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Methodology

* Modelling of Energy Scenarios

An integrated assessment modelling approach

» MESSAGE - Model for Energy Supply System Alternatives and their General Environmental
Impacts

MESSAGE Model in a Nutshell

= Optimization model: Supply must meet demand at minimum system costs

= Developed and maintained by IIASA since 1970s

= Has been used for consulting:
IPCC reports, Global Energy Assessment, UNIDO, IAEA member countries,
Global Energy Interconnection Development and Cooperation Org. (GEIDCO), and
UNECE Pathways Project, etc.

Open access and version controlled:
https://messageix.iiasa.ac.at/

Mathematical formulation:
https://messaqgeix.iiasa.ac.at/model/MESSAGE/model core.html



https://messageix.iiasa.ac.at/
https://messageix.iiasa.ac.at/model/MESSAGE/model_core.html

Methodology

# Why an integrated modelling approach?

ENERGY
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Land & Food

Climate Change Water Scarcity Local Air Pollution
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» 14 Regions Modelled
ENERGY
- Sub-Saharan Africa A& | Latin America and the Caribbean RUS  Russian Federation
- Belarus, Moldova, Ukraine MEA Middle East and North Africa AR South Asia
@\\NW Central Asia NAM North America SJOOW South Caucasus
CPA  Centrally planned Asia & China ZN®M Pacific OECD WEU Western Europe
== Central and Eastern Europe A Other Pacific Asia




Scenario development
- lllustration of scenario design

ENERGY
Metric
INPUT Examples MODEL OUTPUT Targets/Goals
P examples gets/
DIl anle)edi=lelallef © Population by region > P el Enary
Energy * Energy imports/exports
Security * Electricity access LPG/KPI
* Energy/GDP
.. e GDP per capita by
Productivity e
: e GDP per capita
ePower plant conversion . ’ .
o ualitv of * Energy services per capita
TeChnOIOgy -'T':::\fpn:r\{c fuel economy, etc. - L|fey * Share calories from non- LPG/KPI

staples
e Water stress

*Crop yields, etc.
* SO, NO, O, concentrations

--Fossil fuel, uranium, solar,
Resources wind, geothermal, land,
water and other
A e Deforestation/afforestation
EnV|ro.nme_n_taI e Avg. Earth surface temp LPG/KPl
ePollution control SUStamablllty e Water
Policies *NDCs withdrawals/recharge
e\Water use
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Scenario Assumptions
* Shared Socio-Economic Pathways (SSPs)

ENERGY

A\ SSP5: Fossil fueled SSP3: Regional rivalry

development * Competition among regions
* Rapid economic growth, free trade * Low technology development
fueled by carbon-intensive fuels = Environment and social goals not

c : Markets Clash of orit

* High technology development : A ] a priority
-_'c_,—D « Low regard for gobal environment ~ first civilisations  Focus on domestic resources
(qv] and SDGs * High population growth
.5 |« Technology fixes Low population and SSP2: * Slow e_conomic growth dev.
= high mobility ) countries
- Middle of the
O | SSP1: Sustainability Road SSP4: Inequality
Q * Global cooperation * Inequality across and
@)) * Rapid technology dev. =T Ve g [ within regions
- * Strong env. policy % RIG / * Social cohesion degrades
Q * Low population growth O] O * Low technology
© * Declining inequity : : development
e * Focus on renewables & ] * Environment priority for
@) efficiency - UN world Have’s and the .few affluent

* Dietary shifts ' have not’s Limited trade

* Forest protection

Challenge to adaptation



Scenario Assumptions: “Middle of the road”
i~ Reference Scenario

ENERGY

Shared Socio-Economic Pathways (SSPs)

« SSPs' are widely used in the Sustainable Development (SD) and Climate Change
(CC) communities. They represent well described and ‘agreed’ development pathways.

 Peer reviewed and vetted - No knowledge gain by adding yet a new set of scenarios

Why SSP2 out of five SSPs?

« “Middle of the road” scenario deemed most suitable analyzing the four scenario
spaces developed by UNECE expert network between 2015 and 2016

» Social, economic, and technological trends proceed along historical patterns
* Moderate population development
*  Economic development and income growth proceed unevenly
+  Technological development follows an evolutionary path (no revolutionary breakthroughs)
* No reluctance to use unconventional fossil resources
* Fossil fuel dependency decreases slowly
* No explicit climate change policies
* Environmental systems experience degradation
* In Summary: Slow progress on reaching the SDGs

"Adapted from B. van Ruijven (2015); K. Riahi (2017); and O’Neil (2017)
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UNECE Sub-region case study:

Belarus-Moldova-Ukraine (BMU)



BMU Region in a Nutshell

ENERGY

« Higher primary energy intensity vs. UNECE
« Lower carbon emission intensity vs. UNECE

« Arelatively large potential for renewable energy

Map 1: The Ukrainian and Yamal-Europe pipelines

Reference year :
(2015) unit BMU UNECE
Population million 55.5 986.4
& L, . | YAMAL EUR
GDPPPPper — yss 13400 37,600 O W
SR LA o g’:
Primary energy MJ/US$ GDP s o™
: : 5.89 5.77 : .
intensity PPP B¢\ stonikia
FII:18| energy MJ/US$ GDP 3.97 4.20 [ ¢ <A /
intensity PPP WLl ~ ;
Carbon emission  kgCO2/US$ P i s Wi, ) A P o
intensity GDP PPP Biler Bhelh ';fi- e ‘\“ﬁk Bucharest &
. . A . Sevastopol
| - Poeires Exstrg —  Progoted - - 0O
el aly tCO2 2.07 12.47  source: Oxford Institute for Energy Studies

per capita
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Technology Assumptions
» Portfolio: Overview of technology options

ENERGY
) . Annualized Cost Ranking in 2050

« Comparison of annualized cost to show (multiples of Coal Subcritical)

nt | i MESSAGE GCAM

internal rankings 3

g (poal - Supercritical with CCS cJ Coal - Supercritical with CCS
- Capital cost of coal power plant in BMU ”
. 2.6 Biomass 1GCC with CCS
(sub-critical): 1240 $/kW
2,4

(solar PV 1120 and wind onshore 980 $/kW) Nuclear

Nuclear
Biomass IGCC with CCS

» Long lifetime of conventional technologies

Coal - 1GCC with CCS

Biomass IGCC without CCS
Biomass steam power

CsP

In BMU with relatively low capacity factor

Coal - IGCC with CCS

CSP
Coal - 1GCC without CCS

Biomass |GCC without CCS

Biomass steam power

Coal - IGCC without CCS
Coal - Subcritical

Coal - Subcritical

S VO

GCC with CCS a Wind
PV 0,6 GCC with CCS
Wind = PV
cost estimations from the region will help us! S hout s g 04 .
as turhine power
Gas turbine power 2 0o GCC without CCS

Gas steam power

image: courtesy of Fraunhofer
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« Emission targets relative to 1990
« BMU is on track in meeting the NDCs .
» Targets already met today (2016) e

39Mt

-13Mt

Not so ambition targets relative to BAU

50Mt—

BMU Progress towards NDCs

2014
89.3Mt

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

S00Mt

300Mt

T ! T ! T ! T ! T [ T I T -300Mt .
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 :

source: www.climatewatchdata.org

I T I T I T I T I T I T
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
1z



Scenario Development
» To date: Three sequential steps

ENERGY

. Reference Scenario
Based on SSP2 as point of departure, i.e., without dedicated sustainable energy
or climate policies

ll. NDC scenario
A scenario that implements by 2030 the current policies and NDCs under the
Paris Agreement but maintains the NDCs beyond 2030 — kind of NDCs forever.

lll. Designing pathways towards sustainable energy - Paris to 2°C -

One key component of SE is the 2°C target of the Paris Agreement by 2100
(Environment pillar).
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MESSAGE Preliminary Modeling Results

Electricity Generation

ENERGY

Electricity generation by technology, BMU
Reference

Electricity generation mix, REF scenario, BMU m Other
350 - Wind Offshore

1
: Wind Onshore o Sjow addition of
300 i — MEGP renewables
i PV
250 : ] B B »Geothermal = Slow addition of
_ i . L Biomass CCS nuclea_r' (planned
= 200 — | mBiomass capacities)
1
= i ® Hydro _ .
F 150 L I | Nudear = Slow increase in
| Gas CCS coal
100 E Gas
i i Oil CCS
50 - : = Oil
l | l i Coal CCS
U I T E T T T T T T .CDEI

2010 2015 2020 2025 2030 2035 2040 2045 2050
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MESSAGE Preliminary Modeling Results

Electricity Generation

ENERGY

Electricity generation by technology, BMU
P2C

350 - » Slightly higher
N Other Sy
Wind Offeh total electricity
in ore .
300 || Wind Onshore _generatlczinddue tod
o CSP increased deman
250 7 ] -— PV » [arge penetration
— . e Geothermal of renewables
200 - —— | Biomass CCS
_g [ — Biomass » Take-up of CCS
F o | | mHydro technologies
Nuclear » Temporary
Gas CC5 increase of
100 — | Gas
ol ces nuclear power
.................. i followed by
sitanfaman W Oil decline
. # Coal CCS
N Coal

2015 2020 2025 2030 2035 2040 2045 2050
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MESSAGE Preliminary Modeling Results

Electricity Generation

ENERGY

Difference in electricity generation, BMU

P2C versus Reference = Coal with CCS

after NDC period

W Other
_ = Renewable
80 Wind Offshore .
, options
Wind Onshore . .
60 || - CSP increasingly
displace coal
PV
40 -
Geothermal
] - Biomass CCS
E 0 M Hydro
I | ' ' Nuclear
Gas CCS
-20 Gas
H 0il CCS
- 40 m Oil
60 i Coal CCS
) N Coal
2020 2025 2030 2035 2040 2045 2050
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MESSAGE Preliminary Modeling Results

Electricity Generation Capacity

ENERGY

Electricity Generating Capacity (GW) by technology
BMU, Difference P2C vs. REF

Wind Offshore
? 25 Wind Onshore
2 N CSP
= 20
H PV
E hermal
§ 15 Geotherma
E Biomass CCS
.:: 10 Biomass
‘O
E 5 N Hydro
E - - Muclear
» - N B e e s CCS
= T - T T T T
< = m .
E 5 + il CCS
[T} u Oil
n

=
(=

* Coal CCS

2020 2025 2030 2035 2040 2045 2050 = Coal
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MESSAGE Preliminary Modeling Results
Final Energy Mix

ENERGY

Final energy mix, BMU
Reference Scenario

Final energy [EJ]

4.5
4.0 Except for district
i heat and gas, the
3.5 i =alar demand for all
i other forms of
! Geothermal .
3.0 i final energy grow
i ¥ Heat between 2020
25 i Electricity and 2050
2.0 i Hydrogen
i o Gas Liquids driven by
1.5 i o demand for
! W Liquids transportation
1.0 i W Solids services, solid by
0.5 i coal
0.0 i

2010 2015 2020 2025 2030 2035 2050
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MESSAGE: Preliminary Modeli

ENERGY

Final energy [EJ]
I M A
=] 0] =] 0] =] o =] o

&
n

ot
o

Final energy mix, BMU
P2C Scenario

2010 2015 2020 2025 2030 2035 2040 2045 2050

Solar
Geothermal

M Heat
Electricity
Hydrogen

m Gas

M Liquids

M Solids

ng Results
Final Energy Mix

» Demand kept
constant after
NDC 2030, even
with economic
growth

» Liquids driven by
demand for
transportation
services

19



MESSAGE Preliminary Modeling Results

Final Energy Mix: Scenario differences

ENERGY

Final energy mix, BMU

P2C versus Reference Scenario
» P2C shifts to grid

0.2 electricity services
Solar .
0.1 = Solids (coal)
Geothermal .
= o0 , , , , massively replaced
E. | ' ' ' ' M Heat ) ..
S o1 N = High efficiency and
B -0. Electricity zero-emissions at
€ o2 Hydrogen the point of FE
T=u Gas conversion to
= -0.3 '
i = Liquids energy services
-0.4 W Solids
-0.5

2020 2025 2030 2035 2040 2045 2050
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MESSAGE Preliminary Modeling Results
EN-M1: Global GHG emissions

ENERGY

Current NDCs are a modest step on the bumpy road to a
2°C target
80
70
60
50
40
30
20

REF
NDC

[Gtlyear]

Global energy system CO, emissions

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 -



MESSAGE Preliminary Modeling Results

QL-M2: Cumulative Energy Sector Investments

ENERGY

BMU Region - Reference Scenario
2020 — 2050 in billion US$,,s

m Extraction fossil fuel m Coal

= Qil # Qil CCS

wGas CCS Nuclear
Biomass Biomass CCS

Solar “Wind
= Energy efficiency

3

11
7

12

38

% Coal CCS
n Gas

= Hydro

®m Geothermal
mT&D

Coal

Gas

Nuclear

solar  Total cumulative

Wind investment
188

T&D
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MESSAGE Preliminary Modeling Results

QL-M2: Cumulative Energy Sector Investments

ENERGY

BMU Region — P2C Scenario
2020 — 2050 in billion US$,,s

A 5 Coal CCS

11 Gas
8 Nuclear
EE 5 Solar Total cumulative
94 Electricity 19 Wind investment
supply 265
Fossil fuel
. 103
extraction T8D
68
Extraction fossil fuel m Coal % Coal CCS
Gas Gas CCS Nuclear
= Hydro Solar Wind

= T&D Energy Efficiency
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MESSAGE Preliminary Modeling Results

QL-M2: Cumulative Energy Sector Investments

ENERGY

BMU Region — P2C Scenario vs. Reference
2020 — 2050 in billion US$,,s

Redistribution of investment mainly from fossil fuels to energy efficiency and

N renewables
billion $2015

100
80
60
40
20
: — L

Fossil fuel Fossil CCS  Nuclear Renewables T&D and Energy

-20 (extraction and storage efficiency
and hydrogen

-40 conversion)

-60

-30
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MESSAGE Preliminary Modeling Results
ES-M2: Final Energy Intensity

ENERGY

BMU Region
ES-M2: Final Energy Intensity

Final Energy Intensity (MJ/US%2015 PPP GDP)

450
4.00
3.50
3.00
2.50
'2.00
1.50
1.00
0.50

0.00
2010 2015 2020 2025 2030 2035 2040 2045 2050 2055

—8—P2C_MAC —a—REF_MAC



MESSAGE Preliminary Modeling Results
Energy Trade

ENERGY

Modelling of gas trade in BMU Region

» Gas interconnectors from Russia to EU modelled differently through
Belarus and Ukraine

« Estimating a “cost of diversification of energy supply” for Russian gas
through Ukraine (based on the loss of income in the past and possible
penalties)

* Modelling of gas reverse flow from EU to Ukraine

 The decline of trade through Urengoy-Uzhgorod

 Here: we departed from a purely techno-economic analysis



MESSAGE Preliminary Modeling Results
Energy Trade

ENERGY

3.0
25
20
1.5
1.0
05
0.0

0.5
-1.0
-15
-2.0
25

Energy trade in BMU Region

Net Energy Trade (EJ), REF Scenario, BMU
(import -, export +)

2010 2015 2020 2025 2030 2035 2040 2045 2050

Gas trade MW Coal trade MW Qiltrade W Secondary ligquids trade



MESSAGE Preliminary Modeling Results
Energy Trade

ENERGY

Energy trade in BMU Region under P2C

« The 2-degree world shows lower demand for coal and shale gas

Net Energy Trade (EJ), P2C Scenario, BMU
(import -, export +)

15
1.0
0.5 I
0.0 _ - = I [ |

"= JEgE I"g"
05
1.0

-1.5
-2.0

25

2010 2015 2020 2025 2030 2035 2040 2045 2050

Gastrade W Coaltrade MQOiltrade M Secondary liguids
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BMU efforts insufficient towards 2C

4°C+ < 2°C

WORLD ORLE WORLE ORLE WORLE ORLE

CRITICALLY INSUFFICIENT 2°C COMPATIBLE

Commitments with this rating fall well ocutside the fair share range and are not at all consistent with holding warming to below 2°C let alone with the Paris Agreement's

EMISSIONS [MtCOze/a]

stronger 1.5°C limit. If all government targets were in this range, warming would exceed 4°C.

1000
= Historical emissions, excl. forestry
Historical emissions/removals from forestry
e Current policy projections
2020 pledge
NDC
@ Longer-term target
——— Draft Low Carbon Development Strategy [1]

800

500 — [yoto emissions allowances, CP1
— Cyoto emissions allowances, CP2
wexne Kyoto targets (QELROS)™, CP1
wenne Kyoto targets (QELROS)™, CP2

400

I -

Ukraine

0 I I
1920 2000 2010 2020 2030 2040 2050

Years
437

source: https://climateactiontracker.org




Difference between 1.5C and 2C

ENERGY

S P I\/I 3 a Global CO, emissions pathway characteristics

Billion tonnes of CO,/yr

In pathways limiting global warming te 1.5°C
with no or limited overshoot as well as in
pathways with a high evershoot, CO2 emissions
are reduced to net zero globally around 2050,

Four illustrative model pathways

Pl
P2

Source: IPCC Special Report on Global Warming of 1.5°C Dok atonn 40
Keywan Riahi — LA, Chapter 5— IPCC 5R1.5

P3
P4
Tim i“' of net zera CO2 Pathways li i |'._:||5; global warming ta 1.5%C
o - x with ne orlimited overshoot L
Line widths depict the 5-95th e Pathurays with high evershoot
percentile and the 25-T5th o
percentile of scenarios Pathways limiting global warming below 2°C %
I

nTaL paneL on Climate chanee WHO

30



Final Notes

ENERGY

* The BMU region is on track towards NDCs but it shouldn’t
compromise the efforts beyond 2030

= Arelatively high energy intensity and the structure of the energy
system in in the region favours investments in the improvement of
energy efficiency

* The need for flexibility in a future high-renewable scenario in the
region can be more optimally met if the countries were in a
common power market/system (as we assumed in this study)

* The demand for gas in the rest of the world (mainly in EU) will
influence the development of shale gas in the region =» under a 2-
degree target the region may become more energy-import
dependence



Discussion

ENERGY

. How fast technologies can be taken up or phased out
= What are the implications of the fast phase-out of one old technology?
» Region specific
» Scenario assumptions

ll. Integration of variable renewable energy
= What are regional regulations for integration of VRE?

= Capacity value of wind and solar (contribution to peak demand and
reserves) in the region

Flexibility and balancing requirements
Treatment of curtailment

The future of the regional power market

lll. Regional approaches

» The future of the regional power market 32
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Thank you!

Behnam Zakeri on behalf of the Pathways Project Team
zakeri@iiasa.ac.at
Date 15111 1 2018, Kyiv

‘ # International Institute for
=4 Applied Systems Analysis  Pacific Northwest

NATIONAL LABORATORY


mailto:Stefanie.held@un.org
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List of technologies



Energy Economics 64 (2017) 583-599

Contents lists available at ScienceDirect Energy

Economics

Energy Economics

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

System integration of wind and solar power in integrated assessment @Crosam
models: A cross-model evaluation of new approaches

Robert C. Pietzcker **, Falko Ueckerdt ®, Samuel Carrara b Harmen Sytze de Boer¢, Jacques Després ¢,
Shinichiro Fujimori €, Nils Johnson , Alban Kitous *!, Yvonne Scholz & Patrick Sullivan ", Gunnar Luderer 2

2 Potsdam Institute for Climate Impact Research, Potsdam, Germany

® Fondazione Eni Enrico Mattei (FEEM ) and Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC), Milano, Italy
© PBL Netherlands Environmental Assessment Agency, The Hague, Netherlands

4 Univ. Grenoble Alpes, Grenoble, France

© National Institute for Environmental Studies, Tsukuba, Japan

! International Institute for Applied Systems Analysis, Laxenburg, Austria

& German Aerospace Center — DIR, Stuttgart, Germany

" National Renewable Energy Laboratory, Golden, CO, USA

! European Commission Joint Research Centre



Outlook: Project Timeline
* Engagement with the Pathways Project Community

ENERGY

Sub-Regional Workshop(s) ?

Expert Q1-Q2 2019 (tbc) Policy
Workshop at Dialogue
9th IFESD « > Geneva, 26
Ukraine, 12-15 Consultation Period on Scenarios Sep 2019
Nov 2018
Development of Phase Il Project Idea
End sep J Oct
2019 Dec Mar Jun 2019
! | I ; >
UNECE-wide Policy High-Level Policy Dialogue,
Dialogue Geneva, 26 Preparatory Meeting &
Sep 2018 Phase Il definition
Geneva, 16 May 2019

High-level Political
Dialogue

CSE = Committee on Sustainable Energy. Q3 (2019)
IFESD = Internat. Forum on Energy for Sust. Dev. ???
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