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CLIMATE CHANGE AND THE ENERGY TRANSITION
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Carbon dioxide and global warming

* Increase in green house gas (GHG) emissions causes rise "
in global temperature W’VM
* Carbon dioxide (CO,) is one of the main contributors to Mw“vw
GHG accumulation in the atmosphere § o WWVM
B 340 VQM
.AAANVWM
BZOWwvvvyv
420 Source: climate.nasa. gov YEAR
m Lowess s‘moothing ’ Ice Core Data
1.0~ Annual mean w4l 380 M Modem Instrumental Data
7 }
/ T a4 -«+—1958
g /"-' £ For millennia, atmospheric carbon dioxide
g 0.6 /7* & 300 . hadneverbeenahovethisline | _ | oo ). <1911
© R ," S 260
g o ,', NN A S
N, R Rod &f 220
gk \\ -2 « 180
1880 1900 1920 1940 1960 1980 2000 2020 800 700 600 500 400 800 200 160 0

VEAR Thousands of years before today

Manuel Wetzel, UC guest lecture: Energy transitions at all scales, 22.02.2024

Sources: https://climate.nasa.gov/evidence
https://climate.nasa.gov/vital-signs



https://climate.nasa.gov/evidence
https://climate.nasa.gov/vital-signs

Reducing carbon emissions to net zero

a) Observed global temperature change and modeled Global total net CO2 emissions D LR
responses to stylized anthropogenic emission and forcing pathways Billion tonnes of CO,/yr

50

Global warming relative to 1850-1900 (°C)

2.0 §
4 In pathways limiting global warming to 1.5°C
J with no or limited overshoot as well as in
pathways with a higher overshoot, CO2 emissions
30 are reduced to net zero globally around 2050.
15 4 ] .
Observed monthly global / ‘,/"
] mean surface temperature Lo 20
Estimated anthropogenic /"’
104 Wwarmingtodateand 7
likely range T 4 Four illustrative model pathways
Likely range of modeled responses to stylized pathways
[[IGlobal COz emissions reach net zero in 2055 while net
non-COz radiative forcing is reduced after 2030 (grey in b, c & d) !
P1
054 2007 L [ Faster CO2 reductions (blue in b & ¢) result in a higher P2
probability of limiting warming to 1.5°C =
[[] No reduction of net non-CO:2 radiative forcing (purple in d) P3

results in a lower probability of limiting warming to 1.5°C

[ — 20
T T T T T T 1
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P4

* Climate modelling allows scenario-based assessment of the future impact of GHG
* Reaching net-zero emissions by mid-century is a key milestone

* Paris Agreement as the first legally binding international treaty on global warming

Sources: https://www.ipcc.ch/sr15/chapter/spm
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Where does it come from?

Greenhouse gas emissions by sector, World

Greenhouse gas emissions® are measured in tonnes of carbon dioxide-equivalents? over a 100-year timescale.

Electricity and heat

14 billion t
12 billion t
10 billion t

8 billion t

Transport
- Manufacturing and construction
6 billion t Agriculture
4 billion t

Fugitive emissions

Industry
e R Buildings
2 billion t Waste
—— M_\' Land-use change and forestry
—— Aviation and shipping

Other fuel combustion

Otr T T T T !
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Data source: Climate Watch (2023) OurWorldInData.org/co2-and-greenhouse-gas-emissions | CC BY

DLR
Electricity production by source, World

Measured in terawatt-hours'.

Other
renewables
Bioenergy
25,000 TWh Solar
Wind
Hydropower
20,000 TWh
Nuclear
Qil
15,000 TWh
Gas
10,000 TWh
5,000 TWh Coal

0 Twh
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Data source: Ember - Yearly Electricity Data (2023); Ember - European Electricity Review (2022); Energy Institute - Statistical Review
of World Energy (2023)

* Highest share of GHG comes from burning fossil fuels for electricity, heating, transport

* Reduction requires rapid and systematic transformation of these sectors
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Sustainable energy technologies
DLR

Price per megawatt hour of electricity $378/MWh
This is the global weighted-average of the 2010
. b - % P levelized costs of energy (LCOE), without subsidies
Lifecycle GHG emissions, in g CO: eq. per kWh, regional variation, 2020 logarithmic axis and acjusted for inflation
larme s N $300
1095 .
7200 1021 Solar Photovoltaic (PV)
912 At each doubling of installed solar capacity
1000 -L _L $250 the price of solar electricity declined by 36%.
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* Renewable energy technologies have no direct emissions and low indirect ones

* Feed-in tariffs have kick-started the learning rates for wind and PV

Sources: https://unece.org/sed/documents/2021/10/reports/life-cycle-assessment-electricity-generation-options
https://ourworldindata.org/cheap-renewables-growth
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Bringing it all together

Levelized cost of energy by technology, World DLR

The average cost per unit of energy generated across the lifetime of a new power plant. This data is expressed in
US dollars per kilowatt-hour®. It is adjusted for inflation but does not account for differences in the cost of living
between countries.

Conventional power system » Renewables-dominated power system »
Centralised Individual consumers Decentralised Collective/communitarian prosumers
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Data source: International Renewable Energy Agency (2023) OurWorldInData.org/energy | CC BY

Note: Data is expressed in constant 2022 US$.

* Renewable energy technologies have become the cheapest option

* Capacity expansion and integration of renewables now the main challenge

Sources: https://ourworldindata.org/grapher/levelized-cost-of-energy
https://www.agora-energiewende.de/en/publications/european-enerqgy-transition-2030-the-big-picture
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Focus of the Energy System Modelling group

Modelling robust pathways to a sustainable,

economic and secure energy system

* Improving energy system models and data
« Comprehensively modelling sector coupling and flexibility

 Deriving policy recommendations for the implementation

nnnnnnnnnnnnn

heating systems
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Research areas of the Energy Systems Modelling group

Improvement of the data basis
for energy systems modelling

* Energy infrastructure data

* Renewable energy potentials

* Future energy demand profiles
* Demand side flexibility
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Investigation of energy system
transformation pathways
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* Modelling systems: district to continental
* Storage, transmission, sector coupling

* Robust transformation pathways

* Resilience and security of supply

* Climate impact and system adaptation

Enhancement of methodological
competence

Solver
parameters

Algorithm

Exact methods

Meta—Heuristics]

Solver-based

Software
related

speed-up
approaches

Heuristics

Exact
methods

Model reduction
and clustering

Solving multiple,
small problems

Model-based

Problem
formulation

 Reduction of model solution times

* Model coupling and comparison

* Remote sensing and machine learning

* Data management (metadata, ontology)
* Quantum Computing
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20) REMix
\-/ Renewable Energy Mix

 Algebraic modelling using ggGAMS

» Data management and interfaces using @ python

* Flexible spatial, temporal & technological scope

» Capacity expansions and dispatch of all infrastructures

« System integration of power, heat, gas, transport sectors

solar potential thermal energy electricity
/ methane
Multi-activity converters | turbine
« Linear combinations solar field _ || \|———>
e Partial and minimum loads | eboiler

S

thermal storage

Multi-input multi-output activities
» Free definition of commodities and
accounting variables

Multi-criteria optimization
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Power grid

« LOPF power angles and Kirchhoff formulation DLR

« Security-constrained transmission expansion planning

Gas sector modelling

« Pipeline and storage repurposing for H,

« Hydrogen admixture for methane networks

System transformation pathways (JH2 turb. repurp]_,

« Limited and perfect foresight | ,

« Carbon budgets ([H2net. repurp |
2030 2040 ZOEO k

MIP capacity expansion and unit commitment

Resilience and outage modelling
» Rolling horizon with multiple outage events

Modelling to generate alternatives methods

HPC ready via PIPS-IPM++ link
« EMP reformulation for stochastic optimization | =

S\

|I1

open source code ;xt; 2

‘ ""ﬁ
available here %


https://gitlab.com/dlr-ve/esy/remix/framework

Commodities and hierarchical indicators A#y
DLR

Commodities trace physical flows in the system (e.g. fuels, electricity, heat, etc.)

Indicators account for additional information (e.g. costs, firmCaps, land use, CO,, etc.)

Objective function

System costs

F LT - .
' Fuel costs - Investment | OI\/IVar - ndirect Co, H Direct Co, |
A /
; CCGT | L
CH4 ( w electricity |
2 1 Power generation J C
- J
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Modelling real systems
DLR

Real-world system Plant design and engineering Energy systems analysis

J. k. & « L - ‘.. Pl i (T l‘)‘ <y
A i '* -
- ‘O"' Q’ — !Steam condenser

Thermal
storage tanks
u l

solar potential ~ thermal energy  electricity
/ methane

s Electricity

turbine
solar field _—
- 5

O

thermal storage

Heat exchanger to
_steam cycle

. \
Turbine | Generator
‘

i)

Receiver

Parabolic
troughs

* The same system can be viewed from different perspectives

* Level of abstraction changes data requirements (cost, temperature levels, LCOE, efficiencies)
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Sector integration and the role of hydrogen

Matural
Bloreact CNG Fueli
Blomass €0, Storage oreactor Gas Storage ueling
- C S — - =)
TRANSFORMATION IN JOINING UP SECTORS -
Scheme of coupled sectors and major linking “power-to-X" technologies R % ______ | |
. | I
I _—
H -
| Hydrogen I Hydrogen 'ﬂr;)g;n e 1;1
power 4+— power Electrolyzer i Storage | Fueling Vehicles @_ .
storage R sector 11 | L CNG-Fueled
/ — ll|—— - - E\} - & Vehicles
‘ . ' |
power-to-mobility, PtM \ power-to-heat, PtH | —-1- \
- ’ N Wind — MM FuelCells  * 7 Fueling ﬁ
/J - R | e
\ % Engines Electrolyzer Home Heating
— Energy Storage nd Hot Water
< S l and HotWa
Other Renewables:
Solar, Geothermal, ¢
power < transport heating » heat Hydro
storage R sector sector RN storage Electric Line § 3
~—— Hydrogen Piping — %
——— (0, Piping
Natural Gas Pi
Agora Energiewende atural Gas Fiping Elg;'glc N?rtu.l;lrrt‘:llrgas
NREL

* Direct electrification is the most efficient option, but energy can only be stored short term

* Hydrogen can provide long-term storage option and can be used in industrial applications
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Modelling integrated energy systems

[ Sink \

DLR
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Linear Programming (LP)
DLR

Maximum Operating
Capacity

~
$10/ton
1 T 400 tons/d e 300 tons/day
1m1in C Qf: S $5/ton /'/./»/'/

Denver _ Los Angeles

s.t. Axr=1D> | _—

$11l/ton__—"
~ e
\,vf/ $18/ton 100 tons/day
700 tons/da B
= \\:’:;»:2?—,1,"0:".

S~ Topeka

Seattle e P

Unmet Demand

$18/ton $3/ton T

~ e "
, $9/ton _vedl
I 500 tons/day

New York City

St. Louis

* Linear programming can be used to solve large optimization problems

* “All models are wrong, some are useful” - George Box
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Energy system optimization models (ESOMs)

DLR
Objective function
Ctotal = z Cinvest,y,r,p * Mbuild,yrp T 2 Cvar,p (aCtt,y,r,p,a +f lOWt,y,r’ ,D,C + importt,y,r,c)
y,r.p s,t
Capacity expansion planning
* Unit balance for converters, transport and storage Pyrp = Prated * Meotalyrp t time step
n _’7:L +n o n Y year
total,y,r,p total,y-1,r,p build,y,r,p decom,y,r,p r region
E ic dispatch p type
conomic dispatc Vi
P act;yrpa < Byroy a activity |
* Dispatch of power plants, transport and storage StoTeyrpa < Pyrp ¢ commodity

flow, <P

yrr pa="yrp

* Hourly energy and commodity balance ACtyy rpa * COCSy e

+ Stort,y,r,p,c - StO rt_ 1’y’r’p’c

+ floweyrt r e = floWe_ gy rp e
+ import, . —demand;, . =0
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Stromerzeugung und -nachfragein TWh/a

Typical results from ESOMSs

140

120

100

80

60

40

20

Erzeugung

2020

Nachfrage

Strombilanz in Baden-Wirttemberg

Erzeugung I]] |

2030

Nachfrage

Erzeugung .]

2040

Nachfrage

Erzeugung .]

2050

Nachfrage

COlImporte

DO Wind Onshore

O Photovoltaik

B Wasserkraft

@ Biomasse (inkl. KWK)

B Geothermie (inkl. KWK)
D Erdgas (inkl. KWK)

m Ol (inkl. KWK)

B Steinkohle (inkl. KWK)

O Kernkraft

[ Exporte

B Elektrofahrzeuge

MW Elektrolyse

O Wé&rme direktelektrisch
B Industrie Warmepumpen
B Wérmenetz Warmepumpen
0 Gebdude Warmepumpen

@ Strombedarf sonstige

Economically viable share of renewable energies
Investment into new power plants, electrical

transmission grid and flexibility options

Annually transmitted energy on a European scale
Impact of CO2 emission prices and annual limits

Manuel Wetzel, UC guest lecture: Energy transitions at all scales, 22.02.2024

120

100

60

40

20

-_.——_I.

0
6. Feb.

7. Feb.

Stiindliche Stromerzeugung in Restdeutschland

8. Feb.

N V\/\ "!\\

9. Feb.

III\I—- ‘Iﬁ

10. Feb. 11. Feb. 12.Feb.

DLR
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[0 Photovoltaik

[ Wind Offshore
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» Hourly dispatch of individual generation
technologies as well as flexibility options

» Hourly security of supply and reserve
capacities can be evaluated






Challenges in European energy strategy
DLR

Compliance with EU energy and climate targets

Climate risk and geopolitical crises drive the

All scenarios will be aligned with the Union’s 2030 targets for energy and climate and its 2050 climate

U rg en Cy fo r tran Sfo r m at | 0 n neutrality objective and will include a carbon budget assessment.
» Decarbonizing the energy supply systems across l I
sectors
2030 targets 2050 targets
e I 1 ol % reduction (compared to 1990 * Net-zero emissions
¢ PrOVIdIng Securlty Of energy Supply . Eie{r;ij‘fi:i:nc:/ firs(t principle is r)eflected with 11.7% * Offshore targets -- MS non-
reduction final energy demand binding agreements

resulting in a upper limit of 8873 TWh (763 Mtoe)
* 42.5% RES share
* Offshore targets -- MS non-binding agreements

How can the system be transformed to reach e o, e
these goals?

« What it the optimal timing for switching to hydrogen

and g reen energy Carrlers') Tab. 1 - Strategic choices in the European clean hydrogen value chain
*» Push for renewables
° HOW Can e|eCtI’0|yzerS be ramped u p eﬁ:ICIentIy fOI‘ ‘ e . ;:ZT;::ES a "Hydrogen Valley” approach to facilitate local integration and

increasing demand of hydrogen?

= By 20246 GW electrolyzers, 1 MtH,

European Union
» By 2030°40 GW electrolyzers, 10 MtH,

* 2030-2050: large-scale deployment across all hard-to-abate sectors

« What are the implications for power grids and pipeline o
netWOrkS and thelr reSpeCtIVG tOpOIOgy’) . 10 GW » Emphasis on imperts of hydrogen (low-carbon hydrogen not excluded)

Germany 3 MtH, = €8bn of public budget has already been allocated to 62 pre-selected projects
» Up to €3.4bn to build refuelling stations
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European power and gas infrastructure

* One model region per country

* Increased spatial resolution

* Integration of high res power grid

* Integration of high res gas network
* Integration of LNG terminals

* Power and gas network with LNG
terminals and gas power plants

\; European infrastructure modelling requires
high spatial and temporal resolution
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Modelling toolchain

o—
SCIGRID

bdw/GridKit

GridKit is an power grid extraction toolkit

Q
070
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4 A
Topology reduction

for networks

/
Calculation of EEZs

* Area allocation based on
coastlines or points

REMix

Renewable Energy Mix

D

Open source publication
» Source code release
» Python API and PyPI release

Model development

* Infrastructure repurposing

* Improved model formulation
* PIPS-IPM++ for pathways

o

~

DLR
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Renewable energy
potentials and feed-in

Results from the REMix model
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The role of green hydrogen and methane
DLR

» Climate neutral energy system in 2050 Continental Europe Energy Partnerships
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Wetzel, M., Gils, H.C., Bertsch, V., 2023, Green energy carriers and energy sovereignty in a climate neutral European energy system, Renewable Energy
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The uncertainty of future energy imports

140
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1.00
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Onshore wind vt becomes main driver of system costs
Concentrated solar power II-I LX) 0.40
Hydroelectricity lli' 050 B
Electrolyzer I-||0 “:’;.
. ) . . oo &
mpon v et -* | Large uncertainty about imports S
Heatpumps from gIObal energy markets Guidehouse 2021, Future demand, supply and transport of hydrogen

Lithium ion batteries

I
i
Nuclear energy |-I—|uo

USD/kgH,
Hydrogen infrastructure lI-I O o S e B -6
O 4 = FEN <= 1.
Heat supply (CH4) ' '..;-":" - Bl 16-18
Methanizer and DAC l-l + Il 18-20
o 20-22
Electricity infrastructure l LY . e
Electrical boiler + L 4 24-26
Power plants (CH4) III-I . 26-28
¥ 28-30
Power plants (H2) I-II-I' i, 30-32
Methane infrastructure 'b 32-34
Heat supply (H2) II ) m ;: 3 z':
0 50 100 150 = -
Annual system cost per technology in bn. EUR
%- . - >40

Wetzel, M., Gils, H.C., Bertsch, V., 2023, Green energy carriers and energy IEA 2020, The Future of Hydrogen
sovereignty in a climate neutral European energy system, Renewable Energy

Manuel Wetzel, UC guest lecture: Energy transitions at all scales, 22.02.2024




UM Ul uojyesauab puim aloysyo [enuuy umL E%o_uﬁwcwm pUlM 2104540 [EnUUY
[=} (=1 (=] (=] o (=}

DLR

o

o

w
|

1400
-1200
-100

Offshore wind

UML Ul uoijelsauab puim aloysuo [enuuy
o o (=3 o

o o o
m
|

Its

Inary resu
Onshore wind

m

UML ul uoizesauab diejjonoioyd jenuuy

UYM.L ul uoneiauab siejjonojoyd |enuuy
o o o

o (=] o o o o o
n o n o n o o o (=3 o o
m — n 0 ©o < o~
' ! N N !

-1200
-1000

m o~ ~ —
|

tes — prel

Photovoltaics

1oNn Si

YL ul uoijessuab Jamod Je|os palesjuaduod [enuuy UML Ul uonesauab Jamod Je|jos paleijuaduod |enuuy
o o (=] o o o o o o o o

(=1 o o o (=] [=] o o
Tl = ~ o < m ~ —
' | | N .

-800
- 500

o (=1 o
m ~
I

ty product

ICI

Concentrated solar

Manuel Wetzel, UC guest lecture: Energy transitions at all scales, 22.02.2024

Electr
2035
2050



Hydrogen and methane sites — preliminary results

Variable renewable energy Hydrogen production Methane production DLR

B
o
o

-700

~
(=]

Annual variable renewable generation in TWh
|
I
o

w
o
o

Annual hydrogen production in TWh

w
o

2035

N
o
o

N
o
Annual methane production in TWh

-200

N
o
=
o
o

=
o

-100
-0
-1600 -500
<
14003 000
'—
£ -400
c
-1200.2

w
o
o

Annual hydrogen production in TWh
N
8

Annual methane production in TWh

Annual variable renewable generat
L
o
o

Manuel Wetzel, UC guest lecture: Energy transitions at all scales, 22.02.2024




Temporal technology correlations — preliminary results

Onshore and offshore wind
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* Electrolyzers offer demand side flexibility
* Green methane requires seasonal storage
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Infrastructure repurposing — preliminary results
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Future network topology — preliminary results A#y
DLR
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* Current network topology is focused on imports from Russia, Turkey and North Africa

* Future network topology will be driven by linking centres of supply and centres of demand
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