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Picture Source: The Evolution Of Climate Modelling <https://climate.esa.int/de/neuigkeiten-und-veranstaltungen/cmip-the-evolution-of-climate-modelling />
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j_,./ " Existing Status of Models a

nd Scenaries in CMIPG6

Advances in earth system models enable better benchmarking results while key interactions still require attention
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(a) Atmospheric CO; Scenarios
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(b) Ocean Carbon Sink

(c) Net Land Carbon Sink
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| ) cting Quickly and More Integratively-Is Urgent

CO, emissions need to be halved globally from present levels by 2030 for any chance of remaining within 1.5°C
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About 24 countries have already recorded sustained reductions in CO, and GHG emissions in the last decades

Subsector GHG emissions at peak vs 2018 by cluster

Long-term decline
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Summary for Policymakers

Global net anthrof ic emissions have continued to rise across all major groups of greenhouse gases.

'
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b. Global anthropogenic GHG emissions and uncertainties by gas - relative to 1990
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Shifting from unsustainable energy, land and resource use
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Key characteristics of the modelled global emissions pathways
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b. Peak and 2100 global warming across
scenario categories, IMPs and SSPx-y

ﬁ a. Median global warming across scenarios in categories C1 to C8 scenarios considered by AR6 WG1
- CB —_— C4 Scenario r;_ng;:nﬂm :l.i.;?:& scenario uqcemin:y:
3 across a
6 =qa E=a o o ‘ - ofs-ss%u::sw“::::io:g 6
- e = _ OE P
O ® 55Px

G § &) filled: Peak :varming (over the 215t century)
9_’ open: 2100 warming
§ 5 = 5
Z Scenario range within category: ]
0 5-95% across medians of scenarios a A
o 4 n—4
£ Median within category @ &
2 g
ke 5
g 3 e 3
s -{ a°o[E ¢
- Ak
© a N
22 - 1 50 2
5 m®ome ut]E 3 €
(&) s 0o g % %

1 0sSa1P 15520 1

=3xz[lga" U
(g B> |2
0 . 0

2020 2030 2040 2050 2060 2070 2030 2090 2100 Scenario categories, IMPs and SSPx-y scenarios



Sixth Assessment Report iDCC
we

WORKING GROUP Il - MITIGATION OF CLIMATE CHANGE E ‘

e~ = T

System transformations in the lllustrative Mitigation Pathways
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Electricity share in final energy (%)

Source: Luderer et al. (2022), Impact
of declining renewable energy costs
on electrification in low-emission
scenarios, Nature Energy 7: 32—42
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System transformations in the lllustrative Mitigation Pathways
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A multi-dimensional approach to assessing the feasibility of scenarios across time was also initiated during AR6

Technological concems Based on a technological maturity Economic concems Based on mitigation costs and efforts
perspective for different scenarios petspectives for different scenarios

Increasing feasibility concems

Irereasing foambilty concerms

- . oLl
e - .
a 07 200
Feasibility as of the scale of category
Unprecedented and
- aophysical omic speculative rate of
p socio-cultu™ 3 L]
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current state of knowledge
Observed in the past or
documented in the

literature ®  Higher2C

Based on a shifts in demand that are Based on geophysical indicators
“ involved in the different scenarios o across scenarios and climate outcomes

Increasing feasibility concems
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Sources: Brutschin et al. (2021), A multidimensional feasibility evaluation of low-carbon scenarios, Environ. Res. Lett. 16: 064069;
ITASA Multidimensional Feasibility Dashboard <https://data.cce.iiasa.ac.at/climate-action-feasibility-dashboard />
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A multi-dimensional approach to assessing the feasibility of scenarios across time was also initiated during AR6
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i - / '/Additional Possibilities for Improvement Beyond AR6

Aot ReaTA st 4 CHIMATE CRBRES
Climate Change 2022
Mitigation of Climate Change

Sumemary for Pobcymakers

Cc5 Net zero CO, emissions from the industrial sector are challenging but possible. Reducing industry
emissions will entail coordinated action throughout value chains to promote all mitigation options,
including demand management, energy and materials efficiency, circular material flows, as well as
abatement technologies and transformational changes in production processes. Progressing towards
net zero GHG emissions from industry will be enabled by the adoption of new production processes wide scenarios due to relative newness."
using low- and zero-GHG electricity, hydrogen, fuels, and carbon management. (high confidence) {11.2,
11.3, 11.4, Box TS.4}

"Demand management, materials efficiency and
circular material flows — are generally not considered
in recent global scenarios nor in national economy-

C.5.1  The use of steel, cement, plastics, and other materials is increasing globally, and in most regions. There are many
sustainable options for demand management, materials efficiency, and circular material flows that can contribute
to reduced emissions, but how these can be applied will vary across regions and different materials. These options
have a potential for being more used in industrial practice and would need more attention from industrial policy.
These options, as well as new production technologies, are generally not considered in recent global scenarios
nor in national economy-wide scenarios due to relative newness. As a consequence, the mitigation potential in Material efficiency and global pathways towards 100% renewable energy
some scenarios is underestimated compared to bottom-up industry-specific models. (high confidence) {3.4, 5.3, systems — system dynamics findings on potential and constraints
Figure 5.7, 11.2, Box 11.2,11.3,11.4,11.5.2, 11.6}

Source: IPCC, Climate Change 2022: Mitigation of Climate Change Summary for Policymakers <https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_ARG6_WGIII_SPM.pdf>
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ARG6 Scenario Explorer and Database — Indicators

The existing models and scenarios represent different coverage of aspects that are important for effective mitigation

0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
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ARG Scenario Explorer and Database hosted by IIASA

s International Institute for
Applied Systems Analysis
LIRS A wwwiasa acat
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Material recycling|Plastics

Material recycling|Chemicals
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Source: Original analysis for the invited lecture based on <https://data.cne.iiasa.ac.at/ar6/> LOCOMOTION




At the level of 10 regions, there is a similar scene with key differences, also representing modelling capabilities

=
@ s & IAMC
ARG Scenario Explorer and Database hosted by IIASA
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Source: Original analysis for the invited lecture based on <https://data.enec.iiasa.ac.at/ar6/>
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At the level of 10 regions, there is a similar scene with key differences, also representing modelling capabilities
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Source: Original analysis for the invited lecture based on <https://data.enec.iiasa.ac.at/ar6/> me




Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Water Withdrawal for Electricity (km3/yrt, normalized with 2015 values = 1)

Region 1 — Affica Region 2 — Eastern Asia (China+) Region 3 — Europe
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0
0 2.0
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00 00
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2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050

7 = 64-72 scenatios for different regions;
This sample of scenarios is kept for the other
indicators and included when data is available.

Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>; The scale of the y-axis is different for regions when necessary. m-,
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Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Water Withdrawal for Electricity (km3/yrt, normalized with 2015 values = 1)

Region 6 — Middle East Region 7 — North America Region 8 — Asia-Pacific Developed (Pacific OECD)
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7 = 64-72 scenatios for different regions;
This sample of scenarios is kept for the other
indicators and included when data is available.

Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>; The scale of the y-axis is different for regions when necessary. m-,
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Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Primary Energy from Non-Biomass Renewables (E]J/yt, normalized with 2015 values = 1)

Region 1 — Affica Region 2 — Eastern Asia (China+) Region 3 — Europe
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>; The scale of the y-axis is different for regions when necessary. m-,
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Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Prima

Ener

Region 6 — Middle East

Region 7 — North America

from Non-Biomass Renewables (EJ/yr, normalized with 2015 values = 1)

Region 8 — Asia-Pacific Developed (Pacific OECD)
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>; The scale of the y-axis is different for regions when necessary.
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Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator —

Region 1 — Affica

Total Renewable Ener

Share in Prima:

Region 2 — Eastern Asia (China+)
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Region 3 — Europe
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>
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Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Total Renewable Ener

Region 6 — Middle East
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Synergies between reducing water withdrawal for electricity and increasing RE share in primary energy is crucial
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Final Energy | Electricity (EJ/yt, normalized with 2015 values = 1)

Region 1 — Affica Region 2 — Eastern Asia (China+) Region 3 — Europe
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Final Energy | Electricity (EJ/yt, normalized with 2015 values = 1)

Region 6 — Middle East

Region 7 — North America

Region 8 — Asia-Pacific Developed (Pacific OECD)
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Electricity Share in Final Energy (%)

Region 1 — Affica Region 2 — Eastern Asia (China+) Region 3 — Europe
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/> m,
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Electricity Share in Final Energy (%)

Region 6 — Middle East Region 7 — North America Region 8 — Asia-Pacific Developed (Pacific OECD)
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

(GWh, normalized with 2015 values = 1)

Selected Indicator — Electricity Storage Capaci

Region 1 — Affica Region 2 — Eastern Asia (China+) Region 3 — Europe
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Electrici

Region 6 — Middle East
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/at6/>; The scale of the y-axis is different for regions when necessary; Any zero values in the reference year are given the average m
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/Cross-Comparison: Storage -and Electricity Share

Enabling a representation of smart energy systems in IAMs can support improvements in both of these dimensions
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‘,,:;',;Regional Perspectives — Within Planetary Boundaries?

/

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Land Use Afforestation (Mt CO,/yr , normalized with 2015 values = 1)

Region 1 — Affica Region 2 — Eastern Asia (China+) Region 3 — Europe
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>; The scale of the y-axis is different for regions when necessary; Non-zero values for some scenatios start in 2030
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Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Land Use Afforestation (Mt CO,/yr , normalized with 2015 values = 1)

Region 6 — Middle East

Region 7 — North America

Region 8 — Asia-Pacific Developed (Pacific OECD)
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Region 1 — Affica

Selected Indicator — Agricultural Demand (million t DM/yr, normalized with 2015 values = 1)

Region 2 — Eastern Asia (China+)

Region 3 — Europe
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Agricultural Demand (million t DM/yr, normalized with 2015 values = 1)

Region 6 — Middle East Region 7 — North America Region 8 — Asia-Pacific Developed (Pacific OECD)
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Fertilizer Use | Nitrogen (Tg N/yr, normalized with 2015 values = 1)

Region 1 — Affica Region 2 — Eastern Asia (China+) Region 3 — Europe
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — Fertilizer Use | Nitrogen (Tg N/yr, normalized with 2015 values = 1)

Region 6 — Middle East Region 7 — North America Region 8 — Asia-Pacific Developed (Pacific OECD)
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Cross-Comparison: Fertilizer and Agrieultural Demand
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Reducing changes in nitrogen fertilizer use while allowing agricultural demand to satisfy food security is crucial
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Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — CO, Emissions in 2050 (Mt CO,/yt, normalized with 2015 values = 1)
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Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — CO, Emissions in 2050 (Mt CO,/yt, normalized with 2015 values = 1)

Region 6 — Middle East Region 7 — North America
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/Regional Perspectives — Within Planetary Boundaries?

Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — CH, Emissions in 2050 (Mt CH,/yt, normalized with 2015 values = 1)

Region 1 — Affica Region 2 — Eastern Asia (China+) Region 3 — Europe
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Another crucial aspect is determining whether various trajectories are within the planetary boundaries or not

Selected Indicator — CH, Emissions in 2050 (Mt CH,/yt, normalized with 2015 values = 1)

Region 6 — Middle East

Region 7 — North America

Region 8 — Asia-Pacific Developed (Pacific OECD)
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onsequences for the Exceedance Probability of 1.5°C

Some of the scenario inefficiencies are also embedded in the consequence for the probability of exceeding 1.5°C

Climate Emulators: Cicero Simple Climate Model (CICERO-SCM) Finite Amplitude Impulse Response (FaIR) Simple Climate Model
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omparison of the Different Scenarios by 10 Regions

Comparing how different outcomes are reached across regions can show additional opportunities for improvement

Selected Indicators

- S1AMC

AR6 Scenario Explorer and Database hosted by IASA

(

. ‘\ \
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(Tg Nlyr) ”J
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Source: Original analysis for the invited lecture based on <https://data.ene.iiasa.ac.at/ar6/>
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Region 2 — Eastern Asia (China+)
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Region 5 — Latin America and Caribbean
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Region 8 — Asia-Pacific Developed
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Region 9 — Eastern Europe and West-Central Asia
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Region 10 — South-East Asia and Developing Pacific
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Possible priorities for models/scenarios interacting with the next Coupled Model Intercomparison Project (CMIP7)

Ensuring Cross-
Sectoral Integration| 1

in Modelling
Utilizing More
Granular Inputs
Across Systems
Being Explicit on
the Urban Share
of Emissions
()
. Better Linking
4 ,| Scenarios with
! Y Various Co-Benefits
" Focumentate® -
()
Comparability with
the Earth System
Boundaries
Picture Source: The Evolution Of Climate Modelling <https://climate.esa.int/de/neuigkeiten-und-veranstaltungen/cmip-the-evolution-of-climate-modelling /> m
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) Ensuring Cross-Sectoral Integration-in Modelling

Cross-sectoral integration in modelling will increase energy system flexibility for 100% renewable energy systems

Model Coverage Methodological Approach Resolution
Dispa-SET Power and heat sectors Optimization (MIP) Hourly
LUT Energy System Transition Model Energy sector Optimization (LP) Hourly
EnergyPlan Energy sector Simulation Hourly
H2RES Energy sector Optimization (LP) Hourly/Multi-Year Investment
ETSAP-TIAM Energy sector and links TAM optimization (LP)/partial equilibrium Yearly (seasonal time slices)
GCAM Energy sector and links TAM/partial equilibrium Yeatly (5 years)
HOMER Power sector Simulation Minutes
LEAP Energy sector Simulation Yearly
MARKAL Energy sector TAM/optimization (LP) Yearly (seasonal time slices)
MESSAGE Energy sector TAM/optimization (LP) Yeatly (5 years)
NEMS Energy sector Optimization (LP)/partial equilibrium Yearly
0SeMOSYS Energy sector Optimization (LP) Houtly (time slices)
PLEXOS Power sector Optimization (MIP) Minutes to Hourly
DIETER Power sector (integration with P2Heat and EV) Optimization (LP) Houtly
GenX Power sector (alternatively heat sector) Optimization (MIP) Flexible degree of resolution
REMix Power sector (alternatively heat, H2, others) Optimization (LP) Hourly
PyPSA-Eur-Sec-30 Energy sector Optimization (MIP) Houtrly (single year)
PRIMES Energy sector Optimization (LP - EPEC)/partial equilibrium Yeatly
ReEDS Power sector Optimization Houtly (time slices)
ReMIND Energy sector and links TAM Yearly (5-10 years)
TIMES Energy sector and links IAM Yeatly (time slices)
WITCH Energy sector and links IAM Yeatly (5 years)
SWITCH Power sector Optimization (MIP) Hourly Dispatch/Decadal Investment

Source: Feijoo, Pfeifer, Herc, Groppi, Dui¢ (2022), A long-term capacity investment and operational energy
planning model with power-to-X and flexibility technologies, Renewable and Sustainable Energy Reviews 167: 112781
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ss-Sectoral Integration-in Modelling

Cross-sectoral integration in modelling will increase energy system flexibility for 100% renewable energy systems

Hourly New generation of IAMs require

100 . . .
Models houtly modelling integration
% \
80 V
INPUTS
o 12 - Hourly distributions.
£ Gathering the
;_ 60 required data of the - Yearly values and constants, Generation&storage OUTPUTS
@ 5 region capacities by technology
‘i - Configuration baseline EnergyPLAN model.
2 40 Hourly technology utilization by
g VRES variability
= eneration&storage technol
30 - Selection of inputs. management options : : & e gi:ld
" Hourly-
= - Select f i *  PPmin/CHPmin
2 Construction of 5 fon ot groups +  Flexible power in the resolution
combinations - Selection of points by range and input. day model
10 Riin the P P Hourly increase in final energy
= & demand by type (Demand)
0
40 % RES 50 % RES 60 % RES 70 % RES 80 % RES 90 % RES 100 % RES B
e . Creation of the files for EnergyPLAN. Hourly distributions:
Running +  Initial demand (Demf)
= Smart charge + V2G  # Dump charge EV « FCEV mPetrol  m Diesel combinations with  ESSERTURIEY AUCLS +  VRES supply
EnergyPLAN
- Save and structure inputs and outputs.
30
- Selection of representative inputs. Technical J
25 L'”e“r;::::““’” - Selection of outputs. lefﬂclencl&:;:;ld stabillm T
= < Yearly-averaged inputs (x,) -
- Fit the regression models. ! Yearly-averaged outputs (yn)
2 - Analysis of the residuals and estimated outputs.
£ v
E-L,‘ i: generation technologies Yii¥ai e Y = (213263 .4 33m)
§' Jj: storage technologies
:§ k: final energy (electricity, hmr,nqulds 2 harmonization
10 X1, X2,..., xn: yearly iabl
y1, y2,...,ym: yearly-averaged outputs to be regressed
5 Yearly-resolution model
o . - B "
40 % RES 50 % RES 60 % RES 70 % RES 80 % RES 90 % RES 100 % RES Source: Parrado-Hernando et al. (2022), Capturing
Case features of hourly-resolution energy models through
=District heating = Blomass bollers = Natural gas boilers  ®Heat pumps = Electric bolers statistical annual indicators, Renewable Energy

Source: Herc, Pfeifer, Dui¢ (2022), Optimization of the possible pathways for -
gradual energy system decarbonization, Renewable Energy 193: 617-633 LOCOMOTION
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Different utrban areas have

different LUE trends
{ ,\\
|
@ g LUE Trend @ Improving @ Worscning ® NA
a)
o |
— = LUE, 1990-2000 0 < LUE< 1 LUE, 1990 - 2000 LUE > 1 LUE, 1990 - 2000 LUE > 1
LUE, 2000 - 20150 < LUE £ 1 LUE,2000- 20150 < LUE £1 LUE,, 2000 - 2015 LUE > 1
® LUE<-I -1<LUE<0 @ 0<LUE<| @ I<LUE<2 @ LUE>2 @ Land e . S e . T i o e e ons
sub-cpochs. These FUA improved an already cificient  These FUA improved their LUE trajectory with a PGR>LCR  sub-cpochs. These FUA improved the LUE value but the
LUE mjectory. In both sub-cpochs PGR>LCR.  inthe i infeflicient LCR*PGRin~ tajoctory remains an incflicicnt LOR>PGR.
| LUE,<LUE, the first. LUE, < LUE, LUE, <LUE,
| d . v o . . B,
° iomcs | | i
Africa Asia Europe Latin America & Northern America Oceania " - _ 7 S .
Caribbean LUF,, 1990 - 2000 LUE > 1 LUE,, 199 - 2000 0 < LUE < 1 LUE, 199020000 < LUE <1
LUE, 2000 - 2018 LUE > 1 LUE, 20002015 LUE > 1 LUE,2000- 20150 < LUE 11
1,038 FUA worsened the LUT. between the two 29TFUA LUE poch: 420 FUA LUE ib-epochs.

sub-epachs. These FUA worsened an already inefFiciem  These FUA had an efficient PGRL.CR. trajectory in the These FUA continue to have an efficient

LUE trajectory. in both sub-cpochs PGR>LCR. first period but & LCR=PGR in the second. LeR>PGR. LUE, > LUE,,

LUE, > LUE, LUE,>LUE,

Source: Schiavina et al. (2022), Land use efficiency of functional urban areas: Global pattern and evolution of development trajectories, Habitat International 123: 102543 =
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 :}- ;; / ' /2) Utilizing More Granular Inputs Across Systems

More granular inputs related to land, water and socio-ecological systems will increase the applicability of scenarios

Avoid, shift and improve aspects

Vehicle  Type Unit 2015 2020 2025 2030 2035 2040 2045 2050 from bottom-up studies only
ICE kWhy,/p-km 0485 0456 0413 0368 0336 0308 0260 0.211 V
BEV KWh/p-km 0113 0101 0089 0078 0072 0067 0061 0.055 B ricsore o [ Avic .
LDV~ PHEV  kWhg/p-km 0145 0114 0091 0081 0074 0068 0057 0.046
PHEV ~ kWhy/p-km 0079 0075 0069 0061 0056 0052 0048 0.043 §
FCEV  kWhyy/p-km 0172 0164 0136 0130 0119 0118 0097 0.091 o e —— §
owpw  ICE KWhypkm 0126 0126 0126 0126 0125 015 0125 0125 g I i : §
BEV  kWhy/pkm 0044 0044 0044 0044 0044 004 0044 0044 g Tl Gm : 2
.g §
ICE KWhy/p-km 0233 0224 0210 0210 0205 0199 0193 0.189 ol 5 <
BEV kWhy/p-km 0107 0101 0095 0091 0087 008 0079 0.076 . ’
BUS  PHEV  kWhg/p-km 0116 0112 0105 0105 0102 0100 0097 0.095 . §
PHEV ~ kWhy/p-km 0053 0050 0048 0045 0043 0041 0.039 0.038 § H S
FCEV  kWhy/p-km 0178 0166 0156 0147 0139 0132 0124 0.118 s l 2l is g
£l iz
ICE KWhg/t-km 1334 1229 1132 1043 0961 088 0815 0751 -E 3
BEV kWh,/tkm 0549 0479 0419 0367 0333 0302 0275 0251
MDV ~ PHEV  kWhg/t-km 0801 0737 0679 0626 0576 0531 0489 0.450 ol
PHEV  kWhy/tkm 0220 0191 0168 0147 0133 0121 0110 0.101 - —— o o
FCEV  KWhy/tkm 0801 0737 0679 0626 0576 0531 0489 0.450
Human settlements
ICE kWhg/t-km 0445 0403 0365 0330 0299 0271 0246 0222
BEV kWhg/t-km 0237 0207 0181 0159 0144 0130 0119 0.108 Source: Creutzig et al. (2022), Demand-side solutions to
HDV PHEV kWhg,/t-km 0311 0282 0255 0231 0210 019 0172 0.156 climate change mitigation consistent with high levels of
PHEV  kWhy/tkm 0071 0062 0054 0048 0043 0039 0036 0.032 well-being, Nature Climate Change 12: 36-46

FCEV kWhyp/t-km 0267 0.242 0219 0.198 0.180 0.163 0.147 0.133

Source: Khalili et al. (2019), Global Transportation Demand Development with Impacts on the
Energy Demand and Greenhouse Gas Emissions in a Climate-Constrained World, Energies 12: 3870;
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After ARG, it may become a common standard in IPCC reports to provide the urban share of emissions in scenarios

a. Urban emissions in scenarios with different contexts

| Urban emissions in the context of SSP1-RCP1.9 | [ Urban emissions in the context of SSP2-RCP4.5 |

60 = L —
e Asia and Developing Pacific —Asia and Developing Pacific

50 s Developed Countries 50 o === Deveioped Countries
i wdecan S I
s Latin America and Caribbean J— Latin Amarica and Caribboean i e ~.

a0 IR S Middie East 40 1 S ™

Sr "l 3 = —Global Total (GICO,eq)

C0,eq Emissions (GtCO,eq/year)
o B 8 8

|
-
5]

-20

e NI SCENARIOS
S 5 FORUM 2022

w
S

=
o

CO,eq Emissions (GtCO,eq/year)
o 8

Climate Change 2022

Mitigation of Climate Change

"
=
o

1990 1995

-20
2000 2005 2010 2015 2020 2030 2040 2050 2060 2070 2080 2080 2100 1990 1995 2000 2005 2010 2015 2020 2030 2040 2050 2060 2070 2080 2090 2100

b. Estimated urban emissions changes in two different scenarios (2020-2030)

| Resource efficient and compact | I Moderate progress ]

14 14

512 T 12
g B

g 9.8 8
g w0 w g 10
= [
@ 8 \ g 8
2 @
2 2
£ 6 — \— & 6 Source: IPCC (2022), Technical Summary; adapted from
w P
£ \7 E B e Gurney, Kilks et al. (2022), Greenhouse gas emissions
£ \ 2 . from global cities under SSP/RCP scenarios, 1990 to

2 \ 2 2100, Global Environmental Change 73: 102478

0 N\ 0

Africa Asiaand Developed Eastemn Latin lidd Total Africa Asiaand Developed Eastern Latin ! Total
Developing Countries Europe American E Reduction Developing Countries Europe American East Increase
Pacific and \ and in 2030 Pacific and West- and in 2030
Central Asia Caribbean Central Asia Caribbean
—— 2020 Emissions Levels > Reductions in 2030 Ew Remaining Emissions = Any Increase in 2030 m
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After ARG, it may become a common standard in IPCC reports to provide the urban share of emissions in scenarios

Change between 2020-2030

120 15
a) b)
—
ke
S 100 —
> 10
~ —
g . _ g
o,,, 20 Existing Models/Scenatios .__S_:
[}
= —— IMAGE $5P1-1.9-SPA1 S s
-4 - ——IMAGE SSP1-2.6-SPA1 g
w
g ~———GCAM4 S5P4-3.4-5PA4 T
g / ~—— MESSAGE GLOBIOM 55P2-4.5-5PA2 = .
- b) g §
g 40 = ——GCAM4 S5P4-6.0-SPA4 5
"'6'_ é ~———AIM S5P3-7.0-SPAO o
3]
Q0 e :\ ~——REMIND MAGPIE SSP5-8.5 @
8 ___/ \ —— Urban Emissions (1990-2015) € 71
g c
8 @
— 0 €
o 2

/

Source: Gurney, Kilkis et al. (2022), Greenhouse gas emissions from global cities under SSP/RCP scenatios, 1990 to 2100, Global Environmental Change 73: 102478
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After ARG, it may become a common standard in IPCC reports to provide the urban share of emissions in scenarios

e
8

Cumulative Urban Emissions (2020-2100), GtCO2eq

o

Source: Gurney, Kilkis et al. (2022), Greenhouse gas emissions from global cities under SSP/RCP scenatios, 1990 to 2100, Global Environmental Change 73: 102478
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After ARG, it may become a common standard in IPCC reports to provide the urban share of emissions in scenarios

a)
1800
- g
;50-'1600
>
& § 1400
§ g 1200
c
& & 1000
52 800
¢8
8y °°
=
z e 400
S g 200
“ 0

2020 2030 2040 2050 2060 2070 2080 2090 2100

<)

o 7000
E &' 6000
e e
T 9 5000
c S
_§§4000
2 S 3000
g8
& 2 2000
22

w
S.EIOOO

w

0

2020 2030 2040 2050 2060 2070 2080 2090 2100

Source: Gurney, Kilkis et al. (2022), Greenhouse gas emissions from global cities under SSP/RCP scenatios, 1990 to 2100, Global Environmental Change 73: 102478
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. / | 4) Better Linking Scenarios with Various Co-Benefits

Better linking climate scenarios with co-benefits will support accelerating the mitigation effort across all regions

Sustainability

transformations Sample SDGs

Clean water
and sanitation

Sustainability

Affordable and
clean energy

0
A & ’ \. Reduced inequalities
\' Sustainable cities and
communities
2020 2030 2050
Life below water

Life on land

Normative Goal
Universal access to
clean water

End water scarcity
Universal modern
energy setvices for all

Decrease relative
Poverty

Improve air quality in
Cities

Balance phosphorus

in oceans

Halt land-system
change

Balance nitrogen in
soils

Protect biodiversity

Indicator

Population without access to
improved water source piped

The area under water stress
(water stress index for most
water scarce month/season)

Population without basic
electricity access

Number of people below 50% of
median national daily income

Population exposed to annual
average PM, ; > 25 mg/m?

P flow from freshwater systems
into the ocean

Global (biome): area of forested
land as % of original forest cover
(potential forest)

Industrial and intentional
biological fixation of N

Protect biodiversity

2015

660 million

11%

1.1 billion

>1.4 billion

65%

22TgPy!

4,000 ha

150 Tg N y!

BII

2030

No increase

15%

20%

11 TgPy!
No further loss
of primary

forest

62 TgN y!

2050

No increase

10%

10%

11 TgPy"!

Global: 75%,
specified by
forest type

62TgN y!

No degradation from 2020 onward

LOCOMOTION

Source: van Vuuren et al. (2022), Defining a sustainable development target space for 2030 and 2050, One Earth 142-156.




Differences in Jobs between WB2C and Reference [million]

ik

9 //
o~ 4

1) Better Linking Scenarios with Various Co-Benefits

B
2030 2040 2050 Reference we2C
204 Energy system jobs shift to >10 million new jobs
+18.1, 42 ¢ in renewable energy led by solar and wind
oy +13.2
-l | —
+10.9 [N e || +10.0 I 1.4 . Total iobs i h d desalinati

| [l s Total jobs in power, heat, transport, and desalination

B el B in 2 100% RE scenario is about 134 million in 2050
B o

Changes in Jobs from 2020 to 2050 [million]

SSP1  SSP2  SSP3 SSP1  SSP2  SSP3

SSP1  SSP2  SSP3

. oil Jobs - Power generation BV utility-scale Jobs - Heat generation # Solar thermal
. Solar (CSP) = PV prosumers 30 ® Electric heating DH
o Wi abors  Electric heating IH
. S, 60 B Wind offshore 25 = Gaothermal DH
= Hydro dam ® Heat pump DH
W wind 0FF) = s o = Heatpump IH
B wineon) e 5 # Blomass DH
-Eg 40 ncse H s  Blomass IH
Z “seamTubine (1) B # Biogas IH
i ¥ = Power to Heat (PtH) - @ Coal DH
N = Blomass 2 #0ilDH
 Biogas =0l IH
9.7 96 g9 i = Waste-to-energy s ® Methane DH
=.Coal PP (Hard Coal) u Methane IH
SSP1 SSP2 SSP3  SSP1 SSP2 SSP3 o S Tabineiam)

FELLSTSSS e ST

Source: Pai et al. (2022), Meeting well-below 2°C target would

increase energy sector jobs globally, One Earth 4(7): 1026-1036

Source: Ram et al. (2022), Job creation during a climate compliant global energy transition
across the power, heat, transport, and desalination sectors by 2050, Energy 238: 1216
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Better linking climate scenarios with co-benefits will support accelerating the mitigation effort across all regions

Regional electricity capacities

avaow

aaw
wsow Wy
- 4 Y

oo swoow

Regional electricity storage capacities

Regional heat storage capacities

i

~

Total

Regional electricity generation
M Gas
MBiomass.
- Biogas.
M Hydro run-of-river
o o
M Geothermal
PV solf-cons
PV fixed titod P
1PV single-axis.
9 Wind onshore -
~ Wind oftshore e L)
M Coal
Won Pa Al ey
B Nuclear
2w
41 T \-'m Tout
T
Regional electricity storage annual generation
I Battery SC storage. it
I Battery system storage
BPHES
[ acaes
1560
2Twh
12T
2wTvm
18 Tvm
398 7o By Yot
W
Regional heat storage annual generation
- anTwn
Gas storage
TES HT
BNTES OH .
0 -~
ST
0.2
oTwn
Ten
1t Twn 363 Twh —

Jobs [millions]

A 100% renewable energy scenario for North
India will increase energy jobs from about 1.8
million in 2020 to 4.4+ million by 2050

=z

50 Jobs - Source = Power 5.0 Jobs - Value chain 1400 o Manufacturing
m CHP 1 Construction &
= Installation
4.0 W Heat 4.0 = e
E Maintenance
i = 2w Fuel
)
3.0 = £ 30 =
o = -§ s Decommissioning
W Transmission & £ o
Distribution 8 20 £ mmm Transmission &
2.0 Il ‘% Distribution
—#— Specific Jobs
& Tiobs/TWh]
1.0 1.0 g
0.0 0.0

» H P

P & '»&“ 1‘9? £#§f1f$q4

» S H P &
e o S &
S f" o

Source: Ram et al. (2022), Energy transition in megacities towards 100%
renewable energy: A case for Delhi, Renewable Energy 195: 578-589
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/ " /4) Better Linking Scenarios with Various Co-Benefits
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Better linking climate scenarios with co-benefits will support accelerating the mitigation effort across all regions

HUMAN
5 DEVELOPMENT e
5 BELEBE
V = *
.| i A
i -k
7
o
. :
i % . *‘ = [ Importance of SDG Interactions
\‘....1 -*' Il
| : | (I
e ** Low - High
A

Represe lon In 1AMs

e | 2 = |

Conceivable Panned Implemented

Source: van Soest (2019), Analysing
interactions among Sustainable Development
Goals with Integrated Assessment Models,
Global Transitions 1: 210-225
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Better linking climate scenarios with co-benefits will support accelerating the mitigation effort across all regions
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e ) Comparability with the Earth Systemn Boundaries

Vetting criteria should determine scenarios that are and are not within the earth system boundaries across domains

Earth System Boundary Domain

A Earth System components underlying B Earth System components and stores of water
the current planetary boundaries
Upper Boundaries in Safer Operating Space 'i,nﬁ""' e AT
%,
L %,
Nitrogen (Schulte-Uebbing et al, In Review) 43 Mt N yr! of agricultural surplus or 57 TgN yr! (closing yield gaps) Py ‘ ¥
33 > ‘ — Precipitation
Phosphorus 4.5-9.0 TgP yr! soil surplus | » ;
"a'% \ ‘ ' / BIOSPHERE
Blue Water (Gleeson et al., 2020) <20% alteration of monthly surface water flows for all rivers globally ¥ g

Source for Nitrogen: Schulte-Uebbing et al. From planetary to regional boundaries for agricultural nitrogen pollution (In Review)
A Dividing the water boundary into six sub-boundaries

B Sub-boundaries are based on water functions

Current freshwater use planetary boundary
only explicitly considers streamflow
impacts on aquatic biodiversity.

IHIHASONLY

3y3HASONLY

Source: Gleeson et al. (2020), The Water Planetary Boundary:
Interrogation and Revision, One Earth 2: 223-234.
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e ) Comparability with the Earth System Boundaries

Vetting criteria should determine scenarios that are and are not within the earth system boundaries across domains

a Conceptual illustration of a green water planetary boundary
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_.--change .
'
= B Green water PB Earth system
L MR s aasmmamsc e memeeeseeeemmececmeeecesssscscasescesssscescssseseceess-mm=e . ;
depletion : . grnnhlwsg gas emissions B Frecipitation O Atmospheric dynamics @ Climatic transitions
| # Aerosol emissions B Evaporation
. i h . . .
i ‘l m:‘;:::'c‘":‘a:’::‘ 9-’ B Soil moisture O Biogeochemical dynamics @ Carbon sink reversal
| Land system I * Land and soil degradation 0 Ecological dynamics . Biosphere regime shifts
| change I * Water withdrawal for e
i | irrigation and other uses O Hydrological dynamics
Novel I : ' -
entities : ‘
| I Source: Wang- Erlandsson et al. (2022), A
| | 1 . ~
. 5 anetary boundary for green water, Nature
Climate | : Earth system state driven by | p L c ]
chanae | Biosphere Bour_uilary I Reviews Earth & Environment 3: 380-392.
R i ;
|
| . Supports
Holocene-like
{ conditions
|
I
I
I
| Earth system
| resilience
|
| =memsscsnnsnnmaannannnen=ns >
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|
I

Zone of increasing risk

Increasing risk of

observable Earth
system impacts
Low degree of Green water PB High degree of
human modifications control variable

human medifications
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) Comparability with the Earth Systema Boundaries

Vetting criteria should determine scenarios that are and are not within the earth system boundaries across domains

HydroBASINS level 2 HydroBASINS level 3

SEP 9 - '

Blue Water

Blue water
(streamflow)

y ’

(2]

Source: Porkka et al., Global water cycle
shifts substantially beyond stable pre-
industrial conditions, Earth ArXiv

Green water
(root-zone soil moisture)

Persistent transgression year

-1940 1940-1950 1950-1960 1960-1970 1970-1980 1980-1990 1990~

ice no transgression
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) Comparability with the Earth Systema Boundaries

Vetting criteria should determine scenarios that are and are not within the earth system boundaries across domains

Intact or increasing
stabilizing feedbacks
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{ " Stabilizing feedback loop O Amplifying feedback loop ﬂ Key human pressures

Scenario 1: Earth system resilience not considered or neutral —* status of the green water PB unsafe.
)

| °

Scenario 2: High Earth systerln resilience = status of the green water PB considered safe.

Land areas with root-zone soil moidtare anomalies beyond baseline variability (%)

Baseline
Boundary Zone within Zone of
@ Current status position boundary increasing risk
Source: Wang- Erlandsson et al. (2022), A
Amplying planetary boundary for green water, Nature
feedbacks Reviews Earth & Environment 3: 380-392.

Stabilizing
feedbacks

LOCOMOTION




Most priorities are being addressed by WILIAM also with a very good basis to provide synergies among priorities

W1Ithin Limits Integrated Assessment Model (WILIAM)

HOUSEHOLDS
Upgraded household consum-
tion andd representation of govern-
mental conumption

FINANCE

Integration of a new financial sub-
module using the Stock-Flow
Consistent (SFC) approach

Expansion of the non-enrgetic
ratl

Economy & A
Modellig potantin

Finance behioural changes in

consumers.

FEEDBACK ECONOMY-ENERGY
infrastructures
& Technologies

INTERNATIONAL TRADE
improvement of the repre-
sentation of internationsl
trade.

CLIMATE CHANGE IMPACTS

secton. quantification of sectoral
impacts and estimation of adaptation
costs.

v

}“Q:

Dynamic and endogenaus computa

improved Guantification of climate change impacts
Labour and adaptation endogenously, including
modelling. the identification of cimate-sensitive

Non-renewable

NEGATIVE EMISSION TECHNOLOGIES

Source: Locomotion Project <https://www.locomotion-h2020.eu/locomotion-models/locomotion-iams/>

s

Ensuring Cross-
Sectoral Integration| 1
in Modelling

Non-energetic « Utilizing More

Materials Granular Inputs

Across Systems

Being Explicit on
the Urban Share

of Emissions
_____________________ o
\ Better Linking
4 ll Scenarios with
Various Co-Benefits
'y}
Comparability with
the Earth System
Boundaries
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&5 1 A Urban Land Area (2050)
3 = 0.7 million km?

!

Urban land area (million km?)

e SSP | e SGP 2 s GSP 3 s SSP 4 s SSP 5

Source: Gao and O’Neill (2020), Nature Communications 11:2302
Modifying emerging urbanization
* 20-25% reduction of future

urban energy use until 2050

Source: Creutzig et al. (20106); Creutzig et al. (2015)

\ Studies upon screening, scoping & machine learning

':| Climate Mitigation Sectors

=

1\ Tochnoluv & Policy hldntlvn ' /

—
TP

\ Governance Modes /

Source: Sethi et al (2020), Climate change
mitigation in cities: a systematic scoping of case
studies, Environ. Res. Lett. 15 093008

Reducing urban resource use

* Continuing to build cities the same
way may require nearly 90 billion
tonnes of materials by 2050

Source: Swilling et al. (2018), The Weight of Cities:

Resoutce Requirements of Future Urbanization

_./ / Integrating measures across

urban sectors realizes synergies
in GHG emission reductions

Urban land use and spatial planning, urban
energy planning and resource efficiency

. i
Comtents sts avlatibe at fc.ence (et
LIt 1]

¥ Energy

ELSEVIER fournal

Transition towards urban system integration and benchmarking of an |
urban area to accelerate mitigation towards net-zero targets l-il

Siir Kilkig

e Sl e el s oo of T, sk )N 271, 05108, i, A, Ty

Source: Kilkis (2021), Energy 236:121394
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Critical mitigation opportunities in urban areas can be guided through urban emissions and LUE scenarios

Per Urban Area U

SSP1 urban Emissions
population fwtpnnu trends per
projections per capita scenario

Renewable and Sustainable Energy Reviews

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/rser

SSP1 urban i
population ; :r
projections alﬁmnues o

Siir Kilkig -

Urban emissions and land use efficiency scenarios towards effective climate

ELSEVIER
Sensitivity
case with
Monte Carlo ae . .
simulatins, mitigation in urban systems

The Scientific and Technological Research Council of Turkey, Atatiirk Bulvar: No: 221 Kavaklidere, 06100 Ankara, Tiirkiye

ARTICLE INFO

ABSTRACT

There are critical mitigation opportunities in urban areas that can be better understood through urban level
analyses in the context of climate scenarios. This research work develnpl an «ppfmd! for emissions scenarios for
specific urban areas based on Shared ic and s with a focus on
the green growth paradigm at the lowest radiative forcing ‘The scenario ic for compact
urban form is further complemented with improvements in existing land use efficiencies that are based on the
Global Human Settlement Layer. Urban emissions scenarios for 420 urban areas among those with the highest
emissions footprint totaling about 10.7 GtCOgeq in 2020 and land use efficiency scenarios for the top 10 urban
areas in 9 regions are analysed. The 90 urban areas that represent about 6.2 GtCOzeq of urban emissions and 83.3
thousand km? of built-up area in 2020 are then compared in a two-dimensional scenario space. Co-benefits are
quantified for a new 100% renewable energy scenario that represents electrification combined with sector
coupling. Based on Monte Carlo simulations, rlu:dom performances that near the most stringent emissions
pathways in a range of £10% can still h net-zero by 2050 in ali with the

goal of the Paris Agreement. Yet there is a penalty of about 0.95 GtCO; even in the best land use efﬁclem:y
scenario due to possible impacts of urban land expansion on the sequestration potential of local biomes. The
results have widespread ramifications for guiding urban areas towards integrated action for reducing emissions,
limiting the growth in urban extent, and providing co-benefits for urban inhabitants when effective action is
needed urgently.

Keywords:
| Urban systems
Lg Climate scenarios
Urban emissions
Urban Land Use e — o Land use efficiency
Efficiency Scenarios Y areasin ° m"""”:‘l‘iw
( LUES% (U)) H LUE15% (U) H LUEa, (U) H LUEg (U) W ety e
local bi
m _E e
>
>

Irban scenario Urban climate SDEWES
space (2-D), strategies City Index

Analysis of the net-
zero emissions status

Source: Kilkis (2022), Urban emissions and land use efficiency scenarios towards effective climate mitigation in urban systems, Renewable and Sustainable Energy Reviews 167: 112733
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Data inputs — Urban emissions and trends

* Global Gridded Model of Carbon Footprints

* Global Human Settlement Layer GHSL-UCDB
* Urban population by SSP per urban cluster ()

(*) Source: Kii (2021), npj The focus is on the

Urban Sustainability 1:10 top 500 urban areas
Py with the highest Source: JRC (2019), Global Human Settlement
footprint 420 bein Layer / Urban Center Database (UCDB)
y 42U DeIng

3| tan ssamatry e e
—

harmonized across
g
e a ahosn o proed urban datasets

St

. . Renewable Energy and Technology Behavioral Afforestation
q S o Electrification X .
Scenario Urbanization Qualities and flexibili energy material development and lifestyle and re-
* deployment efficiency / innovation responses forestation

* I SSP1-RE Rapid / Compact Highest Highest Highest Highest Highest Higher I

Climate scenario inputs [“ssp119 Rapid)/ Cormpact Higher Highet Higher Higher Higher Higher |
* Additional SSP1 scenario

| SSP1-2.6 Rapid / Compact High High High High High High

involving 100% renewable
energy based on regional

GHG emission trends Additional Source: Bogdanov et al. (2021), Low-cost renewable electricity as the key driver of the global

energy transition towards sustainability, Energy 227 <https:/ /doi.org/10.1016/j.energy.2021.120467>
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/Urban Emissions Scenarios-for 420 Urban Areas
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Urban implications:
Nty Novgorod Support for system flexibility for 100%
renewable energy penetration
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[& ssp1-19
] sse-26
[ ssp1-Re

Urban Emissions, MtCO,eq Urban Emissions, MtCO,eq

Urban Emissions, MtCQ,eq

Regional Top 10 Urban Areas [l Remaining 330 Urban Areas a) SSP1-1.9

2020 2025 2030 2035 2040 2045 2050
Regional Top 10 Urban Areas [l Remaining 330 Urban Areas b) SSP1-2.6
2020 2025 2030 2035 2040 2045 2050
. Regional Top 10 Urban Areas . Remaining 330 Urban Areas c) SSP1-RE

2020 2025 2030 2035 2040 2045 2050
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, 543.5 or 336.6 MtCO,eq in 2030
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, 442.8 or 151.8 MtCO,eq in 2040
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, 311.3 or ~0.0 MtCO,eq in 2050
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Under SSP1-1.9, the top 10 urban areas in this region will need to reduce their total footprint by 352.7 MtCO,eq by 2050

1200

80.0

60.0

Urban Emissions, MtCO,eq per year

i 3

2050

4 Searchin table Region — Southern and Eastern Europe
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/ ,,,:-'i,fI‘op 10 Emitting Areas — Southern and -Eastern Europe

/

For these areas, 100% RE scenarios provide opportunities to eliminate 400.0 MtCO,eq of urban emissions in 2050
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Estimated Benefits for 100%
Renewable Energy, Billion Dollars 2050

, Zurich

Hamburg
——— West Yorkshire

.~ Birmingham
\\\ Manchester

\Berlin
|\ Paris

Private Air Quality Climate Cost Mean Total
Energy Benefits Savings Benefits  London
Benefits

Calculated based on local per capita values in Jacobson et al.(2020) with harmonized SSP1 urban population in 2050 based on Kii et al. (2021)

Air Quality Climate Cost Mean Total |

Rostov-on-Don

Nizhniy Novgorod
_ Novosibirsk
™ Yekaterinburg
N\
N Almaty
.  saint Petersburg

Moscow
Private Air Quality Climate Cost Mean Total
Energy Benefits Savings Benefits
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ated Benefits for 100%
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E
Renewable Energy, Billion Dollars 2050

Private
Energy
Benefits

Baotou

Nanjing
Shenyang
Wuhan

Karachi Beijing
Pune
Ahmadabad Chongging
— Hyderabad
Chennai Tianjin
Ludhiana
— Kolketa Guangzhou
Bangalore
Mumbai
Shanghai
Delhi
Heong Kong
Air Quality Climate Cost Mean Total Private Air Quality ~Climate Cost Mean Total Private AirQuality Climate Cost Mean Total
Benefits Savings Benefits Energy Benefits Savings Benefits Energy Benefits Savings Benefits

Benefits Benefits

Calculated based on local per capita values in Jacobson et al.(2020) with harmonized SSP1 urban population in 2050 based on Kii et al. (2021)
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ated Benefits for 100%

Renewable Energy, Billion Dollars 2050
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E

Contributions to sustainable development
based on the SDGs will continue after 2030

Private
Energy
Benefits

Air Qualit
Benefits
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__— Abu Dhabi
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— Johannesburg
Jiddah
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— Dubai

—— Riyadh

y Climate Cost Mean Total
Savings Benefits

Calculated based on local per capita values in Jacobson et al.(2020) with harmonized SSP1 urban population in 2050 based on Kii et al. (2021)
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The total estimated co-benefits for 90 urban areas under SSP1-RE amounts to about 9.7 trillion USD in 2050

)6y b)G; €6,y

Co-Benefits, billion dolars

[ ssp1-19
[l ssp1-26

Co-Benefits, billion dolars

[ ssp1-Re

Co-Benefits, billion dolars

G4 21214

Calculated based on local per capita values in Jacobson et al.(2020) with harmonized SSP1 urban population in 2050 based on Kii et al. (2021) h‘g/




,,i'i,:lntegrated Scenarios Utilizing Land Use Efficiency

The three SSP1 scenarios for urban emissions are further coupled with scenarios considering land use efficiency

Data inputs — Urban emissions and trends

* Global Gridded Model of Carbon Footprints g e

* Global Human Settlement Layer GHSL-UCDB / i / / s / / /
— Land use efficiency (LUE) per urban cluster

* Urban population by SSP per urban cluster

-ﬁ'.'--
. . Urban Land Use :
Land use efficiency is BNl Sonarml] | 20 when aseas in O regions
tracked per urban area for
SDG11.3 ® and is here used ( LUES% (1)) H LUE15% () H LUER, (U) H LUEE, (U) (
SUSTAINABLE CITIES
1 Sacomans for extended scenarios
4
N
Overall method based on original research work
Scenario Utrbanization Qualities Scenatio Land Use Efficiency 1 SUSTAINABLE CITIES
B AND COMMUNITIES
K .
() SDG1 1 3 By 2030, SSP1-RE Rapid / Relatively Compact LUE 5% 5% improvement every 5 years
enhance inclusive and
sustainable urbanization and SSP1-1.9 Rapid / Relatively Compact LUE 15% 15% improvement every 10 years A T
CapaCity for participatory, SSP1-2.6 Rapid / Relatively Compact LUE Av Convergence to regional average LUE " E
integrated and sustainable
. | LUEBest  Transition to the best regional LUE | y¢
human settlement planning A
and management in all i V)

countries"
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//'|2-Dimensional Scenario Space — Emissions and Land

In 2020, 90 urban areas were responsible for 5.9 + 0.3 GtCO,eq of emissions, covering 83.3 x 10° km? of built-up area

() China © SAARC @ Eurasia @ ME/Africa @ NW Europe ( SE Europe @ Asia Pacifict () Latin America @ North America

Emissions 2020 o
(MtCO2eq)
3000
Similar emissions, different built-up
Similar built-up area, different urban area: ﬁ;faetf;:‘l? llgy?SAAre-zé a(r:ld Los
emissions: Moscow and Calcutia B g !
200.0 ® '
. CHELD g
® ®
@
®e
®
1000 ® .o.l.o...
oo ?® ® il ®
e ® o
.: @ ..
g, . _
00 Land 2020 (km2)
0.0 1000.0 2000.0 3000.0 4000.0 5000.0 6000.0

Source: Kilkis (2022), Urban emissions and land use efficiency scenarios towards effective climate mitigation in urban systems, Renewable and Sustainable Energy Reviews 167: 112733
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In 2030, the 90 urban areas progress toward 100% RE while limiting growth in built-up area to about 6.3 x 10> km?

() china | SAARC @ Eurasia @ ME/Africa @ NW Europe ( SE Europe @ Asia Pacifict @ Latin America @ North America
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In 2040, the 90 urban areas progress toward 100% RE while limiting growth in built-up area to about 10.1 x 103 km?

() china | SAARC @ Eurasia @ ME/Africa @ NW Europe ( SE Europe @ Asia Pacifict @ Latin America @ North America

Emissions 2040
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\
/2-Dimensional Scenario Space — Emissions and Land

Different combinations of urban emissions and urban built-up area represent different implications for mitigation

a) SSP1-1.9 LUE5% b) SSP1-2.6 LUE15%
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In 2050, the 90 urban areas reach the 100% RE target while limiting growth in built-up area to about 11.9 x 10° km?

() china | SAARC @ Eurasia @ ME/Africa @ NW Europe ( SE Europe @ Asia Pacifict @ Latin America @ North America

Emissions 2050
(MtCO2eq)
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/ Cumulative Emissions from Urban Land Use Change

Even in the scenario with the best LUE, land use change in local biomes will have cumulative emissions penalties
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et al. (2016) using in JULES model.
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Even in the scenario with the best LUE, land use change in local biomes will have cumulative emissions penalties
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Soutce: Based on area-weighted gross 2020 2025 2030 2035 2040 2045

primary productivity per biome in Harper
et al. (2016) using in JULES model.
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If each urban area reaches SSP1-RE values within +10% randomly, progtess towards net-zero can be still within sight

Sum of the Emissions of 90 Urban Areas with 10,000 Monte Carlo Simulations for Each Urban Area, MtCO,eq
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Source: Kilkis (2022), Urban emissions and land use efficiency scenarios towards effective climate mitigation in urban systems, Renewable and Sustainable Energy Reviews 167: 112733
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Cumulative emissions from land use change can alter a net-zero status in 2050 by ~1 GtCO,eq for the 90 urban areas

Sum of the Emissions of 90 Urban Areas with 10,000 Monte Carlo Simulations for Each Urban Area, MtCO,eq

4500

4000

3500

Reversing some of the progress that is
made, requiring additional mitigation
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Source: Kilkis (2022), Urban emissions and land use efficiency scenarios towards effective climate mitigation in urban systems, Renewable and Sustainable Energy Reviews 167: 112733
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* Can learn from other urban areas and plan
for realizing higher reduction targets

* National strategy for smart and sustainable
cities that are adding value to welfare

« — SDEWES Index: Challenged City

— Istanbul (SSP1-1.9) — Istanbul (SSP1-2.6) — Istanbul (100% RE)

120.0

R e

40.0

20.0

2015 2020 2025 2030 2035 2040 2045 2050

Actions Urban Areas Are Taking and Opportunities

Making the
complete shift for
the urban energy

system and

beyond

Co-benefits of
100% RE in the
urban area:

Energy, air quality and
climate cost savings in 2050

Monetary units in USD

Source: Calculated based
on local per capita values
for 2050 in Jacobson et
al.(2020) with SSP1 urban
population projection

Sources: Ministry of Environment and Urbanization; Barcelona’s Climate Plan 2018 — 2030
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All urban areas can improve their performances and even the pioneers can improve by advancing urban integration

* Zeroing energy emissions
100% renewable electricity
* All cities with lowest PM,,
* Low ecological footprint

Achieving collectively, even the pioneers

* Additional urban planning
S OEREREREREEmBEmmRBmSy HRERRRIGR——m———wSS—,_Y, 9
;- E T conm s
®Top 50%-75% E o*? b eg Copenhagen (1) and Stockholm (2) PR i .,.g
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@ Lower 25%
20 20
Pioneering Cities Pioneering Cities
30—
g Spdaey (34) ® Top 25%~
Transitioning Cities +Top 25%
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AM (%) @ Lower 25%
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AM (%) e.g. Funchal (62)

Solution-Seeking Cities Solution-Seeking Cities

g
4 40
Transitioning Cities
10 15 20 25 30 35 40 45 50 50 -45 -40 -35 30 -25 20 -15 -10 -

Challenged Cities Challenged Cities

eg. Rio de Janeiro (99)

-
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Source: Kilkis (2019), Benchmarking the sustainability of urban energy, Source: Kilkis (2020), Integrated approach for climate neutrality in urban
water and environment systems and envisioning a cross-sectoral scenario areas with correct timing and response, Clinate Nentrality in Cities Panel  #
for the future, Renewable and Sustainable Energy Reviews 103: 529-545 '




SDEWES Index for Copenhagen
(Rank 1 / 120)

|

EU
MISSIONS

Sources: SDEWES Centre (2018); Kilkis (2019)

<https://www.sdewes.org/sdewes_index.php>
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Urban Enablers of Smart Energy Systems

* Emphasis on carbon-neutral
district heating by 2025 and

hmite Pla' el v ; ,.'I energy system flexibility

based on integration for
future energy systems with
heat pumps and power-to-X

* Partnerships for flexible
electricity use at large scale

Source: Copenhagen 2025 Climate Plan Roadmap 2021-2025




System flexibility options will allow reaching much higher
f RE in the broader European energy system

Resource Utilization

* Reducing the amount of total waste
generated and halving the amount of residual
(non-recycled) municipal waste by 2030

* Coordinated planning and operation of the
energy system as a whole, across multiple energy
carriers, infrastructures, and consumption sectors

An EU
strategy
on energy
system
L. A . integration
* Modern, renewable based smart district heating and cooling systems

* Twin green and digital transitions, new forms of cooperation

Sources: EC (2019); EC (2020); EC (2021) * Systemic adaptation beyond sectors and nature-based solutions
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Beyond Scenarios — Time to Realize the Pathways

Enhancing system flexibility for the highest penetration of renewable energy requires urban level contributions

Demand flexibilization as an enabler,
e.g. vehicle to grid and power to heat

kN

180 "
{ Critical excess electricity production '
| as the Flexibility Index 1

R? = 0.9999

40% 60% 80%
Flexibility index [%]

0% 20%

~N

The 420 urban areas can mobilize to realize the
pathways with wider views of integrated action!

Advancing from sector orientation to emerging
sector coupling and urban system integration
\ ;

Tier 1 Solutions (Sector Orfentation)
Ter 2 Solutions (Emerging Sector Cuupling\

Tier 3 Solutions (Advanced Urban System In

) Source: Kilkis (2021), Energy 236:121394

Source: Pfeifer et al. (2021), Flexibility index and decreasing the costs in energy systems
with high share of renewable energy, Energy Conversion and Management 240: 114258

* Due to the time dimension of balancing supply and demand,
can also save exergy from being destroyed in the overall system




Outcomes will depend on enabling a shift to sustainability

Represents original data analysis that is included in Kilkis (2022 / o P
[ original data analysi C < 34 ﬂﬂl\
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Mitigating climate change requires an effective approach that involves integrated, coordinated, and synergistic action

| « Advances for 100% renewable energy systems |

T Renewable energy communities, energy planning, district heating and cooling networks, sharing energy resources

y . * Energy security with sustainable energy solutions
e
Eliminating natural gas use for space heating, thermal zoning, sustainable cooling, kinetic facades

~  + Transforming transport for energy transition solutions

Electrified transportin smart energy networks, decarbonization of the maritime sector

\A' * New frontiers in renewable energy technologies

LN

“SDEWES 2021
&Special Issue 7+ system restructuring for the energy transition

Accurate forecasting of marine energy, renewable energy for monitoring water quality

Electricity markets, flexibilisation, deep geothermal from abandoneddrilling sites

 » Upgrading of biomass for biofuel production

Catalytic pyrolysis for the circular economy, efficient conversion of lignocellulosic biomass

<+ Green hydrogen innovations and heat transfer

Electrocatalysts, optimization, waste heat utilization, high performance heat exchangers

+ Efficient processes for sustainable combustion

Biomass combustion, pressurized oxy-combustion, supercritical combustion of biomassresources

Source: Effective mitigation of climate change with sustainable development of energy, water and environment systems, SDEWES 2021
Special Issue in Energy Conversion and Management (ECM) <https://doi.org/10.1016/j.enconman.2022.116146>

ﬁ Renewable Energy ===
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Capturing features of hourly-resolution energy
models through statistical annual indicators
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Highlights
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being
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resclution madels -
= Testfor the current European region. robust, fexible and easily
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. "% /) |Overall Comparison of the Priorities with WILIAM

WILIAM is addressing important and essential areas of improvement opportunities for the next cycle AR7

WIthin Limits Integrated Assessment Model (WILIAM)
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: "New and improved representation of j
smart energy systems in IAMs"
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Source: Locomotion Project <https://www.locomotion-h2020.eu/locomotion-models/locomotion-iams/> s el




