023, 121096 F
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Technische Universitit Berlin (TU Berlin) - Department of Digital Transformation in Energy Systems; Karlsruhe Institute of
Technology - Institute for Automation and Applied Informatics

The benefits of cooperation in a highly
renewable European electricity network

Elisabeth Zeyen
Technische Universitit Berlin (TU Berlin) - Department of Digital Transformation in Energy Systems
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Marta Victoria
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D.P. Schlachtberger * o =, T. Brown ? S. Schramm ? M. Greiner ”

Tom Brown

PyPSA-Earth. A new global open energy
system optimization model
demonstrated in Africa

Technische Universitat Berlin (TU Berlin) - Department of Digital Transformation in Energy Systems
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required in Europe to achieve different
climate goals
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Parameters and boundary conditions
Central boundary condition: emission cap (or carbon price)

» Objective function: usually cost minimization

minz = z Cn,sg_n,s + Z Cn,shn,s + z ClFl + Z Wt Z On,s,t.gn,s,t + Z On,s,t hn,s,t + z[sucn,s,t + Sdcn,s,t]
n,s l t n,s n,s t

n,s
Investment costs (hourly) Operational costs

» Boundary conditions
Z Inst + Z hn,s,t - Z fn,s,t + z Knlfl,t — Z dn,s,t
S S S l S

Nodal power balances (hourly)

Inst " Ins < In st < Inst " Yns

Generator constraints
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National carbon budget
Per capita distribution of global budget

[ESYS 2023]
Globale Erderwarmung ge- Wahrscheinlichkeit Globales Emis- CO,-Budget fiir
geniiber vorindustriellem der Begrenzung der sionsbudget ab 2020 Deutschland ab
Zeitalter Erderwarmung 2022
1,5°C 50 % 500 GtCO;
1,5°C 67 % 400 GtCO; 1,92 GtCO,
1,75 °C 50 % 925 GtCO; 7,69 GtCO;
1,75°C 67 % 775 GtCO;
1,75 °C 83 % 600 GtCO; 4,67 GtCO,
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Comparison with German climate policy
Emission reduction targets in the Climate Change Act

° Em|SS|On redUCtIOn pathways Entwicklung der Treibhausgasemissionen in Deutschland
. - - Durchschnittlich erforderliche Minderung . 2010-2019 .2021—2025.2026—‘2030. 2031-2040
» Climate neutrality in 2045 pro Jahr i Mio. £ CO Aquivalnten s | - 29

- After 2045 transition to net-negative emissions Moot |

. | 2030
i
1.000 Ill

 Global carbon budget is expressed in CO,, Climate I"'"ll "““‘*

i
Change Act refers to CO.eq hI::‘;':h,;t;t
« Climate Change Act does not contain an explicit carbon .
budget 2 :

2005 2010 2015 2020 2025 2030 2035 2040 2045

[=]
o

=]
(=]

=]
o

[=]
o

M Energiewirtschaft B Industrie B Gebdude Verkehr B Landwirtschaft Il Abfallwirtschaft und Sonstiges
lahrliche Minderungsziele gemaR Bundes-Klimaschutzgesetz ~ == Abschatzung gemdl Projektionsbericht 2021
* Treibhausgasminderung im Vergleich zu 1990

[ B M W K 20 2 2] Quellen: Umweltbundesamt, Bundes-Klimaschutzgesetz
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Comparison with German climate policy
Emission reduction targets in the Climate Change Act

Ist Deutschland auf dem
1,5-Grad-Pfad?

Eine Einordnung der Diskussion iiber
ein nationales CO,-Budget

« Emission reduction pathway in the Climate
Change Act approx. corresponds to cumulated
emissions of 6.4 GtCO, between 2022 to 2045

Brigitte Knopf (MCC) und Ofiver Geden (SWP)

|

° BUdQEt com pat|b|e W|th the target in the Paris Kumulierte CO,-Emissionen auf Basis des Klimaschutzgesetzes (KSG)
im Vergleich mit Pro-Kopf Restbudgets ab 2022

Agreement: ,well below 2 °C" (assuming a per

CO,-Restbudgets fiir Deutschland bei
Pro-Kopf-Verteilung nach SRU-Methodik

6 I I
0 I .

KSG bis 2045 KSG bis 2050 1,75°C (67 %) 1,5°C (50 %)

Kumulierte CO,-Emissionen auf Basis des KSG

capita distribution of the global budget)
» Pathway not compatible with a global 1.5 °C

%3]

budget (per capita distribution)

[ ] w B

[y

Kumulierte Emissionen und CO,-Resthudget [Gt]

[Knopf & Geden 2022]
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Scenario studies
Climate Neutrality 2045/50

« ESYS: Review of seven studies plus own
scenario modelling

LANGFRISTSZENARIEN FUR DIE TRANSFORMATION
DES ENERGIESYSTEMS IN DEUTSCHLAND

Treibhausgasneutrale Szenarien T45
Uberblickswebinar 15.11.2022, Dr. Frank SensfuB (Fraunhofer 1S1)

Bestichs Evarie spure

dena-Leitstudie
Aufbruch Klimaneutralitét

Eine gasamtgesellschafiliche Aufgabe

Z .

i Es »

T45 Hauptszenarien

Qi 292 220

Klimaneutrales Deutschland 2045

Wie vor kann

N\
\\\\\ \ @q

S

Fraunhofer consentec E TS =
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prognos Btk st

Ariodne-Report

Deutschland auf dem Weg
zur Klimaneutralitat 2045
Szenarien und Pfade im
Modellvergleich

cartnoent vou
KOPERNIKUS Q Bundesministerium
£Z23))PRO)J EKTE ¥ | fiie Bildung
D Zikcnt cnuee narge

und Forschung

KLIMAPFADE 2.0

Ein Wirtschaftsprogramm
fur Klima und Zukunft

Oktober 2021
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eibhausgasneutrales Deutschiand bis 2045

Neue Ziele auf alten Wegen?

Strategien fiir eine treibhausgasneutrale Energieversorgung bis zum Jahr 2045
Detlef Stolten, Peter Markewitz, Thomas Schéb, Felix Kullmann, Stanle isch, Theresa Gro8,
Maximilian Hoffmann, David Franzmann, Tobias Triesch, Stefan Kraus, Rachel Maier, Bastian
Gillessen, Heidi Heinrichs, Noah Pflugradt, Thomas Grube, Jochen Lin: , Leander Kotzur

Energie & Umwelt/Energy & Environment
Band/Volume 577
ISBN 678-3-05806-627-4

CLIMATE CHANGE

Wege in eine
ressourcenschonende
Treibhausgasneutralitit

RESCUE - Studie

Umwelt

i ensch & Ul Bundesamt
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Scenario studies

Climate Neutrality 2045/50, cumulated emissions close to the emissions

implied in the Cli

mate Change Act

11000

Kumulierte Emissionen 2022-2045/2050 (Mt CO,-Aquivalente)
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Own scenario modelling
ReMOD (Fraunhofer ISE)
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Scenarios
Main and focus scenarios

Main scenario KN2045

» Ambitious technology rollout

» Moderate demand reduction (efficiency)
Focus ,,demand reduction*

* Very ambitious demand reduction
(efficiency, sufficiency)

Focus ,,technology rollout*
» Very ambitious technology rollout

KN2040, KN2035, Sensitivity to gas prices

universitatfreiburg

Climate neutrality 2045 Budget of 7.8 Gtcoz
with -65 percent in 2030 and -100 percent in 2045

Climate neutrality 2040 Budget of 6.2 Gtcp;
with -65 percent in 2030 and -100 percent in 2040

Climate neutrality 2035 Budget of 4 Gtcaz, -100 percent in 2035

Technologieausbau

Hauptszenario Fokus Technologieausbau
- (KN2045, KN2040) (KN2045, KN2040)
2
-“‘; + Hohe Erdgaspreise
2
—
#
= Fokus Nachfragereduktion Fokus Nachfragereduktion und
F -
F (KN2045, KN2040) Technologieausbau
=

(KN2045, KN2040)

KN2035
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5 ,,Key messages*

1.

Die Transformation zur Klimaneutralitat erfordert eine
umfassende gesellschaftliche und politische
Neuausrichtung (political and societal reorientation)

Die Klimaziele sind ohne Nachfragednderungen kaum
erreichbar (demand side options necessary)

Der technologische Umbau muss erheblich beschleunigt
werden (accelerate technological transition)

In der Industrie ist der Dreiklang aus klimaneutralen
Prozessen, Kreislaufwirtschaft und Materialeffizienz nétig
(industry: climate neutral processes, circularity, material
efficiency)

CO,-Entnahmen sind erforderlich, ersetzen jedoch
nicht die CO,-Vermeidung (negative emissions necessary,
but do not replace mitigation efforts)

universitatfreiburg
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Wie wird Deutschland klimaneutral?

Handlungsoptionen fiir Technologieumbau,

Verbrauchsreduktion und Kohlenstoffmanagement

«Energiesysteme dar Zukunft” ist ain Projelt von:

Mationale Akademie der Wissenschaften Leopolding | www.lenpoldina.org
aatech - Deutsche Akademie der Technikwissenschaften | wwacacatech.de
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Klimaneutrales Energiesystem
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Final energy demand
By sector and by energy carrier

2.500
E L]
E 2.000 f?l .
_ _ _ 8 1500
@
* Reduction of final energy demand in all E
‘® 1.000
- E + - [
StUdleS % 500 |—*—| L $
£ E’
- - - 0
® |an'eaS|ng eleCtFICIty demand Gesamt Gebdude Verkehr Industrie Gesamt Geb3ude Verkehr Industrie
2030 2045/2050
@ ESYS Hauptszenario ESYS Fokus A ESYS Fokus A ESYS Fokus
Technologieausbau Nachfragereduktion Nachfragereduktion und Technologieausbau
§ 2.500 - 70
E 5 000 I$ | 60 ¥
t ‘ |
3 50 &
£ 1.500 =
K ? 09
o0 ]
2 1.000 Ij}fl 0 g
= | =
- | 20 &
c o
5 —— 10 2
g <
E 0
H 2030 2045/2050 Strom Erneuerbare Strom Erneuerbare
& stoffliche stoffliche
Energietrager Energietrager
[ESYS 2023] Gesamt Anteil in 2030 Anteil in 2045/2050
@ ESYS Hauptszenario ESYS Fokus A ESYS Fokus A ESYS Fokus
Technologieausbau Nachfragereduktion Nachfragereduktion und Technologieausbau
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Focus ,,demand reduction*

Reduces ,,pressure® and provides flexibility, but ambitious

technological rollout still needed

Primdrenergie in TWh
2030 2045
Fossil Fossil
1600 1000
14006
i 1200 - , 8OO .
Synthetische inporte Biomasse Synthetische inporte Biomasse
1000 500
800
6500
0o
Sonstige Erneuerbare Kernkraft Sonstige Erneuerbare Kernkraft
Wind Solar Wind Solar
—— Hauptszenario  —— Fokus Nachfragereduktion

Endenergie in TWh
2030 2045
Biomasse Biomasse
00 1000
Salarthermie Gon - Strom Solarthermie 800 Strom
SO0
600
r'd
400 /
Flassigkraftstoff Umweltwarme Flussigkraftstoff ;’/ Umweltwarme
£
Wasserstaff Gas Wasserstoff Gas
Fernwarme Kohle Fernwarme Kohla
—— Hauptszenario  —— Fokus Nachfragereduktion

universitatfreiburg
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Demand side options
Mobility, buildings, industry,
consumption

« LAvoid, Shift, Improve® categorization

» Further research needed on quantification of
potentials and limits, impact chains,
representation in energy system models,...

universitatfreiburg

[ESYS 2023]

- Short-term impact Medium-term impact Long-term impact
(1-3 years) (2030 climate targets) (2045 climate targets)

Travel shorter distances to access amenities (urban and
rural areas)

Enable “digital mobility”
(home working, digital business trips, e-government)

Develop local public transport system offering good
geographical and timetable coverage, including sharing
and on-demand solutions

Short-term increase in local
public transport capacity

Incentives to increase local public transport use, e.g. cheap tickets and user-friendly booking

Transpor Pop-up cycle lanes and
t footpaths Reorganise traffic space to promote cycling and walking
558
[Pﬂer] ne Temporary long-distance Expand national and international long-distance train
bus services services

Financial incentives to switch away from cars, removal of passenger car subsidies

Incentives for higher vehicle occupancy, e.g. promotion of
ridesharing and smaller vehicle sizes

Improve drive system efficiency (conventional and electric)

Incentives to switch to EVs, e.g. expand charging

infrastructure
Speed limits
Avoid, e.g. through policy measures to reduce demand and
regionalisation
Transpor Incentives to shift to (hybrid) catenary trucks, rail and
t shipping (e.g. infrastructure development, financial
(freight) incentives)

Improve efficiency of aircraft, ships and HGVs

Increase percentage of electric trucks, e.g. through emission-based HGV toll

Example: Mobility sector

Net-zero Germany: Transitions paths to climate neutrality by 2045 18



Technological rollout
Ambitious expansion of wind and solar power capacities

« 2030: approx. 144 GW PV, 100 GW Onshore- Wind and solar expansion until 2045 in Germany
_ _ (ESYS main scenario)
Wind, 36 GW Offshore-Wind

« 2045: 554 GW wind plus solar

600

500

N
o
o

29‘\l

193 lI

w
o
o

Installierte Leistung fEE in GW
N
(=]
(=]

[=]

2020 2025 2030 2035 2040 2045 2050
Jahr
[ Wind Offshore PV-Freiflache [ PV-Dach (Sid)
[ESYS 2023] [0 Wind Onshore PV-Dach (Ost-West)
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Technological rollout
PV and wind expansion similar to Government targets

» Scenario comparison: High differences between some scenarios

 Signicant difference between the focus scenarios ,demand reduction® and ,technology rollout”

= 500 ‘
C
S
2 400 @ ESYS Hauptszenario
c
S __300 [ ESYS Fokus Technologieausbau
T =
& 2 200 smbm T A ESYS Fokus Nachfragereduktion
5 T
= *
L =2 : ' A ESYS Fokus Nachfragereduktion
o 100 59 ):( % 0 und Technologieausbau
O $I = Ausbauziele 2030
@ PV Onshore  Offshore PV Onshore  Offshore XAusbauin2021
Wind Wind Wind Wind
[ESYS 2023] 2030 2045/2050
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Technological rollout
Electricity vs. molecules

» Only limited quantities of hydrogen and hydrogen
derivatives likely to be available in the medium term

« Ambitious expansion of electrolyser capacities
needed

 Significant share of hydrogen and synfuels imported

* Priorisation in sectors in which realistic alternatives
are missing (industry, long-distance travel and
transport)

universitatfreiburg

Fuels (incl. biomass)

Mix of technologies
probably best

Electricity
probably best

Electricity

definitely best

[ESYS 2023]

chemical industries

High-temperature
process heat

Medium-temperature
process heat

Low-temperature
process heat

Intercontinental

aviation and shipping

Long-distance heavy
goods transport

Aviation and shipping
within Europe

Public road transport

Light commercial
vehicles

Short and medium

distance heavy goods
transport

Private cars,
passenger rail

Net-zero Germany: Transitions paths to climate neutrality by 2045

_m

Feedstocks in steel and

Buildings that are partly
difficult to modernise

District heat generation
(large heat pumps:
electricity, combined
heat and power plants:
fuels)

Buildings that can be
modernised

MNew buildings

21



Scenarios
Main and focus scenarios

m
Main scenario KN2045

Climate neutrality 2045 Budget of 7.8 Gtcoz

Focus ,,demand reduction* with -65 percent in 2030 and -100 percent in 2045
Focus ,technology rollout® Climate neutrality 2040 Budget of 6.2 Gtco,
with -65 percent in 2030 and -100 percent in 2040
Climate neutrality 2035 Budget of 4 Gtcaz, -100 percent in 2035
KN2040:
* Not feasible with the assumptions from the

main scenario (demand reduction or more

Hauptszenario Fokus Technologieausbau
. . " (KN2045, KN2040) (KN2045, KN2040)
ambitious technological rollout needed) £ .

= + Hohe Erdgaspreise
-

KN2035: 1
= Fokus Nachfragereduktion Fokus Nachfragereduktion und
§ (KN2045, KN2040) Technologieausbau
2

» Only feasible for implausible assumptions

(KN2045, KN2040)

for demand reduction and technology rollout

KN2035

[ESYS 2023]
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Limited scope of the models
Some perspectives mostly missing

Life cycle perspective

Consideration of (critical) materials

International perspective

Consideration of all energy demand for Carbon Dioxide
Removal

Further aspects:
» Conflicts of use for biomass
 Sustainability criteria for hydrogen
[https://www.se-

trends.del/kreisla
ufwirtschaft]

universitatfreiburg
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Klimaneutrales Energiesystem
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Scenario analysis

Challenge

data availability and comparison

[ESYS 2023]
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nfdidenergy

National Research Data Infrastructure for the Interdisciplinary Energy

System Research

« Use Case (1/3):
Long term energy system scenarios

(transparent, open information; visualization features)

 Task Area 2:

Integrating Society and Policy in Energy Research ittt

(communication and model representation)

universitatfreiburg

TA7:
Organization & Management

Net-zero Germany: Transitions paths to climate neutrality by 2045

FAIR Data and
Software in Energy
System Research

[NFDI 2022]
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Conclusions

* Enormous challenges to reach climate neutrality by 2045

» Various measures simultaneously needed in different
sectors and dimensions

« Demand reduction necessary, but does not replace other
efforts

* Wind and solar power as the basis, already show
considerable growth rates

* Further technologies need development and upscaling

» Important task: system integration

« Scenario studies need to increase their scope (societal,
political factors, material demands,...) and
transparency/accessibility of results, assumptions, data

Net-zero Germany: Transitions paths to climate neutrality by 2045 26
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