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Motivation for energy system analysis
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Norwegian emissions in 2022

In CO, equivalents:

Oil and gas: 12.2 Mt
Industry: 11.6 Mt

Road transport: 8.7 Mt
Other transport: 7.7 Mt
Agriculture: 4.6 Mt
Waste: 3.6 Mt
Buildings: 0.2 Mt

CO, equivalents:

1xCO,
25x CH,
298 x N,0

Norges totale klimagassutslipp i 2022
Millioner tonn CO,-ekvivalenter 48,9

Olje- og
Eassutvinning

12,2

Industri

11,6

Annen
transport

7.7

Veitrafikk
8,7

Jordbruk
4:6

Oppvarming

"4

Totale utslipp av klimagasser i Norge i 2022, fordelt pa ulike sektorer. Tallene kommer fra det
ndrske klimagassregnskapet. | | Kilde: Miljedirektoratet og Statistisk sentralbyrd (SSB) 2022 /
Miljostatus.
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Historical climate gas emissions

Millioner tonn CO2-ekvivalenter

1990 1995 2000 2005 2010 2015 2020

BN Metan (CH4) =N | ystgass (N20) ™ Karbondioksid (COZ2) ™= F-gasser

Kilde : Statistisk sentralbyrd (SSB) og Miljedirektoratet
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Motivation

Hvor er vii 2030 om dagens utslippstrend fortsetter?

1990-2022 B
Dagens trend

2030-malet @

60

B
[=]

mill. tonn CC=e

]
=]

0
2020 2022 2024 2026 2028 2030

1950 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Kilde: SSB[A

Klimagassutslipp | tilnull.no



https://www.tilnull.no/klimagassutslipp
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Statnett

Store volumer planlagt forbruksvekst i industri og neering

Oversikt over lokalisering og volum pa tilkknytningssaker
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Energy system analysis — definitions and vocabulary



Energy system

* «An energy system covers the
relationship between energy carriers,
energy generation technologies,
energy storage, energy infrastructure
and end-use sectors»

* Understanding energy system
dynamics is necessary to design a
future energy system

e atan affordable cost

* with a low carbon footprint
° ensuring energy security

Energy supply and transformation
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Figure: IEA, NETP 2016
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Cambridge dictionary definition energy system

\eaning of energy system in English

energy system

noun |[C]

UK 49 us 4D

+
m

MATURAL RESODURCES, ENVIRONMENT

a group of things that are used together to produce energy:

- This definition does not capture the linkage with end-use sectors

- Suggested rephrase: “a group of things that are used together to
meet energy service demand”.



IFt
Energy service demand

° ”energy services refer to the * The energy service demand influences
: : the demand for final energy
services provided by

consuming a fuel and not the | |
, . * Examples of service demands:
fuel consumption itself. For « Space heating
example, the heating demand  * Cooking
in buildings is an ener " Lighting
, g_ sY * Personal vehicle kilometers
service while the fuel usedto  + cooling

heat the building is not.” * Rail



It
Why differ between energy service demand and

energy carriers?
¥ +




ez

R I A S

Losses Losses Losses
from tranformation from transmission & distribution from inefficient appliances
of raw resources into energy (e.g. through electricity grid) (e.g. bulbs or engines generating heat)

Example: Coal to power a lightbulb

Cew | 5 S B
Example: Wood to provide heat

B A e T TR =)
Example: Oil todrive acar

Gasoline from &
o B e Bl — (SR B —[he e

Icon source: Noun Project.
OurWorldinData.org - Research and data to make progress against the world’s largest problemes. Licensed under CC-BY by the author Hannah Ritchie
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Electrification of the energy system

* A future energy system consumes more electricity than today

"FIGURE 2.1

World annual electricity demand by segment

Units: PWhiyr
60 -

50-

40 -

30-

Histerical date source: |EA (2023), GlobalData (2023)

Fig. Energy Transition Outlook 2023, DNV-GL

Transmission &
distribution losses
Hydrogen
production
Ammonia and
e-fuels production
Carbon capture
Transport

Space cooling
Space heating
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lighting
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Other end uses
Energy sector
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Electrification of the energy system

“Electrification refers to the process of replacing technologies that use fossil fuels (coal,
oil, and natural gas) with technologies that use electricity as a source of energy.
Depending on the resources used to generate electricity, electrification can potentially

reduce carbon dioxide emissions.”

- Use of green hydrogen is sometimes defined as electrification when replacing fossil
fuels.
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Sector coupling

“Sector coupling involves the increased integration of energy end-use
and supply sectors with one another. This can improve the efficiency and
flexibility of the energy system as well as its reliability and adequacy.
Additionally, sector coupling can reduce the costs of decarbonization”.
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Sector coupling

There is no universally agreed definition of sector coupling. From
IRENA’s perspective, it can be defined as the process of
interconnecting the power sector with the broader energy sector (e.g.
heat, gas, mobility).

1.3 Sector coupling provides the enhanced flexibility that energy
systems need

@ IRENA

Infernational Renewable Energy A

What is sector coupling?

While the term "sector coupling” is relatively new, the concept has been explored for
decades.? It was first applied in Germany to underline the importance of electrifying energy

end uses other than those of the power sector, such as in the transport, industry, buildings - SECTOR COUPLING

and heating sectors. Initially, the concept centred on making good use of excess electricity

generated from VRE sources, particularly solar PV and wind power, which otherwise may IN FACIL'TATING INTEGRATION

b rtailed and ted (Wan MNuffel, 2018). Sect li | ide cl benefit

foer (;Umz:': efilr;ienwt‘?;eectriﬁa:er;i aﬁder"enewable-el;:a;;szl-leilt:i?:iij;yaS::mprbc;:enz;IﬁE; a:;ﬁalr; O F VAr\)lAB I_E r\)E N EWAB I_E
services in the organised wholesale electricity markets, if demand response can be enabled

to participate in these markets through better design. ENERGY IN ClTIES

Ower time, the scope of sector coupling has been expanded to cover the enhanced system
flexibility that an energy system would require to address the emerging challenges of
grid stability posed by integrating high shares of VRE. With the support of digitalised and
smart systems, sector coupling technologies - such as electric vehicles (EVs) with smart
charging, electric boilers and heat pumps, and electrolysers for hydrogen production -
enable the demand to be more responsive to electricity prices or other signals in a physically
interconnected network.
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Questions for reflections

* What is energy service demand of
this building?

Building mass upgrade

* What are consequences for the
building owner?

* What are consequences for the
energy system?

* How will it influence cost of
distribution grid tariff?
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Questions for reflections

* What are main energy carriers in the
Norwegian energy system?

* What is energy service demand ? And
how does it relate to final energy use?

What is the benefit of modelling the
demand for energy service rather than
the demand for energy carriers in an
energy system model?

What is the consequences and value of
sector coupling in the energy transition?
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Energy system models
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Mathematical modeling

«Mathematical modeling is the art of translating problems from an application
area into tractable mathematical formulations whose theoretical and numerical
analysis provides insight, answers, and guidance useful for the originating

application”
From: https://www.mat.univie.ac.at/~neum/model.html

Energy system model: A tractable mathematical formulation of an energy
system that provides insights, decision support for energy system design



https://www.mat.univie.ac.at/~neum/model.html

IF A mathematical model is a simplification of

reality
|dentify problem :
simplification, Limitations Formulation Solution method
Real problem l {  Simplified l Mathematical l Solution

problem model

Verification
Evaluation

- How do we best proceed from a real problem to a stylized simplified set of mathematical
equations?
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Energy system model

* Tool to systemize complex energy systems

Interaction between sectors, energy carriers
and technologies

Infrastructure and investment requirements

Requirements to meet policy goals, e.g. CO,
emission target

Efficient energy resource utilisation

Impact of various energy prices, technical
learning curves, energy service demand &
political decisions

[N}

Figure: Adobe Stock



Energy systems models

* Energy system - energy supply,
distribution & consumption

* Energy system model: A mathematical
formulation that provides insights and
decision support for energy system
design

* atan affordable cost
* with a low carbon footprint
* ensuring energy security

* A tool to systemize complex energy
systems for knowledge-based decision
support

IFC

Figure: IEA, NETP 2016
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Energy system model

Tool to provide insights

Improve knowledge base

\

Provide insights to decision makers

\

Knowledge-based

* energy system development

* quantification of alternative pathways and
energy system effects

Example: Can Norway be decarbonised
without further wind power expansion?

- At what cost?

- How does it influence
Electricity price?
Need for other electricity generation?
Final energy consumption?
Electricity trade



25.10.2023 29

back-
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analytical top-down
approach

time horizon level of detail

specific
sector

energy
sectoral
coverage

Classification of
energy system
models

general
sectoral
coverage

geographical
conveage

multi-
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Long-term energy system model

Time horizon: medium to long-term (2050) s | = M'
Purpose: eXp|OrIﬂg level of detail

ck-

ting
exploring
al

Analytical approach: bottom-up

Methodology: spread-sheet, Simulation, "
Optim OBY: 5P Classification of
ptimization

energy system

Mathematical programming techniques: Linear, models

non-linear, mixed-integer

Image credit:
R Morrison

Mathematical logics: deterministic, stochastic

Sectoral coverage: Energy
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There is no perfect model !

* No universal model or method of modelling which will answer all questions

* |t is best to design models to answer specific type of research questions

* |t is important to understand the strength and weaknesses of the used model
* Models are only as good as the data, assumptions and structure

* More computational power allows for more complex models
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Long-term energy system models

* Definition: Endogenous investments and operation of the energy system
transition

* Endogenous: model decision
* Exogenous: model input
* Models several model periods

* Developments by:
* Modelling frameworks; TIMES, OseMQOSYS
* Programming language like Python/ Pyomo, GAMS, Julia
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CO, emission Power production
c 50 200
S 40
= « 150
Energy system models :
£ 20 g 100 @ Wind
* Objective: Energy system cost 5 10 — F 50 - ® Water
S o o
* Input: CO2-price 2015 2050 2015 2050
* Results: Energy use
* Emissions 100
* Power production s O El-H2
i © O El
Final gnergy use' g o
* Capacity expansion = m Bio
% B Fossil

Industry
Buildings
Transport
Industry
Buildings
Transport

2015 2050
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Long-term energy system models

Objective function Energy system cost ( discounted to present value) of
a user defined energy system

— User defined regions, energy system coverage ( supply, transformation,
end-use) and model horizon

Decision variables: Investments and operation of the energy system

Constraints:
— Future energy service demand; annual and load profile
— Resource availability and characteristics
— Technology characteristics
— Phasing out of existing capacity

Optimisation: Minimize energy system costs
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Mathematical characteristics of LP problems

n

« Mathematical structure of LP , _Z
problems e = 9%

j=1

« QOriginates from the fact that all
functions describing the objective
and constraints are linear S-L. Z aijxj <b,i=1,..,m
functions J=1

* An LP problem can be written as:

n

xj=20,j=1,..,n

Where c; is the objective function coefficient for

variable x;
a; Is the constraint coefficient for variable x; in

constraint i
IS the right hand side coefficient in constraint i

25.10.2023
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University of Oslo
8 -

7 \
1

Example LP model

Feasible region

What defines the feasibility region of an energy system model?

25.10.2023

Con.1

Con. 2
Con. 3

36
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Universityof Oslo

Main equations

Objective function
Minimizing discounted system costs
= sum of investment costs, variable costs
and import/ extraction costs

Input data o .
Cost data Model equations Decision variables
Efficiencies Energy and emission balances Process activities
Emission factors Capacity activity constraint Energy & emission flows
Demand Transformation relationship New capacities
[ urves Storage equations Fundamental prices
Cumulated constraints over time

Peaking constraint
Load curve equations
Scenario specific constraints
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Reference Energy System

= =
= B _ @ = = =
EEEE mg-g S = %-
=Ry 25|15 S & 2 o
= L= E @
['EE:E' :Eu.:
(_FJSCJE @

extraction Gas H r plan
Plant { Gas
Furnace

Coal : Coal fired
- extraction Power plan
Electric
Heater
-— Qil fired
» Qil Power plan

extraction . ;
I_+ Pipeline +" il
Ol T Furnace
refinery | -
il
Import

Delivered Grude ©

HFO
LFO

Source: TIMES Documentation part |

Reference energy system components: Energy carriers & Technologies
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Horizontal linkage: Technology chains

Example: Import of natural gas to heat office buildings

ELC-HW ELC-LW . . LTH
. NG Natural gas power Electric boiler
Natural gas import - -

plant

Offices

= Transformator = =
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Vertical linkage: Competition

Example: Competition to meet the heat demand to aluminium industry

between
- technologies and energy carriers ot Oil Burner _,| Heatdemand

. Aluminum industry
« old and new technologies

Matural gas

Technology choice depend on —— = Natural gas burner

— cost
— efficiency LPG
SR LPG burner
— emissions
— fuel prices LTH District heat
exchanger

— taxes and subsidies

— model constraints
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Example of results:
- Impact of technology learning

100 % —- - r 1,04 100 % -

90 % F 103 90 % '—I
c 80% F < c 80% F
= 1,02 2
5 70% | 5 70% |
S 60% | 1.01 & e0% |
2 =
£ 50% | 202 1 250% } ® ¢
] 3
o 40% } 099 © 40% |
ks ’ ©
© 30% | © 30% |
P 098 &
» 20% } nw 20% |

10 % 097 109 |

0 % ' ' 0,96 0 % '
High Ref Low High Ref Low

1,04

1,03

1,02

1,01

0,99

0,98

0,97

0,96

Rolf Golombek, Arne Lind, Hans-Kristian Ringkjgb, Pernille
Seljom

The role of transmission and energy storage in European
decarbonization towards 2050

Energy (2022), Volume 239

m Offshore wind
Onshore wind
Solar PV

m Hydro

m Geothermal

®m Biomass
Nuclear
Qil

o m Natural Gas

m Coal
& Total System Cost

elative total system cost

Figure 7: High and low PV technology learning (left) and high and low offshore wind technology learning (right)

25.10.2023
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Interpretation of energy system model results

— Provide decision support but cannot predict

— Model results deviate from actual dynamics of the energy system
* Model assume a given future evolvement that will differ from reality
— Energy service demand
— Fossil fuel prices
— Technology learning curves
 Actors does behave according to a system optimum

 Actors does behave according to cost-optimality
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Challenges for energy system modellers

« Major Challenge = Balance detail level with computational tractability

» Optimal detail level depends on data availability, type of analysis and
computation power

» Unnecessary complex model is not desirable

« Exampled of user-defined assumptions
» Temporal resolution

Regional coverage

Sectoral coverage

Technology detall

Representation og uncertainty
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Uncertainty in long-term energy system models

From Unsplash by Nicholas Doherty * Weather dependent production & demand

* Technology development

Future demand

* Consumer behaviour
* GDP and population
* New industry

From Unsplash by Lukas Lehotsky

Energy prices and markets

Policy and regulations

Climate change

Energy behaviour
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Long-term uncertainty - Scenario planning

» Scenarios are description of plausible
futures that identify uncertainty that can
have a great impact on decisions

* An internally consistent view of what the
future might turn out to be (Michael
Porter 1985).

* Drawbacks
e Complexity
* Uncertainty in conclusions

* Time consuming

< Kodak moment

[ kaudak maum(a)nt/
noun

an occasion suitable for memorializing with a photograph.
"the phone is a great way to avoid missing a Kodak moment”

Definitions from Oxford Languages

* The new “Kodak moment” is that
moment when you realize that customer
end behaviour preferences changes so
dramatically from your assumptions that
it is too late to change
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TIMES modelling framework
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TIMES modelling framework

* TIMES is a modelling tool developed by
ETSAP, implementing agreement of |[EA

* Long-term optimisation models of the
energy system

Model users

* Cost-optimal investments & operation to
meet the future energy service demand at a
least cost

I Contracting parties

* Used by individuals/ teams in 70 countries
e Successor and enhanced version of MARKAL

* Open-source code available on GitHub
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* Long Running Technology Collaboration
Program of |IEA

* Contracting parties in 20 countries and two
private sector sponsors

* Bi-annual meetings, continuous model
development and support

I
I
-—
-_
L]
L]

* https://iea-etsap.org/ | L7

A

™

* Annex XVI(2023-2025) . N
* Aligning Energy Security with Zero Emission CCt ' |

[T P ""H.___ ___.-"'

Energy Systems

Figure: IEA-ETSAP


https://iea-etsap.org/
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TIMES models specifications

* Implemented in GAMS

* Solver: CPLEX or XPRESS

* User friendly interface for managing input and results; VEDA
* Distinguish code and input

Data Handling Model Generator

Data and

2 pr——
Assumptions

I
Results Handling Model So

i | GAMS

oge

Output VEDA-BE +
Solvers

Figure: IEA-ETSAP
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Example of TIMES energy system analysis
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Norwegian Centre for Energy energi
Transition Strategies

NTRANS Socio-technical
pathways and scenario analysis

Kari Aamodt Espegren?, Kristina Haaskjold?® Eva Rosenberg?,
Sigrid Damman®, Tuukka Makitie®, Allan Dahl Andersen¢, Tomas
Moe Skjolsvold® and Paolo Pisciella®

IFC
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NTRANS socio-technical scenarios

High
TECHnological RADical
substitution Transformation
pathway pathway
Technology
Change
INCremental SOCial
Innovation change
pathway pathway
Low
Low System Architecture Change High

The scenarios are described by:

« Activity levels of end-use sectors

« Onshore/offshore wind potential
« National/trade transmission

- Technology costs, potentials,
maturity etc. e.g,, for:
- Battery electric transport
* Hydrogen technologies
- CCS

«  Blue hydrogen for export
« Cost/availability of bio energy

 End-use behaviour / rate



™ Main assumptions

High Demand projection /activity levels
TECH RAD . .
« High impact and uncertain
High activity Low activity High technology learning
High technology High technology
learning learning - Decreased cost of hydrogen and
_ : o : battery technologies
Technology Limited bio energy Limited bio energy
Change « High possible electrification and
use of hydrogen
INC SOC Limited bio energy
o » Restricted to Norwegian resources
High activity Low activity
Low technology Low technology
learning | .Iearnl.ng
Low Unlimited bio energy Unlimited bio energy
L ow System Architecture Change High



Energy system model
IFE-TIMES-Norway

Long-term optimization model of the Norwegian
energy system (2018-2060)

Developed in collaboration with NVE

Covers entire energy system, including end-use;
buildings, industry & transport

* Sector coupling

* Competition and interplay of energy carriers & technologies

High detail level of end use sectors
* Buildings
* Industry

* Transport

J re ‘ r———-‘,
"’,{'},ﬁ 4 xf/ ?ﬂ;:r_
gﬁ% b noa|
)] h“\ _ 7 /
It
ul ““—»| Rural Buildings
District heat —»{L
;’f"' / | 3! Urban Buildings
. |
. Fuels =
— "3 Industry
g ) &
& Becricity }}, »  Transport
(J/ Qv; ‘ Exw‘t
4
"'Av\ .
Y, & ‘3¢
74
P
pC] %”"‘5‘? 1 G
l{'
o

60cumentation+of+l FE-TIMES-

£ Norway+v3+(ID+57346)+(003) pdf (unit.no)



https://ife.brage.unit.no/ife-xmlui/bitstream/handle/11250/3058964/Documentation+of+IFE-TIMES-Norway+v3+%28ID+57346%29+%28003%29.pdf?sequence=2
https://ife.brage.unit.no/ife-xmlui/bitstream/handle/11250/3058964/Documentation+of+IFE-TIMES-Norway+v3+%28ID+57346%29+%28003%29.pdf?sequence=2

IFE
Model input: Energy service demand

Total Electricity specific use
2020 INC TECH SOC& 2020 INC TECH SOC&
RAD RAD

Aluminium 32 39 44 34 22 28 32 24
Other metals 16 20 20 16 5 6 6 5
Chemicals 20 23 23 20 8 10 10 8
Wood 17 17 17 17 4 4 4 4
Minerals 4 4 4 4 1 1 1 1
Light 10 10 13 10 4 4 5 4
Agri&Construction 4 4 5 4 3 3 4 3
Petro 69 28 28 - 9 9 9 -
New 1 20 46 1 1 20 46 1
H2 Export - - 100 - 5

Total 173 165 299 106 56 85 121 49
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Model input: Energy service demand

Building type End-use INC & TECH SOC & RAD
- 2020 2030 2050 2030 2050
Single-family Existing  El.spec. 8.4 7.9 6.7 7.6 6.4
] Heat 32.8 30.5 24.8 26.0 18.8
] Total 41.1 38.4 31.4 33.7 25.2
 New El.spec. - 0.8 2.4 0.8 1.4
] Heat - 2.0 4.8 1.7 2.7
- Total - 2.9 7.2 2.5 4.1
Multi-family Existing  El.spec. 1.8 1.7 1.6 1.7 1.5
] Heat 5.1 4.9 4.4 3.9 3.0
] Total 6.9 6.6 5.9 5.6 4.5
. New El.spec. - 0.5 1.5 0.4 2.1
] Heat - 1.0 2.7 0.8 3.7
- Total . 1.5 4.1 13 5.8
NCLECHE ] Existing El.spec. 16.6 15.8 14.2 14.2 12.1
] Heat 15.3 14.4 12.7 10.7 7.6
] Total 31.9 30.1 26.9 24.9 19,6
. New El.spec. i 14 3.7 0.7 3.6
] Heat - 0.9 2.0 0.5 1.8
] Total i 2.3 5.8 1.2 5.4
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Model input: Energy service demand

INC & TECH SOC & RAD

2018 | 2020 2030 2050 2050 vs. | 2020 2030 2050 2050vs.

2018 2018
Road transport 451 | 463 525 617 137% | 451 452 408 90%
(billion-vehicle-km)
351 ] 36.0 401 451 128% | 351 351 316 90%
73| 76 94 127 174%| 73 73 66 90%
4o 051|049 041 037 72%| 051 051 046 90%
Large trucks, short 0.77] 082 102 144 186% 90 %
distance 0.77 0.77 0.70

Large trucks, long 077 082 1.02 144 186% 90 %
distance 0.77 0.77 0.70
_ 057 | 058 060 062 108%]| 059 065 073 114%
216 | 219 230 246 114% | 21.6 222 223 103%
(TWh)

49| 49 51 53 109%| 49 49 44 90%
35| 35 36 35 101%| 35 40 45 128%
27| 28 30 32 116%| 27 27 27 100%
S 47 48 51 54 1M6% | 47 47 47 100%
Rail

0.7 0.8 0.9 1.2 163 % 0.7 0.8 09 128%

Other mobile transport 5.1 5.2 5.4 6.0 117% 5.1 5.1 51 100%




Model results: Electricity generation

400

58 |FE

PV

B Wind offshore
[0 Wind onshore
M Hydro



Model results: Electricity use
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Final energy demand

Model results
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Model results: Final energy demand-Road transport

2020

2030
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mill. ton CO2
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Questions for reflections
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Questions for reflections

* What have you learned today?
* What has been interesting?

* What is unclear?

(@)
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Final remarks/ summary

* A successful energy transition requires a holistic understanding of the
energy system

* The future energy system is more integrated than the system of
today

* Long-term energy system model, including TIMES models
* captures interaction between energy services, end-use technologies,
infrastructure and energy supply
* provides least-cost solutions for investment and operation of the energy
system to meet future demand for energy services
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