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Summary
IEA-ETSAP: An international modelling collaboration for 40 years
The Energy Technology Systems Analysis Programme (ETSAP) is one of the longest running Technology
Collaboration Programme (TCP) of the International Energy Agency (IEA). It has been continually
dedicated to the advancement of integrated energy system modelling platforms for 40 years.
The work program of IEA-ETSAP is organized in three-year projects called ‘Annexes’. The Annex XIV 201719 is dedicated to ‘Understanding & Facilitating the Energy Transition to Achieve the well below 2 OC
Goal’. More information on IEA-ETSAP activities, tools and users can be found at www.iea-etsap.org.

… a vibrant, diverse and engaged community
Twenty countries, the European Commission, as well as two private sector sponsors formed the
contracting parties to ETSAP over the 2017-2019 period.
IEA-ETSAP partners meet twice a year in
workshops to share knowledge, discuss the
research agenda and carry out a common
program of work. Additional thematic
workshops are also held on an ad hoc basis.
Open to all interested parties, these meetings
often lead to collaborative model building
projects with local experts and third party funds.
Any country can petition to become a
contracting party of ETSAP.

Beyond these partners, the ETSAP community leads a major initiative for open-source solutions for energy
scenario modeling needs. Its backbone consists of individual national teams in nearly 70 countries, and
a common, comparable and combinable methodology, mainly based on the MARKAL/TIMES family of
models, permitting the compilation of long-term energy scenarios and in-depth national, multi-country,
and global energy and environmental analyses.
The ETSAP community provides capacity building in both developed and developing countries with
trainings, with learning tools (DEMO models, model starter platforms) and with assistance to countries
with Nationally Determined Contributions (NDCs), as a number of countries are actively looking for
support in developing their modelling competences. This is timely as countries had to deliver NDCs upon
ratification of the Paris Agreement and update in 2020 and every five years thereafter.
As part of its outreach activities, the ETSAP community collaborates with many other organizations
throughout the World, including the International Renewable Energy Agency (IRENA), the King Abdullah
Petroleum Studies and Research Center (KAPSARC), the Energy Modelling Forum (EMF), the World Bank
is through the Partnership for Market Readiness (PMR), other funding agencies, as well as other IEA –
TCPs, on hydrogen, greenhouse gas emissions, bioenergy and storage.
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… developing, using, and promoting elegant open-source solutions
ETSAP currently develops and maintains the TIMES (The Integrated MARKAL-EFOM System) model
generator. TIMES is a technology rich, bottom-up model generator, which uses linear programming to
produce a least-cost energy system, optimized according to a number of user constraints, over medium
to long-term time horizons. TIMES follows a techno-economic modeling approach to describe the energy
sector of a given region or country, accounting in particular for a variety of specific energy technologies
modeled through both technical parameters (including emission coefficients) and economic parameters.
It simulates market competition of energy carriers and energy technologies to satisfy useful energy
demands specified exogenously over a given time horizon. TIMES acknowledges that demands for energy
services (useful demands) are elastic to their own prices. This makes possible the endogenous variation
of demands in policy scenarios compared to the baseline, thus capturing behavioral changes and their
impacts on the energy sector.








The ETSAP tools provide the possibility of analyzing
thousands of technologies.
Technology details are available in an open-source
format to allow very high levels of convenience.
New technologies are added regularly taking into
account technological innovations.
The ETSAP tools enable fine detailing while
maintaining high levels of transparency.
The efficiency of the tools makes it possible to
mitigate the effect of the inherent uncertainties
involved by quickly evaluate a wide range of
scenarios.
Applications based on the ETSAP tools make it
possible for the assumptions to be known in fine
detail and the output data to be visualized by well
evolved means that make it easy to understand for
people who are not researchers themselves.

The TIMES source code is available under a GNU General Public Licence v3.0 and can be download from
GitHub. Users are encouraged to try fully functional evaluation versions of the VEDA user interface and
the GAMS environment (both are commercial software).
Trainings. ETSAP offers training courses at the introductory, intermediate and advanced levels to
introduce new users to its model generators and user interfaces. The base training course is offered twice
a year next to ETSAP Workshop. Each course is free of charge for ETSAP Contracting Parties. Intermediate
and Advanced Training courses are available upon request. The Tosato Grant provides financial support
for trainees from less developed countries to attend ETSAP’s training courses and ETSAP workshops.
Webinars. IEA-ETSAP organises online webinars on topics which are related to energy modelling in general
and specific topics related to the use of ETSAP tools. The recordings of the webinars are made available
on ETSAP’s YouTube channel.
Online forums. The ETSAP community also operates an online forum where questions focus mostly on
training and courses, as well as model generators (TIMES and MARKAL), data handlings software, access
and use of the global TIAM_ETSAP model. Another forum focuses on VEDA, and includes discussions on
answers to questions, tips and suggestions, suggestions of new features and enhancements, as well as
examples of common or complex modeling tasks.
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… with a commitment to a high level of transparency
A key strength of the IEA-ETSAP methodology is the detailed documentation, which is the result of a
commitment to the highest levels of transparency by the IEA-ETSAP. Both the IEA-ETSAP methodology
and applications based on it are well documented. This documentation reveals the real-world issues that
are being addressed using the IEA-ETSAP methodology and not just the technical details of the research.
This makes the documentation very useful for policy makers who will have the opportunity to review how
similar research has been done in the past.

… and validated via a plethora of applications for energy and climate actions
In terms of applications, IEA-ETSAP energy system analysis is ideal for long-term energy-environment
modeling in the context of climate change. The analysis is highly detailed and there is a large community
of users sharing innovations. The IEA-ETSAP methodology has been used exhaustively over the years for
applications at global, regional, national, sub-national and city levels.
TIMES models are concretely used to support policy making. All over the World, MARKAL/TIMES models
are used to prepare Energy Outlook and Energy Transition Scenarios. A well-known example is the World
Energy Scenarios 2019 using the Global multi regional MARKAL model (GMM). Moreover, a close link
between modelling and policy making is continuously developing in multiple countries worldwide.
Numerous examples of policy decisions derived from TIMES model applications are documented.
The Final report of Annex XIV 2017-19 on ‘Understanding & Facilitating the Energy Transition to Achieve
the well below 2OC Goal’ highlight sample of (max 2) studies from the Contracting Parties on hot topics.

Achievements during the Annex XIV 2017-19 on the ‘well below 2OC Goal’
 13 ETSAP funded projects with high impacts. In combination with the regular maintenance and
update, these projects led to major improvements in the TIMES code such as i) Enhancing the
flexibility in TIMES through the introducing ancillary services markets, ii) Improving the modelling
of retrofits and lifetime extensions in TIMES, iii) Integrating cross-price elasticities in TIMES, and
iv) Representing load shifting Demand-Response in TIMES.
 Significant enhancements of methodologies such as a framework for soft-linking TIMES models
with a GTAP-based computable general equilibrium model, an approach to address uncertainty
using Monte Carlo methods, the enhancement of TIMES for High-Performance Computing (HPC)
and a time-slice tool for capturing the characteristics of intermittent renewables.
 Migration of the VEDA interface to a new Platform. After two decades, Veda has been completely
rebuilt from 2019 into a distinctly superior product. Major improvements include much faster
processing at all stages and no more limit of model sizes.
 6 regular ETSAP trainings plus 12 specific trainings were offered worldwide on the energy system
optimization model VEDA-TIMES, consisting of a basic course of three days. Several other
trainings were offered outside of those coordinated by ETSAP, notably from private companies.
 6 regular ETSAP workshops plus 3 special workshops on energy models and applications, on
sustainability performance of the energy systems, and on modelling the water energy nexus.
 A second Summer School on Prospective Modeling and Energy Transitions using TIMES.
 229 references published, including a majority of papers in peer-reviewed journals and book
chapters. References also include PhD. thesis, research reports, as well as technical papers.
Multiple publications also exist in national languages and are not reported here.

 A second ETSAP book “Limiting Global Warming to Well Below 2°C: Energy System Modelling and
Policy Development” published by Springer and with a foreword By Dr. Fatih Birol Executive
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Director International Energy Agency. The book includes 23 case studies assess the feasibility of
global, national and local energy transition pathways ahead for a decarbonized world.
 A collaboration with IRENA on their Clean Energy Ministerial Campaign (CEM) Long term energy
scenarios for the clean energy transition, and on the FlexTool project to support decision making
in developing countries to increase the share of variable power generation.

 A collaboration with KAPSARC on an Excel technology database for energy system models.
 A collaboration with the World Bank through the Partnership for Market Readiness (PMR) in
supporting Vietnam’s GHG policy efforts and advancing carbon neutrality strategy in Costa Rica
using TIMES models, as well as on the Thirsty Energy: Securing Energy in a Water-Constrained
World with applications of TIMES models in South Africa and China.

 Several activities resulting from collaboration with other TCPs on hydrogen, greenhouse gas
emissions, bioenergy and storage.

 Participation in 3 Energy Modelling Forum (EMF) in North America and Japan.
 Implications in the Working Group III report of IPCC.
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Introduction
The Energy Technology Systems Analysis Programme (ETSAP) is one of the longest running Technology
Collaboration Programme (TCP) of the International Energy Agency (IEA). It functions as a consortium
of member country teams and invited teams that actively cooperate to establish, maintain, and expand
a consistent multi-country energy-economy-environment-engineering (4E) analytical capability.
More information on IEA-ETSAP activities, tools and users can be found at www.iea-etsap.org.

1.
1.1

IEA-ETSAP : An international modelling collaboration for 40
years
About IEA-ETSAP

Collaboration on energy modeling among different institutions started in 1976, leading to the formal
establishment of the Energy Technology Systems Analysis Program (ETSAP) in 1980 initially as an
Implementing Agreement and then a Technology Collaboration Programme of the International
Energy Agency (IEA). It has been continually dedicated to the advancement of integrated energy
system modelling platforms for 40 years.
The main goal of ETSAP is to promote and support the application of technical economic tools at the
global, regional, national and local levels. ETSAP aims at preparing sustainable strategies for economic
development, energy security, climate change mitigation and environment. The Contracting Parties
conduct joint research and employ the ETSAP Tools to advise their national governments at the highest
levels.
The program can assist in the design of least-cost pathways for sustainable energy systems, and is
ideally suited for the preparation of Low-Emissions Development Strategies (LEDS) and Intended
Nationally Determined Contributions (INDC) and Nationally Determined Contributions (NDC)
roadmaps.

… a vibrant, diverse and engaged community
Twenty countries, the European Commission, as well as two private sector sponsors formed the
contracting parties to ETSAP during the 2017-2019 period:

These partners meet twice a year to share knowledge, discuss the research agenda and carry out a
common program of work. Any country can petition to become a contracting party of ETSAP.
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Beyond these partners, the ETSAP community leads a major initiative for open source solutions for
energy scenario modeling needs. Its backbone consists of individual national teams in nearly 70
countries, and a common, comparable and combinable methodology, mainly based on the
MARKAL/TIMES family of models, permitting the compilation of long term energy scenarios and indepth national, multi-country, and global energy and environmental analyses.
The community acknowledged the importance of gender and diversity representation within ETSAP
and how gender is treated in our modelling tools.

… developing, using, and promoting elegant open source solutions
ETSAP currently develops and maintains the TIMES (The Integrated MARKAL-EFOM System) model
generator. TIMES combines two different, and complementary, approaches to modelling energy: a
technical engineering approach and an economic approach. TIMES is a technology rich, bottom-up
model generator, which uses linear programming to produce a least-cost energy system, optimized
according to a number of user constraints, over medium to long-term time horizons. TIMES is the
successor of MARKAL, where the basic components of models are specific types of energy or emission
control technology, each represented quantitatively by a set of performance and cost characteristics.
Based on feasibility assumptions, the model selects that combination of technologies that minimizes
total energy system costs in order to balance supply and demand constraints.
A powerful methodology for refined scenario analyses
A proven approach with convenience and flexibility










The multiple benefits of the TIMES model generator and its interface include the possibility of
analyzing scenarios for thousands of technologies, tailored to a given region of interest and
specific time periods.
A great strength of the IEA-ETSAP methodology is that these technologies have already been well
understood and defined in detail. The details of each technology are available in an open source
format so if for a study some parameters need to be changed that is possible as well. This allows
the researcher all the flexibility required while maintaining very high levels of convenience. New
technologies are added regularly to the set of technologies and researchers can work on scenarios
that involve taking into account recent technological developments.
Moreover, the power of the IEA-ETSAP methodology helps manage uncertainties confidently,
providing enough details to answer questions such as when wait and see is better than hedging,
for instance.
The ETSAP tools are helpful in achieving the twin and potentially conflicting objectives of enabling
fine detailing while maintaining high levels of transparency. This challenging objective is
worthwhile to achieve because the methodology is often applied to issues that are critical for the
future of our planet. For instance, the IEA-ETSAP methodology is explicitly designed for long-term
energy-environment modeling in the context of climate change.
Moreoever, the efficiency of the tools makes it possible to mitigate the effect of the inherent
uncertainties involved. The efficiency of compiling the input data, processing it and interpreting
the results makes it possible to relatively quickly evaluate a wide range of scenarios to provide for
the uncertainties involved. This makes a confident final decision possible because the effect of
uncertainty has been taken into account.
Applications based on the IEA-ETSAP methodology help make it possible for the assumptions to be
known in fine detail and the output data to be visualized by well evolved means that make it easy
to understand for people who are not researchers themselves. This accessibility to nonresearchers does not restrict the methodology’s capabilities, however, and it can used for
comparative analysis of several scenarios that have only subtle differences.
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… with a commitment to a high level of transparency
Bith the IEA-ETSAP methodology and applications based on it are well documented. This
documentation reveals the real world issues that are being addressed using the IEA-ETSAP
methodology and not just the technical details of the research. This makes the documentation very
useful for policy makers who will have the opportunity to review how similar research has been done
in the past. The methodology is open source which enables support, both formal and informal, from
a large vibrant community.
ETSAP makes its Newsletter and its Workshop Proceedings available online to the public at large.

… and validated via a plethora of applications for energy and climate actions
In terms of applications, IEA-ETSAP energy system analysis is ideal for long-term energy-environment
modeling in the context of climate change. The analysis is highly detailed and there is a large
community of users sharing innovations. The methodology has also been tried and tested exhaustively
over the years, is very transparent and well documented, which enables any researcher to know
exactly how the analysis is being done and make incremental changes if needed.
The IEA-ETSAP methodology has been used for applications at different levels, including global such as
the Global Integrated Assessment models and Global Energy models, regional such as the PanEuropean TIMES, and in various national and local applications for energy systems planning and
analysis.

1.2

Executive Committee

Participants from each of the 22 contracting parties form the Executive Committee (ExCo), who meets
in bi-annual workshops as well as other events (see event list in section 1.3 below). Table 1 shows a
list of participants, along with their participation to each of the Executive Committee.
The ExCo approves the fee for participation: 20k€ fee per annum for member countries and 30k€ fee
for sponsors.
In terms of budget, fees brought in 1,120k€ for the 2017-2019 period, in addition to 37,4k€ coming
from other sources like trainings. Total commitments amounted to 980k€ for the period. In terms of
base activities, improvements and training/diffusion, 259k€ went to management activities, 296k€
went to licenses, tools maintenance and improvement, and 161k€ went to diffusion and capacity
building, for a total of 716k€. Coordinated projects and studies took the rest of commitments (264k€),
with 107k€ going to model comparison and improvements, 82k€ to energy technology data source,
and 75k€ to research and development.
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Table 1 – Members and participants to regular ExCo meetings
N. Country

Participant

1

Australia

2

Belgium

3
4
5

Denmark
EC
Finland

6

France

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Germany
Greece
Italy
Ireland
Japan
Kazakhstan
Korea
Netherlands
Norway
Russian Fed.
Spain
Sweden
Switzerland
UK
US
Sponsor
Sponsor

CSIRO
VITO/SPW/
Brussels
DEA
JRC Directorate
VTT/TEKES
ADEME/EDMP/
DGEMPEDAD
IER
CRES
ENEA
SEAI
IEEJ
NURIS
KEA
ECN
IFE
ERI-RAS
CIEMAT
STEM
PSI
DECC
DOE
ENEL Foundation
GE Global Research

1.3

Maryland
July 2017

Zurich
Dec 2017

Gothenburg
June 2018

Stuttgart
Nov 2018

Paris
June 2019

NewCastle
Dec 2019

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes
No
Yes

Yes
Yes
Yes

Yes
Yes
Yes

Yes
No
Yes

Yes
No
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
No
Yes
Yes
No
No
No
Yes
No
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
No
Yes
No
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No

Yes
Yes
No
Yes
Yes
No
Yes
Yes
Yes

Yes
Yes
No
Yes
Yes
No
Yes
No
Yes

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
No
No

Yes
Yes
Yes
Yes
Yes
No
No

No
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes

No
Yes

Yes
No

Worskhop and other events

IEA-ETSAP partners meet twice a year in regular workshops to share knowledge, discuss the research
agenda and carry-out a common program of work, notably to exchange experiences and discuss ways
to improve the tools. Additional thematic workshops are also held on specific issues on an ad hoc
basis.
The workshops are open to all interested parties, including local experts, who are invited to these
meetings so that they are exposed to the methodology and can interact with the IEA-ETSAP
participants from their country. These meetings often lead to collaborative model building projects
with local and third party funds. Meetings from the 2017-2019 period are listed below.
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Table 2 – List of regular workshops and special events
Dates

Venue

Description

30th January 2017

Research Centre for Gas
Innovation, Sao Paulo, Brazil

Special Workshop on Energy Models and
Applications

29th May 2017

CIEMAT, Madrid, Spain

Special Workshop on Sustainability Performance
of the Energy Systems

10th–14th July 2017

Maryland, United States

71th Semi-annual ETSAP meeting

11th–12th December 2017

Zurich, Switzerland

72th Semi-annual ETSAP meeting

13 December 2017

Zurich, Switzerland

Special Workshop on Modelling the Water Energy
Nexus

17th–21st June 2018

Chalmers
Technology,
Sweden

73rd Semi-annual ETSAP meeting

5th–9th November 2018

IER
Stuttgart
Germany

3rd–7th June 2019

Paris, France

75th Semi-annual ETSAP meeting

8th–13rd July 2019

CMA, Sophia Antipolis, France

ETSAP Summer School

9th–13th December 2019

Mayfield West, Australia

76th Semi-annual ETSAP meeting

th

1.4

University
of
Gothenburg,
University,

74th Semi-annual ETSAP meeting

Trainings and Webinars

Trainings. ETSAP offers training courses on building TIMES energy models with the VEDA or ANSWER
users interfaces. The courses are offered at the introductory, intermediate and advanced levels to
introduce new users to its model generators and user interfaces. The base training course is offered
twice a year next to ETSAP Workshop. Each course is free of charge for ETSAP Contracting Parties.
Intermediate and Advanced Training courses are available upon request.
Starting in 2017 ETSAP established the Tosato Grant which will provide financial support for trainees
from less developed countries to attend ETSAP’s training courses and the ETSAP workshop.
Webinars. IEA-ETSAP organises online webinars on topics which are related to energy modelling in
general and specific topics related to the use of ETSAP tools. The webinars are organised every one or
two months with topics selected by the modelling community. The recordings of the webinars are
made available on ETSAP’s YouTube channel.

1.5

Three-year work programs : Annexes

The work program of IEA-ETSAP is organized in three-year projects called ‘Annexes’.
1.5.1

List of previous Annexes

The following is the list of annexes and early coordination of the ETSAP:






Annex XIV 2020-22: Energy System and Sustainable Development Goals
Annex XIV 2017-19: Understanding & Facilitating the Energy Transition to Achieve the well
below 2OC Goal
Annex XIII 2014-16: Tools for Analysis of a Future Energy Revolution
Annex XII 2011-13: Policy Analyses Tools for Global Sustainability
Annex XI 2008-11: JOint STudies for New & Mitigated Energy Systems
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Annex X 2005-07: Global Energy Systems and Common Analyses
Annex IX 2003-05: Energy Models User's Group
Annex VIII 2002-05: Exploring Energy Technology Perspectives
Annex VII 1999-01: Contributing to the KYOTO Protocol
Annex VI 1996-98: Dealing with uncertainty together
Annex V 1993-95: Energy options for sustainable development
Annex IV 1990-92: Greenhouse gases and national energy options
Annex III 1987-89: International forum on energy environment studies
Annex II 1984-86: Information exchange project
Annex I 1981-83: Energy technology systems analysis programme
1978-80: MARKAL Model generator development (BNL, KFA)
1976-77: Analysis of tools for evaluating R&D strategies

1.5.2

Current Annex XIV: Understanding and facilitating the energy transition to
achieve the 'well below 2oC' goal

This report focuses on the published outputs of IEA-ETSAP activity over the period 2017 – 2019
delivered during Annex XIV: Understanding and facilitating the energy transition to achieve the 'well
below 2oC' goal.
The main objectives for the Annex XIV were:
 Tools Maintenance, Improving and Capacity Building. ETSAP Tools and Methodologies
development and maintenance for the long term analysis of the energy, economy, environment
interactions, were the minimum objectives of this Annex, together with the development of user
interfaces; further objectives included the maintenance, extension and improvement of
international and national capabilities on the use of ETSAP’ tools, across developed and developing
countries; and improving the availability of online user’s support systems including tutorials, user’s
forums, manuals and reference material.
 Research and Development. ETSAP supported research and development activities in order to
advance the state-of-the-art of energy systems analysis. Examples of topics included:








Climate mitigation responding to the policy ambition aiming for “well below 2oC”;
Incorporating the impacts of R&D in TIMES to capture the role of innovation;
Exploring the interplay between long term and short term policy ambitions;
Energy Technology Data Source (E-TechDS) updates;
Improved modelling of variable renewables and short term system operational issues in
long term energy systems modelling;
New approaches for integrating human behaviour into energy systems modelling; and
Improved modelling of the interactions between the energy system and the economy

 In addition, ETSAP aimed to explore and develop collaboration opportunities with IEA and IRENA
building on and deepening existing collaboration.
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2.
2.1

Tools and methodologies
Modelling with the open-source TIMES model generator

TIMES is a technology rich, bottom-up model generator, which uses linear-programming to produce a
least1-cost energy system, optimized according to a number of user constraints, over medium to longterm time horizons. Basic characteristics of TIMES includes (knowing that numerous research projects
lead to extensions of the TIMES model generator capacibility):
Bottom-up / techno-economic approach
TIMES follows a techno-economic
modeling approach to describe the
energy sector of a given region or
country, accounting in particular for a
variety of specific energy technologies
modeled through both technical
parameters
(including
emission
coefficients) and economic parameters.
TIMES offers a detailed representation of
an energy sector, which includes
extraction, transformation, distribution,
end uses, and trade of various energy
forms and materials.
Partial equilibrium of energy markets
It simulates market competition of energy
carriers and energy technologies to
satisfy useful energy demands specified
exogenously over a given time horizon.

Elastic demands for energy services

ETSAP developed and coded two model generators - MARKAL and TIMES. TIMES is the successor to MARKAL,
and all modelers are advised to use TIMES. The MARKAL code will continue to be supported in its current form but
no further development will take place.
1
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TIMES acknowledges that demands for
energy services (useful demands) are
elastic to their own prices. This makes
possible the endogenous variation of
demands in policy scenarios compared to
the baseline, thus capturing behavioral
changes and their impacts on the energy
sector.

Loulou R. Goldstein G. Kanudia A. Lehtila A. Remme U. (2016). Documentation for the TIMES Model. Updated in Februay
2021. Energy Technology Systems Analysis Program (ETSAP) of the International Energy Agency (IEA). Retrieved from
http://iea-etsap.org/index.php/documentation.

TIMES is cast as a dynamic linear programming model, and as such contains 3 components: objective
function, variables, and constraints.






The first component (objective) corresponds to minimizing the net total discounted cost of the
entire energy system. Assuming that energy markets are under perfect competition, this cost
minimization is equivalent to maximizing the sum of energy consumer and producer surpluses,
and simulates energy market equilibrium.
The second component (variables) corresponds mainly to future investments and activities of
technologies at each time period, amount of energy produced or consumed by technologies,
as well as energy imports and exports. An additional output of the model is the implicit price
(shadow price) of each energy form, material and emission.
The third component (constraints) corresponds to various limits (e.g., amount of energy
resources available) and obligations (e.g., energy balances throughout the system, useful
energy demand satisfaction) to be respected.

The TIMES source code is available under a GNU General Public Licence v3.0 and can be download
from GitHub. The VEDA user interface, as well as GAMS solvers, are commercial software and a valid
license is required.2
Originally there were two user interfaces for the model generators, namely ANSWER and VEDA.
Starting in 2018 no further changes are made to ANSWER, and any new user wishing to work with
TIMES is encouraged to consider using the VEDA 2.0 software. The user inputs the model (a set of data
files, e.g. spreadsheets or databases) which fully describes the underlying energy system in a format
compatible with the associated model generator. The TIMES model generator is written with the
General Algebraic Modeling System (GAMS) computer programming language, which contains a solver
to produce the output of the model.

… Examples of ETSAP funded projects with high impacts
Several project were funded during the 2017-2019 period. The project proposals are evaluated by the
ExCo members and the total scores collected by the project head. Proponents needs to demonstrate

2

https://www.kanors-emr.org/AcquiringTools.php

8

their project is: i) innovative, ii) will be of benefit to project partners, iii) will be of benefit to the ETSAP
community, iv) is relevant to the Annex topics and v) is cost effective.
In 2017, the ExCo members voted on project proposals and the outcome was that the following four
projects were eligible for funding:





Enhancing the representation of flexibility in TIMES: Introducing Ancillary Services Markets
(Switzerland)
ETSAP TIAM part 1 and 2 (Denmark)
TIMES-GTAP soft-link methodology and interface (Ireland)
Addressing Uncertainty in TIMES Using Monte Carlo Analysis (Switzerland)

In 2018, the following three projects were funded:
 Modelling of hydrogen & Joint workshops with Hydrogen TCP
 Summer School on Prospective Modelling and Energy Transitions using TIMES (France)
 Excel technology database for energy system models integrated with a TIMES (Sweden)
Six projects were approved for funding in 2019:
 Improving the modelling of energy storage technologies in TIMES via collaboration with TCP
Energy Storage Annex 32 (Switzerland, Norway)
 Second Summer School on Prospective Modeling and Energy Transitions using TIMES (France,
Germany, Spain, Sweden, Norway)
 Workshop series “Integrating sustainable development goals into energy systems models”
(Switzerland, Germany, France)
 Utilisation of the online platform of KAPSARC as a repository of the SubRES data (Sweden, Italy,
Ireland)
 Modelling of the industry sector & material efficiency (Germany, Norway, Finland, Sweden,
Switzerland)
 ETSAP VEDA-TIMES Advanced DEMO Models Extension, E4SMA
2.2

TIMES maintenance, update and improvement

Over the 2017-2019 period, several projects resulted in improvements to the TIMES code. Below are
some key examples.
2.2.1

Enhancing the flexibility in TIMES : introducing ancillary services markets

Over the 2017-2019 period, several projects resulted in improvements to the TIMES code. One project,
Enhancing the flexibility in TIMES : introducing ancillary services markets, provided an extension to the
TIMES framework to make it possible to assess the true cost of variability in electricity supply and
demand to the energy system, as well as the implications on the investment decisions of having
sufficient reserve capacity at hand. Ancillary services markets are market-based mechanisms that are
particularly designed to provide flexibility to the energy system, and can now be included reasonably
in TIMES models. This is important because the energy-only markets and technical approaches do not
offer sufficient remuneration for the flexibility actions, the associated cost of which has also to be
sought in auxiliary services markets.3 The project used small test model with short horizon, several
seasons with 24 hourly timeslices each, and several types of storage processes were included.
The extension has been implemented as a separate extension module (ABS), striving to minimize any
modifications to the standard code. No new input sets have been explicitly implemented in the
Balancing Services extension. However, there are two new sets implicitly defined by the input

3

https://iea-etsap.org/projects/TIMES-BS-Documentation.pdf
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parameters (balancing reserves and a set of sources for imbalances), and two new system sets
(parameters for defining deterministic reserve demands and reserve demand types). There are a
number of new input parameters that have been implemented extension as well.4 There are no new
reporting parameters implemented in the ABS extension, which uses existing reporting parameters
instead.
2.2.2

Improving the modelling of retrofits and lifetime extensions in TIMES

A second project looked at retrofits and lifetime extensions in TIMES.5 Retrofitting and lifetime
extension are frequently applied technical options for extending the operating lifetime or for
improving the economic or environmental performance of existing real-world plants. After 20–25 years
of operation, for many plants the strategic decision arises whether one should continue operating the
old plant by investing into a refurbishment, or close down the old plant and build some brand-new
capacity instead. Retrofit and lifetime extension refurbishments may involve, for example, equipping
the plant with state-of-the-art boiler, turbine, or process control; bio-conversion through
modifications to the plant so that it utilizes biomass as the main fuel, or as a co-firing fuel; or CCS
retrofits, whereby the plant is modified for applying post-combustion carbon capture
Starting from version 4.1.2, the TIMES model generator offers a simple dedicated facility supporting
the modeling of retrofit (RF) and lifetime extension (LE) options. The main characteristics of the builtin facility can be summarized in the following way:






Each host process, for which some RF/LE options are to be included, can be modeled to have
any number of different RF/LE options;
Each of the RF/LE options must be modeled in the same way as any new technologies
(including the topology, process transformation parameters, availabilities, technical lifetime
etc.);
Whenever the model chooses to invest into a RF/LE option, the same amount of capacity of
the host process will be simultaneously retired;
The investment costs for the RF/LE options should include only the additional investments for
the refurbishment in question;
The fixed and variable O&M costs must cover the full costs during the RF/LE operation.

Due to possible changes in all operational parameters, the refurbishment options are thus modeled by
distinct technologies that have a full process characterization.
2.2.3

Integrating cross-price elasticities in TIMES

Another project provided a draft design for generalizing the available TIMES Demand Function
formulations, focusing on the demand elasticities.6 Until TIMES v4.0, only the linearized own-price
elasticity formulation was available in the common code. When substitution possibilities are to be
modeled, demand functions involving Constant Elasticity of Substitution (CES) aggregates are
proposed to be made available under the non-linear option. Just as under the own-price elasticity
option, the calibration of the CES functions is based on the demand projections and the corresponding
shadow prices from a Baseline TIMES run, with the substitution elasticity between the demands within
each category given as an input, together with the own-price elasticity for the whole demand category.
A draft design for a simple linearization of the CES utility function formulation is also proposed and
presented.

See Table 7 in https://iea-etsap.org/projects/TIMES-BS-Documentation.pdf
https://iea-etsap.org/docs/TIMES-Refits-Note.pdf
6 https://iea-etsap.org/docs/TIMES-Micro-Note.pdf
4
5
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2.2.4

Representing load shifting Demand-Response in TIMES

A fourth project allowed to include an explicit Demand Response representation by implementing
simple demand shifting equations. It is indeed quite possible to manually formulate demand shifting
equations in TIMES and thus make use of demand response representation, just by introducing a
process for that purpose and then defining user constraints for the process flows. While that gives the
user complete control over the equations, in many cases it might still be more convenient to have
dedicated model equations implemented internally in TIMES for this purpose.
More than a simple demand response representation that does not involved any processes, in the
context of TIMES, it seemed most convenient to let the user introduce a process for enabling the load
shifting of each demand, or each final electricity commodity, or a group thereof. Following this design
approach, the user would thus optionally also be able to define investment costs, fixed O&M cost and
variable costs for the demand shifting operation. These could reflect, for example, the costs of the
smart real-time control systems needed for load shifting, and/or the additional cost from load shifting
perceived by the consumers.
According to the proposed design, additional constraints (standard capacity-activity, seasonal balance,
maximum allowed fractions of loads shifted, user-defined balance constraints over sets of adjacent
time-slices, maximum allowed time to meet the shifted loads in advance or with delay, capacity
bounds, activity bounds, or flow bounds) and costs (activity, flow, capacity, or fixed O&M costs, or cost
of shifting of one unit of demand load by one hour, forward and/or backward) could be modelled for
the load-shifting processes.

2.3

User interfaces’ maintenance, update and improvement

2.3.1

VEDA - A powerful tool for handling data input and smart exploration of results

VEDA is a powerful tool required by complex mathematical and economic models for handling data
input and smart exploration of the results created by such models and the creation of reports. VEDA
is under continuous development, driven by a strong desire to keep increasing the efficiency and
transparency of managing input and output of data-intensive models.
Veda is based on a modular approach that organizes the model input data, and results, into an
integrated database. Information is visible via tabular browsing (data cubes) and network diagrams. It
is used to develop and manage model runs and to analyse model results.
Veda is a proprietary commercial software designed and developed by KanORS-EMRs7. It has been
supported by ETSAP since 2000. ETSAP contracting parties get a small group license for free, and others
can purchase it from KanORS. Access to technical support and updates is subject to an annual
maintenance fee, after the first year.

7

https://www.kanors-emr.org/
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Data and assumptions are fed into VEDA that provides input to the TIMES code. VEDA accepts input
from a variety of Excel files with different (flexible) structures that are tailored to work efficiently with
data intensive models. The TIMES code works in the GAMS environment and produces text output that
is read by VEDA. VEDA produces numerical and graphical (mainly via Excel) output for the user.






Veda can read a wide variety of layouts - timeseries, regions in columns, attributes in columns
etc., to minimize structural pre-processing.
Veda allows rule-based manipulation of parameters and set declarations, to minimize
numerical pre-processing. Massive amounts of data can be introduced or modified with very
few instructions.
System should be modular – easy to activate/deactivate/replace sectors or regions. Different
analysts should be able to work on different sectors or regions in parallel.
Structures and data that is common across regions should be declared only once.
Different layers of assumptions should coexist so that they can be
activated/deactivated/permuted at run-time.

2.3.2

Migrating VEDA to a new Platform

After two decades, Veda has been completely rebuilt from 2019 into a distinctly superior product.
Broadly, the main difference between the old and new versions of Veda: VEDA_FE/BE were based on
VB6/MSACCESS and Veda2.0 is on C#.NET/PostgreSQL.
Most of the features in old versions of VEDA-FE/BE were built incrementally, over 20 years. All these
features (and many more), are a part of the fundamental design in Veda2.0. From the user’s
perspective, several features can be highlighted:










No limit on size of individual scenarios or the whole model
Three to ten times faster synchronization, depending on the model structure and number of
cores available (with guidance provided for reducing the processing time further)
DD writing is an order of magnitude faster and scales directly with number of cores
Much smoother installation process
Very stable application and reliable data processing – No synchronisation surprises
Results handling integrated in the same application – Veda2.0 replaces both previous interface
VEDA_FE + VEDA_BE
Much faster views processing
Works with practically the same model input files (Excel templates) as VEDA_FE. No change in
file naming conventions or tags (the few changes that are required are clearly documented.
Clean models can be migrated within hours)
No limit on length of item names (process, commodity, UC, commodity groups).
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2.4

Capacity building in both developed and developing countries

2.4.1

With special trainings and workshops to foster progress on specific themes

Apart from the regular ETSAP trainings (twice a year with ExCo), specific trainings were offered on the
energy system optimization model VEDA-TIMES, consisting of a basic course of three days:













CSIRO Energy Centre, Newcastle (Australia), December 2019.
Ministry of Energy and Environment, Santiago (Chile), July 2019.
International Energy Agency, Paris (France), June 2019.
RUDN University, Moscow (Russia), November 2018.
Stuttgart University, Stuttgart (Germany), November 2018.
ESI – National University of Singapore, Singapore, September 2018.
Chalmers University, Gothenburgh (Sweden), June 2018.
Secretary of energy and Autonomus University of Mexico, Mexico City (Mexico), February
2018.
PSI, Zurich (Switzerland), December 2017.
Maryland (USA), July 2017.
Torino (Italy), January 2017.
Research Gas Institute of the Sao Paulo University, Sao Paulo, Jan/Feb 2017.

Several other trainings were offered outside of those coordinated by ETSAP, notably from private
companies, the full list of which is too long to be included here.
In addition to the bi-annual meetings, special workshops are also held on specific themes. As listed in
section 1.3 above, these include a workshop on energy models and applications (São Paulo, January
2017), a workshop on sustainability performance of the energy systems (Madrid, May 2017), and a
workshop on modelling the water energy nexus (Zurich, December 2017).
2.4.2

With assistance to countries with Nationally Determined Contributions (NDCs)

Some ETSAP member and experts also started to collaborate on NDC projects, as a number of countries
are actively looking for support in developing their modelling competences. For instance, the Program
for Market Reform (PMR)8 is a forum for collective innovation and action and a fund to support capacity
building to scale up climate change mitigation, established and managed by the World Bank and which
primarily supports modelling projects building up competences in the countries to analyse NDCs.
Others like EuropeAid9 also support similar projects. This is timely as countries had to deliver NDCs
upon ratification of the Paris Agreement and update in 2020 and every five years thereafter.

… an ETSAP team participates in supporting NDC action plans
The ETSAP working group NDCs (National Determined Contributions) participates in supporting NDC
action plans through capacity building and consultancy.
2.4.3

By providing tools to facilitate model developement

The ETSAP TIMES-Starter Platform. The TIMES-Starter platform dramatically cuts the time needed to
assemble an initial model and greatly improves the quality of 1st time TIMES model. The TIMES-Starter
model provides new users with a well thought out TIMES model structure employing best practices

8
9

https://www.thepmr.org/
https://ec.europa.eu/info/index_en
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that is built from solid documented data sources. It provides all the basic building blocks, tools and
techniques that need to be employed as part of assembling and applying a TIMES model.




The TIMES-starter example can be used as a first step in building capacity on the use of the
TIMES model generator through an initial, simplified model that can be used in the training of
a local Planning Team using a model which represents the basic structure of the national
energy system.
Once the local capacity is built, a proper country specific TIMES model can be developed, after
a proper design and implementation in order to support the requirement of dynamic,
continuously updated NDCs, with targets continually enhanced over time.

The suite of DemoS models. The DemoS models provide step-by- step introduction to build a TIMES
model in the VEDA model management software. It then describes in detail twelve Demo models that
progressively introduce VEDA-TIMES principles and modeling techniques. For this, two series can be
used:



2.5

VEDA-TIMES demo models, which start from an energy balance of EU27 and focuses on
building a model incrementally in 12 steps employing a standard approach to describing the
underlying Reference Energy System (RES) and careful naming conventions;
and VEDA-TIMES Advanced Demo Model, based on the structure developed for the basic
VEDA-TIMES DemoS (from DemoS_001 to DemoS_012), using a series of six steps
implemented through additional scenarios and subres workbooks, to progressively include
some additional VEDA-TIMES features.
Project funded to enhance methodologies

ETSAP funds research and tools development projects aiming to expand the methodology and advance
the software tools. It undertakes projects to make the methodology easier to apply, more efficient in
its processes and calculations and to cover a wider range of energy supply and demand technologies.
Over the 2017-2019 period, several projects lead to significant enhancements of methodologies.
TIMES-GTAP soft-link methodology and interface
A framework10 was developed and tested for soft-linking TIMES models with a GTAP- based
computable general equilibrium model. This exercise identified input/output data that can be
exchanged between the two model types, specified the processes of data harmonization, the
attributes on which harmonization can be done, and identified the critical variables and assumptions
involved. It also determined the appropriate types of socio-economic aggregations to be made in GTAP
to match existing socio-economic structures in each of the domestic economies which are also
reflected in TIMES energy system structures and drivers.
Since the GTAP and TIMES models are written in different languages (GEMPACK and GAMS) an
interface was developed to support the users in linking the models and accordingly exchange data and
provide results, without the need of knowing the different languages. In the initial phases of the
development, an Microsoft Excel file was used to monitor the soft link process, manage the data
exchange, as well as store and display results. It does not allow the user to intervene directly on the
modelling structure of the TIMES and GTAP-based models.
This project will be applied to three case studies identified by the TIMES model for Ireland, Italy and
Greece.

10

https://iea-etsap.org/projects/TIMES-GTAP_Exchange%20file.zip
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The interfacing process

Addressing uncertainty in TIMES using Monte Carlo methods
Another project expands the TIMES modelling framework with computationally efficient Monte Carlo
Analysis (MCA) method, suitable for probabilistic risk assessment (LHS-based Monte Carlo Method).
By attaching probabilities to inputs, MCA allows uncertainty quantification, such as likelihood in
achieving certain policy targets, and the relationships between inputs and outputs. Correlated inputs
can be represented by their joint probability distribution, which is then given as an input to the MCA.
The methodology is tested with the IEA-ETSAP global and multiregional TIAM model. This is a global
model with 16 regions, where the time periods used were from 2005 to 2100 with coarse timeslices in
all regions, and which includes various BECCS, DAC and power-to-X technologies. TIAM is solved as a
partial equilibrium linear model to study uncertainty issues of global warming with emphasis on the
feasibility to restrain temperature change to 2°C above pre-industrial levels.
The framework proposed considers a set of physical, technical and socioeconomic model parameters
as stochastic, the most important of which being the population and economic growth, the equilibrium
climate sensitivity (ECS) and the discount rate on savings. The model is applied first in the Baseline
mode without introducing mitigation policies (BASE). Then, in a second-best approach (SBA), a
maximum temperature change constraint of 2°C (2DS) above pre-industrial levels is imposed. The
benefits of climate change policies are expressed as the difference in damages between the BASE and
the 2DS cases while the costs of policies refer to the corresponding change of the energy systems costs,
including abatement. Key technologies needed to restructure the energy system are found to be those
with zero or even negative carbon emissions, for example wind, solar photovoltaic, nuclear, hydro and
BECCS, while CCS acts as the main backstop option in our MCA analysis.
The study extends the spirit of the COP21 Paris Agreement into global and binding commitments based
on international cooperation directly after 2020. The cost-benefit analysis simulation index for the 2
°C policy target indicates higher benefits than costs at near zero discount rates, as the high marginal
costs of energy services are reducing endogenously the demands for energy and the energy system
cost. The shadow price of carbon control generally increases with the stringency of temperature
change and lowers with the level of technological change. Overall, feasibility of the policy target of 2°C
requires immediate policy commitments and financial resources for a successful penetration of
advanced technologies to decarbonize the energy systems.
15





An example of results from this project
is shown on figures below, where the
risk of overshooting
a given
temperature limit for the BASE and 2DS
cases is illustrated.
The results show that in the BASE case,
almost 100% of the cases overshoot the
2°C and the 2.5°C limit, while for the 2DS
case, there is an overshooting above 2
°C (and even above 2.5 °C) for some
cases but at the end of the century 100%
of the cases are below 2 °C and above
1.5 °C, as imposed by the constraint.

2DS CASE: Risk of Overshooting a Temerature limit of
1.5°C, 2°C, and 2.5 °C.
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2.5

Enhancing and preparing TIMES for High-Performance Computing (HPC)
A third project assessed whether TIMES could run on the Linux platform. To this end, it documents in
detail, with step-by-step instructions, the procedures required to transfer a TIMES-based model to
Linux, run the model and obtain its solution for post-processing in VEDA in Windows. The second
objective of the project was to enhance TIMES to be ready for High-Performance Computing. As
systems with multiple CPUs and High-Performance Computing Grids are becoming available more
widely, it is worthy to consider options to perform multiple scenario analysis with TIMES over a grid of
CPUs.
The report finds that it is both possible to run TIMES in Linux and make use of High-Performance
Computing for multiple scenario analysis. Using the step-by-step guide provided in this document, a
TIMES modeller can transfer her model to Linux and make use of a cluster of CPUs for her scenario
analysis. However, there are still issues that must be accommodated in having a robust cross-platform
TIMES model code. Some of these issues are documented by the project, but it needs further
exploration and research towards this direction.
 As shown in the picture below, because the binary representation of 1 is 0001 (in a system with 4
CPUs) the active CPU is the CPU 0. As shown in the screenshots below, before the execution of the
script each CPU in the Linux system has an equal load, but after the execution of the script, CPU1
has a load of 100% since it has been assigned to run the TIMES model.
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Time-slice tool for capturing the characteristics of intermittent renewables
Finally, a fourth project focused on how the temporal representation of renewables in energy system
models can significantly impact results.11 When using a low level of detail, the variability of renewables
are not sufficiently captured, leading to an overestimation of the uptake of intermittent renewables
and an overestimation of the use of baseload technologies, while flexible technologies are not
sufficiently valued. This tool can be used to set up the proper time-slice structure of a model in order
to capture the characteristics of renewables. The tool is based on selecting a representative set of
historical periods to accurately model the temporal dimension.
The methodology aims to represent intra-annual variations in demand and supply by selecting a
number of representative historical days. Each day is represented by an equal number of chronological
time steps and is representative for a variable number of days within one year. Each representative
day is entered on seasonal level, but does not necessarily represent a meteorological season.

2.6

Tutorials, user’s forums, manuals and other reference material

A key strength of the IEA-ETSAP methodology is the detailed documentation, which is the result of a
commitment to the highest levels of transparency by the IEA-ETSAP. The documentation of the diverse
applications leads to knowledge sharing, benefitting from the fact that a large community is using it.
The IEA-ETSAP methodology is the leading open source approach to energy scenarios modeling.

… a key strength of the IEA-ETSAP methodology is the detailed documentation,
which is the result of a commitment to the highest levels of transparency !
The TIMES Documentation is structured in four part:




Part I (TIMES concepts and theory) provides a general description of the TIMES paradigm, with
emphasis on the model’s general structure and its economic significance. Part I also includes
a simplified mathematical formulation of TIMES, a chapter comparing it to the MARKAL model,
pointing to similarities and differences, and chapters describing new model options.
Part II (Comprehensive Reference Manual) constitutes a comprehensive reference manual
intended for the technically minded modeler or programmer looking for an in-depth
understanding of the complete model details, in particular the relationship between the input
data and the model mathematics, or contemplating making changes to the model’s equations.
Part II includes a full description of the sets, attributes, variables, and equations of the TIMES
model.

K. Poncelet, H Höschle, E. Delarue, Ana Virag, and William D’haeseleer, “Selecting representative days for capturing the
implications of integrating intermittent renewables in generation expansion planning problems”, IEEE Transactions on Power
Systems
11
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Part III (the Operation of the TIMES code – organization of the TIMES modelling
environment) describes the organization of the TIMES modeling environment and the GAMS
control statements required to run the TIMES model. GAMS is a modeling language that
translates a TIMES database into the Linear Programming matrix, and then submits this LP to
an optimizer and generates the result files.
Part IV (VEDA 2.0) provides a step-by-step introduction to building a TIMES model in the
VEDA2.0 user interface for model management and results analysis.

… an active and collaborative environment of modellers …
The ETSAP community also operates an online forum where questions focus mostly on training and
courses, as well as model generators (TIMES and MARKAL), data handlings software, access and use of
the global TIAM_ETSAP model, and the IEA-ETSAP website.12 Another forum focuses on VEDA, and
includes discussions on answers to questions, tips and suggestions, suggestions of new features and
enhancements, as well as examples of common or complex modeling tasks.13 Both forums have been
increasingly used over the 2017-2019 period and until today.
2.7

Status and updates for Energy Technology Data Source (E-TechDS).

E-TechDS produced 68 Technology Briefs that are published on the ETSAP website, available to all
interested parties. Some of these briefs, related to renewable energy technologies, have been
developed in collaboration with IRENA and a number of Implementing Agreements have contributed
to the development of other E-TechDS.
IRENA is also interested in collaboration on technology data and a common workshop could be an
option. Future planned steps include an extension of the E-TechDS to more technologies as necessary
in particular negative emissions technologies; E-TechDS focusing on synthetic fuels, in view of the net
zero emissions modelling; an update of the existing technology briefs in order to include current
trends; and the development of tools and approaches that will facilitate the direct use of the data in
the briefs by modelling teams.
Maintaining and updating the E-TechDS will pay particular attention to the direct potential
contribution to modelers and integration with the other tools.

12
13

https://iea-etsap.org/forum/index.php
https://forum.kanors-emr.org/forumdisplay.php?fid=2

18

3.

Research and development for energy systems analysis

This Final Report – Annex XIV includes a list of about 220 references published between 2017 and
2019 only, including multiple publications in a large variety of peer-reviewed journals, book chapter,
PhD. thesis, research reports, as well as technical papers. Multiple publications also exist in national
languages and are not reported here.

… peer-reviewed articles on TIMES model developments and applications are
published in a large variety of prestigious journals






















3.1

Applied Energy
Energy
Nature Energy
Climate Policy
Energy Economics
Energy Policy
Energy Strategy Reviews
Nature Climate Change
Low Carbon Economy
Transport Policy
Climatic Change
Procedia Computer Science
Global Environmental Change
Economy of Ukraine Journal
Transport Policy
Resources
Atmospheric Environment
Futures
Energy Procedia
GCB Bioenergy
Annals of Nuclear Energy























Renewable and Sustainable Energy Reviews
International Journal of Hydrogen Energy
Environmental Modeling and Assessment
Journal of Cleaner Production
Energy Conversion and Management
Technological Forecasting & Social Change
International Journal of Electrical Power & Energy Systems
Transportation Research Part D: Transport and Environment
International Journal of Climate Change Strategies and Management
Transportation Research Part A: Policy and Practice
Clean Technologies and Environmental Policy
Mitigation Adaptation Strategy Global Change
Energy Research & Social Science
Environmental Modelling & Software
International Journal of Greenhouse Gas Control
International Journal of Global Energy Issues
Transportation Research Procedia
Energy for Sustainable Development
Agricultural and Forest Meteorology
Conservation and Recycling
Geoscientific Model Development

An ETSAP book entirely dedicated to “well below 2°C” scenarios and policies

A second ETSAP book “Limiting Global Warming to Well Below 2°C: Energy System Modelling and Policy
Development” was published by Springer and launched as an ETSAP Side Event during the International
Energy Workshop in 2018. The previous book (Informing Energy and Climate Policies Using Energy
Systems Models) has generated more than 20,000 downloads! This new book was even more
successful with due to the relevant of the topic. The book marked an interesting start in creating
innovative scenarios collaboratively based the work done for the book.
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This book presents the energy system roadmaps necessary to limit
global temperature increase to below 2°C, in order to avoid the
catastrophic impacts of climate change.
It provides a unique perspective on and critical understanding of
the feasibility of a well-below-2°C world by exploring energy system
pathways, technology innovations, behaviour change and the
macro-economic impacts of achieving carbon neutrality by midcentury.
-

Scenario analyses applied to cities, countries, regions and
at a global scale.
A valuable source of information for energy modellers,
energy economists and engineers in both the industry and
public sectors,

Key messages from the editors
• The energy system models are particularly well suited to provide
robust information on energy pathways towards a well below 2 °C
goal. • The MARKAL/TIMES models have a long history of research
and development, collaboration and application to complex
problems.
• 23 case studies assess the feasibility of global, national and local
energy transition pathways ahead for a decarbonized world.
• A well below 2 °C world is feasible but extremely challenging, and
early action is essential.

 Foreword By Dr. Fatih Birol Executive Director International Energy Agency
“ (…) To inform policymakers on these complex questions, energy modelling and scenario analysis is an
invaluable means to explore possible future energy and technology pathways and to evaluate the implications
of the various options that are available. (…) this new ETSAP book provides comprehensive model-based
analyses of the overarching goal of the Paris Agreement.
It shows that a fundamental transformation of the global energy system is required over the coming decades,
driven by rapid and clear policy action to accelerate and scale-up the deployment of clean energy
technologies.
The analyses in this book highlight how energy models and scenarios can provide invaluable insights into
decision-makers on the interlinked policy dimensions of climate change, energy security and economic
development. (…)”.

The book includes 23 case studies assess the feasibility of global, national and local energy
transition pathways ahead for a decarbonized world.
Part I—The Radical Transformation of the Global Energy System








Building on the World Energy Scenarios 2016, Chapter by Kober et al. concludes that a 1.5 °C compatible
pathway is feasible, assuming a carbon budget of 480 GtCO2 for the energy sector between 2020 and 2060.
Chapter by Lehtilä and Koljonen raises the question whether the objective of limiting global warming to well
below 2 °C (represented by an appropriate radiative forcing trajectory) is achievable without considerably
overshooting the target of the estimated carbon budget within the current century.
Chapter by Winning et al. assesses the impacts of delaying ratcheting until 2030 on global emissions
trajectories compatible with the 2 and 1.5 °C targets, represented by carbon budgets of 915 and 400 GtCO2
between 2015 and 2100.
Chapter by Mousavi and Blesl explores the relative roles of supply-side and demand-side measures in 1.5 °C
consistent scenario, assuming a carbon budget of 600 GtCO2 for the energy sector between 2015 and 2100.
Chapter by Karlsson et al. shows that focusing only on technological development is likely not to be sufficient
to limit the increase in global mean temperature to well below 2 °C.
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Part II—The Diversity of the National Energy Transitions in Europe












Chapter by Seljom and Rosenberg demonstrates the feasibility of a cost-optimal transition towards a carbon
neutral energy system in Scandinavia (Denmark, Norway and Sweden) in 2050 without imported biofuels and
no use of CO2 storage.
Chapter by Krook-Riekkola and Sandberg explores different net zero emission pathways with an emphasis on
where the extensive (but still finite) domestic biomass resources and restricted carbon capture could be used
most cost-efficiently.
Based on a model coupling approach to incorporate a detailed representation of the transportation sector,
Chapter by Tattini et al. proposes pathways to decarbonise the Danish inland passenger transport sector. T
Chapter by Panos and Kannan compares the current commitments of the Swiss National Determined
Contribution to a low carbon scenario consistent with a below 2 °C goal, under the framework of the Swiss
energy strategy objectives: gradual phase-out of nuclear power, energy efficiency gains and deployment of
renewables.
Chapter by Millot et al. explores the impact of two contrasting lifestyles for France: the digital lifestyle
represents an individualistic and technological society, and the collective one depicts a society with strong
social ties and cooperation between citizens.
Chapter by Yue et al. examines the feasible ratcheting of decarbonisation ambition of Ireland, currently based
on a 2 °C goal.
Chapter by Seixas et al. assesses the impacts on energy system of deep decarbonisation in Portugal up to 2050.

Part III—The Decarbonisation Pathways Outside Europe












Chapter by Vaillancourt et al. identifies different decarbonisation pathways for Canada corresponding to
increasing levels of mitigation efforts for 2050.
Chapter by Zakerinia et al. describes the pathways towards decarbonisation in California and other Western
States of United States to 2030 and 2050, as well as the impact of California’s policies on the Western
Electricity Coordinating Council grid.
Chapter by Reedman et al. shows that the electricity and transport sectors of Australia can achieve the greatest
emissions reductions of 70–80% by 2050.
Chapter by Chepeliev et al. provides an assessment of low-emission development scenarios for the Ukrainian
economy, including the Ukrainian low-carbon development strategy initiative (consistent with 2 °C target), and
a more ambitious transition towards 92% share of renewables in gross final energy consumption by 2050
(consistent with 1.5 °C).
Chapter by Kerimray et al. assesses how to achieve the NDC goals of Kazakhstan, and how a ban on coal across
all sectors could help.
Chapter by Solano-Rodríguez et al. shows that a deep decarbonisation of the power system of Mexico appears
techno-economically feasible and cost-optimal through renewables (mainly solar PV and wind), and that
decarbonisation paths post-2030 are largely dependent on the investment decisions made in the 2020s.
Chapter by Chen et al. analyzes the key challenges for China’s end-use sectors.
Inspired from the Thirsty Energy initiative of the World Bank, Chapter by Goldstein et al. offers a wider
perspective focused on the importance of the water-energy nexus in South Africa and China when moving
towards below 2 °C.

Part IV—The Role of Cities and Local Communities





Based on the InSMART project (Integrative Smart City Planning), Chapter by Giannakidis et al. explores the
concerted action needed in four EU cities to manage energy consumption and reduce greenhouse gas
emissions: Évora (Portugal), Cesena (Italy), Nottingham (UK) and Trikala (Greece). I
Chapter by Lind and Espegren analyzes how various energy and climate policies and measures can transform
the city of Oslo into a low-carbon city.
Chapter by Yazdanie evaluates decarbonisation pathways for Switzerland through local-scale energy systems
planning under a national energy policy which reflects Swiss CO2 emission reduction targets within the Paris
Agreement.
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3.2

Sample of studies from the Contracting Parties on hot topics

This section shows excerpts of studies done by the Contracting Parties on the specific topics highlighted
in the Annex XIV program. The selection of a limited number of studies (2 for each Contracting Party)
has been difficult given the very large number of interesting pieces of works generated during the
2017-2019 period (see the list of references in appendix for more information). Many studies involved
experts from several countries; studies have been identified with the countries/affiliations of the first
author.
Contracting Parties
AUSTRALIA
Commonwealth Scientific and
Industrial Research Organisation CSIRO
BELGIUM
VITO
DENMARK
Danish Energy Agency

EUROPEAN COMMISSION
DG Joint Research Centre Institute
for Energy and Transport

FINLAND
Business Finland
Technical Research Centre - VTT

FRANCE
Agence de l'Environnement et de la
Maîtrise de l'Energie - ADEME
[Centre for Applied Mathematics
(CMA) MINES Paris Tech]

GERMANY
Universität Stuttgart, Institute of
Energy Economics and the Rational
Use of Energy - IER

Topic of Annex XIV

Study

Others

Australian National Outlook 2019

Integrating human
behaviour into energy
systems modelling

Improving the representation of modal
choice into bottom-up optimization
energy system models – The MoChoTIMES model

Climate mitigation
aiming for “well below
2°C”

TIMES-DK: Technology-rich multi-sectoral
optimisation model of the Danish energy
system

Climate mitigation
aiming for “well below
2°C”

Comparing policy routes for low-carbon
power technology deployment in EU – an
energy system analysis

Climate mitigation
aiming for “well below
2°C”

Potential of Power-to-Methane in the EU
energy transition to a low carbon system
using cost optimization

Climate mitigation
aiming for “well below
2°C”

Baltic Energy Technology Scenarios

Representation of
variable renewables and
operational issues

Neo Carbon Energy Project

Climate mitigation
aiming for “well below
2°C”

Carbon capture and storage: Lessons
from a storage potential and localization
analysis

Representation of
variable renewables and
operational issues

Maximizing intermittency in 100%
renewable and reliable power systems: A
holistic approach applied to Reunion
Island in 2030

Climate mitigation
aiming for “well below
2°C”

Analyzing transformation pathways to a
sustainable European energy system—
Internalization of health damage costs
caused by air pollution

Climate mitigation
aiming for “well below
2°C”

Perspectives on decarbonizing
transport sector in the EU-28

the
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GREECE
CRES - Center for Renewable
Energy Sources and Saving
IRELAND
University College Cork
Sustainable Energy Authority of
Ireland - SEAI

ITALY
ENEA
RSE

JAPAN
The Institute of Energy Economics
The Institute of Applied Energy

KAZAKHSTAN
Nazarbayev University Research
and Innovation System

KOREA
Korea Energy Agency (KEA)

THE NETHERLANDS
ECN part of TNO

NORWAY
Institute for Energy Technology - IFE

Others

National Energy and Climate Plan

Climate mitigation
aiming for “well below
2°C”

Zero carbon energy system pathways for
Ireland consistent with the Paris
Agreement

Others

High performance computing for energy
system optimization models: Enhancing
the energy policy tool kit

Others

Integrated National Energy and Climate
Plan (NCEP)

Others

The evolution of the Italian power system
to support the national goal of 55% of
renewables on electricity consumption

Climate mitigation
aiming for “well below
2°C”

Japan's long-term climate mitigation
policy: Multi-model assessment and
sectoral challenges

Climate mitigation
aiming for “well below
2°C”

Evaluation of Japanese energy system
toward 2050 with TIMES-Japan – Deep
decarbonization pathways

Climate mitigation
aiming for “well below
2°C”

Investigating the energy transition to a
coal free residential sector in Kazakhstan
using a regionally disaggregated energy
systems model

Others

Techno-economic modelling to strategize
energy exports in the Central Asian
Caspian region

Climate mitigation
aiming for “well below
2°C”

Comprehensive analysis of GHG emission
mitigation potentials from technology
policy options in South Korea’s
transportation sector using a bottom-up
energy system model

Others

Quantitative Analysis on the Energy and
Environmental Impact of the Korean
National Energy R&D Roadmap a Using
Bottom-Up Energy System Model

Climate mitigation
aiming for “well below
2°C”

An integrated assessment of pathways
for low-carbon development in Africa

Climate mitigation
aiming for “well below
2°C”

Do Kenya’s climate change mitigation
ambitions
necessitate
large-scale
renewable energy deployment and
dedicated low-carbon energy policy?
A Scandinavian Transition Towards a
Carbon-Neutral Energy System

Climate mitigation
aiming for “well below
2°C”
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SPAIN
CIEMAT

SWEDEN
Luleå University of Technology
Chalmers University of Technology

SWITZERLAND
Swiss Federal Office of Energy
PAUL SCHERRER Institute - PSI

UNITED KINGDOM
Department for Business, Energy &
Industrial Strategy
University College London

UNITED STATES
U.S. Energy Information
Administration
Environmental Protection Agency

Representation of
variable renewables and
operational issues

Sample average approximation and
stability tests applied to energy system
design

Climate mitigation
aiming for “well below
2°C”

Fusion power in a future low carbon
global electricity system

Climate mitigation
aiming for “well below
2°C”

Prospective life cycle assessment of the
Spanish electricity production

Interactions between
the energy system and
the economy

Challenges in top-down and bottom-up
soft-linking: Lessons from linking a
Swedish energy system model with a CGE
model

Climate mitigation
aiming for “well below
2°C”

Cost-efficiency
of
urban
heating
strategies - Modelling scale effects of lowenergy building heat supply

Representation of
variable renewables and
operational issues

Long term evaluation of electric storage
technologies vs alternative flexibility
options for the Swiss energy system

Climate mitigation
aiming for “well below
2°C”

Cost optimal urban energy systems
planning in the context of national energy
policies: A case study for the city of Basel

Integrating human
behaviour into energy
systems modelling

Incorporating homeowners' preferences
of heating technologies in the UK TIMES
model

Interplay between long
term and short-term
policy ambition

Myopic decision making in energy system
decarbonisation pathways. A UK case
study

Climate mitigation
aiming for “well below
2°C”

What is the role of distributed energy
resources under scenarios of greenhouse
gas reductions? A specific focus on
combined heat and power systems in the
industrial and commercial sectors

Others

Energy and emissions implications of
automated vehicles in the U.S. energy
system.
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3.2.1

Examples of studies on climate mitigation aiming for “well below 2°C”

JAPAN - The Institute of Energy Economics

Japan's long-term climate mitigation policy: Multi-model assessment and sectoral challenges
Highlights
• We compared the results of six
mathematical models, including
TIMES-Japan, to analyse Japan’s
GHG reduction target (i.e., 80%
reduction from current levels by
2050).
• Marginal abatement cost to
achieve the target is estimated to
rise to USD 1000/tCO2 by 2050,
with a moderate consensus
among models.
• As the results imply that the
industry sector accounts for the
largest share of residual emissions
under 80% reduction scenarios,
not only energy policy, but also
industrial policy may be relevant
to the long-term environmental
target.
Name of MARKAL/TIMES models
• TIMES-Japan/IEEJ_Japan
• One region (Japan)
• 2010-2050 (5 year step)

Marginal costs of abatement in the NDC&2050-80% scenario.
Until 2030 on a linear scale (top) and until 2050 on a logarithmic
scale (bottom).

CO2 emissions by sector in 2050 for the baseline (top) and
NDC&2050-80% (bottom) scenarios.

Sugiyama M. Fujimori S. Wada K. Endo S. Fujii Y. Komiyama R. Kato E. Kurosawa A. Matsuo Y. Oshiro K. Sano F. Shiraki H.
(2019). Japan's long-term climate mitigation policy: Multi-model assessment and sectoral challenges. Energy 167: 11201131.

25

FINLAND- Technical Research Centre - VTT

Baltic Energy Technology Scenarios
Highlights
• Multi-region ETSAP TIMES
model was found to be a highly
useful tool for analyzing climate
policies within the Baltic region,
interconnected to the
neighboring countries
• GHG reductions were found to
be best led by the electricity
and district heating sectors,
followed by transport, buildings
and other sectors. End-use
sectors can thereby reduce GHG
emissions and increase the RE
share through electrification to
the extent the supplied
electricity and heat is CO2-free
and renewable.
• In the absence of sustainable
policies to facilitate costeffective local renewable
energy generation, the Baltic
countries will become large net
importers of electricity.
Name of MARKAL/TIMES models
• TIMES_VTT
• Global model; 21 regions, of
which 4 Nordic countries and 3
Baltic countries
• Time periods 2010–2060, 10–24
timeslices by region
• Including all Kyoto GHG gases,
BECCS, power-to-X, DAC and
various synthetic fuel
technologies.

GHG emissions by sector in the Baltic countries in the BPO

Annual electricity generation by fuel in the Baltic countries for the
4DS, BPO and 2DS

Lindroos T. J. Lehtilä A. Koljonen T. Kofoed-Wiuff A. Hethey J. Dupont N. Vitina A. 2018. Baltic Energy Technology Scenarios
(2018). Nordic Council of Ministers. 164 p. (TemaNord; No. 2018:515).

26

NORWAY - Institute for Energy Technology - IFE

A Scandinavian Transition Towards a Carbon-Neutral Energy System
Highlights
• A carbon neutral transport sector
with no import of biofuels to
Scandinavia requires use of
hydrogen.
• Hydrogen production without
access to CO2 storage requires
extensive investments in wind
power and photovoltaics.
• Solid decision support from energy
system models requires an
appropriate representation of
weather dependent renewable
electricity generation and heat
demand.
• The entire energy system, as
included in TIMES models, should
be considered when designing
policy instruments to reach carbon
neutrality.
Name of MARKAL/TIMES models
• Geo coverage, plus number of
regions: TIMES model Scandinavia
with 11 regions; Denmark (2),
Norway (5) and Sweden (4).
• Time period and time slices:
5 years within the time horizon
from 2010 to 2050.
• Each model period is divided into
48 time-slices, structured in four
seasons, each with a
representative day with 12 2-h
periods.
• Stochastic modelling of the shortterm uncertainty of wind power,
PV, hydropower, heat demand in
buildings and electricity trade
prices that is represented by 21
stochastic scenarios
• Stochastic modelling of a carbonneutrality energy system (covering
end-use sectors) of the
Scandinavian energy system.

Model input on heat demand for NO1 (Norwegian spot price
region highest population) in winter 2050

Stochastic minus deterministic electricity generation capacity in
2030 and 2050 for all model cases

Pernille Seljom and Eva Rosenberg. A Scandinavian Transition Towards a Carbon-Neutral Energy System. Springer
International Publishing (2018), Limiting Global Warming to Well Below 2 °C, Pages 105-121
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THE NETHERLANDS - ECN part of TNO

An integrated assessment of pathways for low-carbon development in Africa
European Commission: Transrisk H2020 EU Project - http://transrisk-project.eu/
Dutch ministry of Economic Affairs
Highlights
 We investigate the prospects for large-scale low-GHG energy diffusion in Africa.
 TIAM-ECN model results support tapping into Africa's vast potential of renewables.
 Adding about 160 GW renewable electricity capacity by 2030 can be achieved.
 Leap-frogging opportunities exist favouring renewable energy above fossil fuels.
 This would avoid an ultimately expensive fossil-fuel & carbon footprint lock-in.
GHG emissions from Africa could become substantial at a global scale by 2050.
Breakdown of GHG emissions in Africa in our four scenarios
Name of MARKAL/TIMES models
• TIAM-ECN
• Global, 36 regions
• 2005-2100, 6 time slices
• Detailed depiction of Africa (17
regions), detailed modelling of
centralized and off-grid electricity
access in Africa
• Detailed characterization of
geothermal technologies for power
and heat supply at global level
CO2 emission intensity against primary energy intensity for five major economies, and their global values,
under the REF (left) and 2DC (right) scenarios

van der Zwaan B. Kober T. Dalla Longa F. van der Laan A. Kramer G.J. (2018). An integrated assessment of pathways for
low-carbon development in Africa. Energy Policy 117: 387-395.
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FRANCE - MINES ParisTech Centre for Applied Mathematics

Carbon capture and storage: Lessons from a storage potential and localization analysis
This analysis, conducted with TIAM-FR and based on a wide review of geological storage potential and
various data, aims to discuss the impact of this potential on the development of the CCS option
The implementation of CCS is less impacted by the level of carbon storage potential - except in the lowest
case of availability - than by the type of sequestration site. However, the development of CCS is lower at the
end of the period in the case of a decrease in carbon storage potential. Indeed, the question of type of
storage site appears to have a greater impact, with an arbitrage between deep saline aquifers and depleted
basins and enhanced recovery. Doubling the cost of carbon transport does not limit the penetration of
carbon capture technologies, but it does impact the choice of site. Finally, a limitation of onshore storage
could have a significant impact on the penetration of the CCS option. The explanation for this limited
deployment of CCS is thus the higher cost of offshore storage more than the level of storage potential.
Highlights
• CCS significantly contributes to reaching the 2 C climate target.
• CCS remains determinant except with the lowest potential of carbon storage.
• The impact of a higher carbon transport cost on the share of CCS is limited.
• The choice of storage site changes in line with the level of carbon transport cost.
• A limitation on onshore storage has a strong impact on the penetration of CCS.
Name of MARKAL/TIMES
models
Carbon storage by site and by scenario (Gt CO2)
• TIAM-FR, the French
version of the TIMES
Integrated
Assessment Model
• 15 regions covering
the entire world

Selosse S. Ricci O. (2017). Carbon capture and storage: Lessons from a storage potential and localization analysis. Applied
Energy 18815: 32-44.
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SPAIN

Fusion power in a future low carbon global electricity system
Highlights
 Fusion is one of the technologies that may contribute to a future, low carbon, global energy supply
system. In this article we investigate the role that it may play under different scenarios.
 The global energy model ETM (originally EFDA TIMES Model) has been used to analyse the participation
of fusion technologies in the global electricity system in the long term.
 Results show that fusion technologies penetration is higher in scenarios with stricter CO2 emissions
reduction targets. In addition, investment costs and discount rates of fusion technologies are key factors
for fusion implementation.
 Finally, the main competitors for fusion in future are Carbon Capture and Storage and fission
technologies.
Name of MARKAL/TIMES models
Electricity production in 2050 and 2100 for the three scenarios
 The EFDA TIMES Model (ETM)
is an economic model of the
global energy system
 The world is subdivided in 17
macro-areas

Cabal H. Lechón Y. Bustreo C. Gracceva F. Grohnheit P. E. (2017). Fusion power in a future low carbon global electricity
system. Energy Strategy Reviews 15: 1-8.
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KAZAKHSTAN

Investigating the energy transition to a coal free residential sector in Kazakhstan using a
regionally disaggregated energy systems model
Highlights
 We incorporated a novel detailed building stock module into a 16-region TIMES energy systems model
for Kazakhstan, using statistical data on the housing stock and building energy audit reports.
 We then explore the introduction of a coal ban and use scenario analysis to identify the most costeffective heating technologies for the different regions and different building types.
 The energy transition (from solid fuels to cleaner alternatives) is rarely achievable without Government
intervention, therefore scenarios with ban on coal use and clean energy technology subsidies (microCHP, heat pumps and solar space heaters) have been investigated in this study.
 The results indicate that in rural areas networked gas (for detached households) and district heating (for
flats) are more economically viable substitutes to coal, even with subsidies offered for clean
technologies. In the scenario with the constraint on gas network expansion and clean technology
subsidies, there is a wide utilization of heat pumps in detached rural houses.
 Subsidies for retrofit measures are effective with wide utilization, especially in the areas affected by the
coal ban, with up to 76% reduction of the useful energy demand. The total amount of allocated
subsidies for clean technologies amounted for up to 32% and 8% of the current state social and health
care expenditures.
 A coal ban in the residential sector is estimated to achieve emissions reductions for PM2.5 and CO of
92% and 95%, respectively (compared to the base year level), even accounting for emissions from the
supply side (power plants, heat plants).
Name of MARKAL/TIMES models
 The TIMES-Kazakhstan multi-regional model
 The multiregional model of Kazakhstan is based on sixteen (16) structurally interconnected regional submodels.
Share of useful energy for space heating reduced by retrofit measures, a) regions with gas network b)
regions without gas network

Kerimray A. Suleimenov B. De Miglio R. Rojas-Solórzano L. Ó Gallachóir B.P. (2018). Investigating the energy transition to
a coal free residential sector in Kazakhstan using a regionally disaggregated energy systems model. Journal of Cleaner
Production 19620: 1532-1548.
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KOREA

Comprehensive analysis of GHG emission mitigation potentials from technology policy options
in South Korea’s transportation sector using a bottom-up energy system model
Highlights
 The South Korean government released a greenhouse gas (GHG) emission mitigation target for 2030
under the 2015 Paris Agreement and developed a detailed implementation plan in 2016 to achieve the
target.
 In this study, we analyzed the GHG emission reduction potential of South Korea’s transportation sector
under the implementation plan. We first identified six technology policy options already adopted or
being considered for adoption by the Korean government in the near future.
 Next, we quantitatively analyzed the GHG emission mitigation potential of each option, as well as the
combination of all the options, via the best-known and most widely used bottom-up energy system
model. In addition, we estimated the marginal mitigation costs of the options and their combination.
 We found that more than 30% of GHG emissions can be reduced compared to the business-as-usual
scenario by adopting technology options, and that most reductions can be achieved by the road
transportation subsector.
 We also showed that a comprehensive analysis is required to estimate the total potential of the entire
transportation sector, because some duplication effects exist between the options. Lastly, based on the
comprehensive analysis results, we provide four implications of the plan for climate change and
transportation policy makers.
Name of MARKAL/TIMES models
Comprehensive analysis result of the GHG emission mitigation
potential in the Korean transportation sector
 The TIMES model for Korea

Park S. Kim H. Kim B. Choi D.G. (2018). Comprehensive analysis of GHG emission mitigation potentials from technology
policy options in South Korea’s transportation sector using a bottom-up energy system model. Transportation Research
Part D: Transport and Environment 62: 268-282.
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THE NETHERLANDS - ECN part of TNO

Do Kenya’s climate change mitigation ambitions necessitate large-scale renewable energy
deployment and dedicated low-carbon energy policy?
Highlights
• In this paper Kenya’s climate change mitigation ambitions are analysed from an energy system
perspective, with a focus on the role of renewable and other low-carbon energy technologies. At COP21 in 2015 in Paris, Kenya has committed to a ‘nationally determined contribution’ of reducing domestic
greenhouse gas emissions by 30% in 2030 in comparison to a business-as-usual projection. An efficient
exploitation of the country’s renewable energy resources is key to achieving this target.
• We use the TIAM-ECN model to characterize plausible development pathways for the Kenyan energy
mix until 2050 under different climate change mitigation scenarios. We conclude that the power sector
can expand with mostly renewable energy options even in the absence of stringent greenhouse gas
abatement targets.
• On the contrary, on the demand side a substantial deployment of low-carbon technologies is triggered
only when ambitious emission reduction objectives are in place.
• The introduction of these technologies entails additional energy system costs, ranging in 2050 from
0.5% to 2% of the country’s GDP. Our analysis supports the feasibility of Kenyan climate management
goals, provided that adequate investments in renewable and other low-carbon energy technologies are
timely made available.
Final energy consumption projections per sector in Kenya
until 2050, for each TIAM-ECN scenario run
GHG emission projections for all TIAM-ECN
scenarios until 2050, as well as those for
the BAU and NDC scenarios developed by
the GoK until 2030

Name of MARKAL/TIMES models
 We use the TIAM-ECN model to project least-cost developments of the Kenyan energy system
 In the current set-up of TIAM-ECN, the world is disaggregated in 36 distinct regions [25,26]. Kenya is
modeled as a separate ‘region’, enabling the country-level analysis
Dalla Longa F. van der Zwaan B. (2017). Do Kenya’s climate change mitigation ambitions necessitate large-scale renewable
energy deployment and dedicated low-carbon energy policy? Renewable Energy 113: 1559-1568.
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EUROPEAN COMMISSION

Comparing policy routes for low-carbon power technology deployment in EU – an energy system
analysis
Highlights
 The optimization energy system model JRC-EU-TIMES is used to support energy technology R & D design
by analysing power technologies deployment till 2050 and their sensitivity to different decarbonisation
exogenous policy routes.
 The policy routes are based on the decarbonised scenarios of the EU Energy Roadmap 2050 combining
energy efficiency, renewables, nuclear or carbon capture and storage (CCS).
 A "reference" and seven decarbonised scenarios are modelled for EU28. We conclude on the
importance of policy decisions for the configuration of the low carbon power sector, especially on
nuclear acceptance and available sites for new RES plants.
 Differently from typical analysis focussing on technology portfolio for each route, we analyse the
deployment of each technology across policy routes, for optimising technology R & D. R & D priority
should be given to those less-policy-sensitive technologies that are in any case deployed rapidly across
the modelled time horizon (e.g. PV), but also to those deployed up to their technical potentials and
typically less sensitive to exogenous policy routes.
 For these ‘no regret’ technologies (e.g. geothermal), R & D efforts should focus on increasing their
technical potential. For possibly cost-effective technologies very sensitive to the policy routes (e.g. CSP
and marine), R & D efforts should be directed to improving their techno-economic performance.
Name of MARKAL/TIMES models
 For this analysis, the energy system model JRC-EU-TIMES for the EU28 from 2005 till 2050
 The spatial coverage of JRC-EU-TIMES is the EU28 energy system plus Switzerland, Iceland and Norway
(hereafter referred to as EU28+), where each country is specifically modelled.
 Timewise, the model covers the period from 2005 to 2050 and each year is divided in 12 time-slices that
represent an average of day, night and peak demand for every one of the four seasons of the year. M
Portfolio of power technologies in EU28 for 2030 and 2050 in terms of generated electricity (TW h) derived
from JRC-EU-TIMES for the studied scenarios

Simoes S. Nijs W. Ruiz P. Sgobbi A. Thiel C. (2017). Comparing policy routes for low-carbon power technology deployment
in EU – an energy system analysis. Energy Policy 101: 353-365.
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EUROPEAN COMMISSION

Potential of Power-to-Methane in the EU energy transition to a low carbon system using cost
optimization
Highlights
 Power-to-Methane (PtM) can provide flexibility to the electricity grid while aiding decarbonization of
other sectors. This study focuses specifically on the methanation component of PtM in 2050.
 Scenarios with 80–95% CO2 reduction by 2050 (vs. 1990) are analyzed and barriers and drivers for
methanation are identified. PtM arises for scenarios with 95% CO2 reduction, no CO2 underground
storage and low CAPEX (75 €/kW only for methanation). Capacity deployed across EU is 40 GW (8% of
gas demand) for these conditions, which increases to 122 GW when liquefied methane gas (LMG) is
used for marine transport.
 The simultaneous occurrence of all positive drivers for PtM, which include limited biomass potential,
low Power-to-Liquid performance, use of PtM waste heat, among others, can increase this capacity to
546 GW (75% of gas demand). Gas demand is reduced to between 3.8 and 14 EJ (compared to ∼20 EJ
for 2015) with lower values corresponding to scenarios that are more restricted. Annual costs for PtM
are between 2.5 and 10 bln€/year with EU28’s GDP being 15.3 trillion €/year (2017).
 Results indicate that direct subsidy of the technology is more effective and specific than taxing the fossil
alternative (natural gas) if the objective is to promote the technology. Studies with higher spatial
resolution should be done to identify specific local conditions that could make PtM more attractive
compared to an EU scale.
Name of MARKAL/TIMES models
 For this analysis, the energy
system model JRC-EU-TIMES
for the EU28 from 2005 till
2050
 The spatial coverage of JRCEU-TIMES is the EU28 energy
system plus Switzerland,
Iceland and Norway (hereafter
referred to as EU28+), where
each country is specifically
modelled.
 Timewise, the model covers
the period from 2005 to 2050
and each year is divided in 12
time-slices that represent an
average of day, night and peak
demand for every one of the
four seasons of the year.

Fraction of PtM production stored in each season across all scenarios

Blanco H. Nijs W. Ruf J. Faaij A. (2018). Potential of Power-to-Methane in the EU energy transition to a low carbon system
using cost optimization. Applied Energy 23215: 323-340.
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UNITED STATES

What is the role of distributed energy resources under scenarios of greenhouse gas reductions?
A specific focus on combined heat and power systems in the industrial and commercial sectors
Highlights
• Combined heat and power (CHP) is promoted as an economical, energy-efficient option for reducing air
emissions, mitigating carbon emissions and reducing reliance on grid electricity. However, its potential
benefits have only been analyzed within the context of the current energy system.
• To fully examine the viability of CHP as a clean-technology alternative, its growth must be analyzed
considering how the energy sector may transform under the influence of various technological and
policy drivers that are specifically geared toward limiting greenhouse gas (GHG) emissions.
• Scenarios were developed through a bottom-up technology model of the U.S. energy system to
determine the impacts on CHP development and both system-wide and sectoral GHG and air pollutant
emissions. Various scenarios were considered, from CO2 emissions reductions in the electric generating
units (EGU) sector to GHG reductions across the whole energy system while considering levels of CHP
investment. The largest CHP investments were observed in scenarios that limited CO2 emission from
the EGU sector alone. The investments were scaled back in the scenarios that incorporated energy
system level GHG reductions.
• The energy system level reduction scenarios yielded rapid transformation of the EGU sector towards
zeroemissions technologies as reliance on electricity increases with the electrification of the many enduse sectors such as buildings, transportation and industrial sectors, reducing investment in CHP.
• The prime mover and fuel choice heavily influenced the air pollutant emissions resulting in trade-offs
among pollutants including GHG emissions. The results suggest that CHP could play a role in a future
low-carbon energy system, but that role diminishes as carbon reduction targets increase.
Name of MARKAL/TIMES models
 The U.S. EPA’s Office of Research and Development has been maintaining a publicly available
technology database representing the entire U.S. energy system in nine regions (i.e., Census divisions)
for use within the MARKAL framework (hereafter referred to as the EPAUS9r database)
 2015–2050 timeframe
Industrial Fuel Use and System-wide CO2 Emissions Levels at 2010 and 2050 (A comparison with respect to
levels in 2010 and 2050 in the Base case scenario were included in the first two bars.)

Kaplan P.O. Witt J.W. (2019). What is the role of distributed energy resources under scenarios of greenhouse gas
reductions? A specific focus on combined heat and power systems in the industrial and commercial sectors. Applied
Energy 2351: 83-94.
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SWEDEN

Cost-efficiency of urban heating strategies - Modelling scale effects of low-energy building heat
supply
Highlights
 There is now a strong demand in Sweden for construction of new low energy buildings (LEB) areas.
There are essentially three options for heat supply to these LEB areas: “individual”, “on-site” and “large
heat network” supply.
 The chosen option is of strategic societal interest. Thus, this study aims at comparing the long-term
system cost of the three heat supply options. A dynamic modelling approach is applied in a systematic
analysis designed to investigate the threshold for the various options' cost-efficiency. The study
addresses scale impacts of hypothetical LEB areas and district heating systems.
 The results show that, generally, the large heat network option has the lowest system cost whereas in
most cases the individual option has the highest system cost
Name of MARKAL/TIMES models
 For the purpose of this study we developed and applied a local TIMES model, TIMES_UH (Urban
Heating). This model only represents the heat sector,
System cost ranking of the various combinations of the hypothetical cases showing the cost-efficiency
thresholds

Fakhri Sandvall A. Ahlgren E.O. Ekvall T. (2017). Cost-efficiency of urban heating strategies – Modelling scale effects of lowenergy building heat supply. Energy Strategy Reviews 18: 212-223.
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SWITZERLAND

Cost optimal urban energy systems planning in the context of national energy policies: A case
study for the city of Basel
Highlights
 With over 50% of the world's population residing in cities, urban areas have the potential to contribute
significantly to global CO2 emissions reductions through careful urban energy systems planning and
community participation. However, urban policymakers must operate within the constraints imposed by
national energy policies.
 This study aims to understand the impacts of different national energy strategies on long-term urban
energy systems planning through a case study for the city of Basel in Switzerland.
 A cost optimization modeling approach is employed and heat and electricity demand sectors are
considered. Energy efficiency measures, particularly building renovations, are found to be cost optimal
and enable significant energy demand reductions. Decentralized generation and storage technologies,
including rooftop PV, heat pumps, small gas CHPs, and batteries, also provide pathways to reduce
emissions and improve energetic self-sufficiency in the long-term. Heat generation using municipal
waste provides a cost optimal, low emissions generation pathway as well.
 Carbon taxes are found to have a significant impact on the uptake of low-emission technologies.
 The urban environment encourages policymakers to pursue strategies to reduce local CO2 emissions
across all national energy policy options evaluated, not only achieving, but also exceeding relative
national policy targets in a cost optimal solution.
Name of MARKAL/TIMES models
 The model is developed using the TIMES
 The time horizon for the model is from 2010 until 2050 and time steps are five-years long.
 End-use energy demand is modeled using 24 hourly periods for an average weekday and weekend in
each of the four seasons (yielding a total of 192 time slices in the modeling framework).
 Basel consists of approximately 30 000 buildings, 17 000 of which are residential buildings, 6000 mixed
usage buildings (e.g., partially residential and commercial), and the remainder commercial/service or
industrial buildings.
Hourly heat generation profile by technology (a) and net storage flows (b) across all sectors on a winter
weekday in 2050, BAU-import scenario.

Yazdanie M. Densing M. Wokaun A. (2017). Cost optimal urban energy systems planning in the context of national energy
policies: A case study for the city of Basel. Energy Policy 110: 176-190.
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SPAIN

Prospective life cycle assessment of the Spanish electricity production
Highlights
 This paper presents a set of prospective LCA studies of electricity production technologies of the
Spanish mix from 2014 to 2050. The projection of the power system has been done by using the TIMESSpain energy model, in which two prospective scenarios have been implemented, a Business as Usual
(BaU) and other with a target of 80% reduction in CO2 emissions by 2050 with respect to 2005 levels.
 Accordingly, projections of ten LCA impact categories have been obtained. Concerning the evolution of
the electricity mix, the coal power plants retirement by 2020 has been observed in both scenarios. The
main differences befall on the natural gas contribution, higher in the BaU scenario than in 80% scenario
and connected to the Combined Heat and Power (CHP) plants usage.
 In addition, LCA categories selected show overall reductions in the long term reaching from 21% in
Ozone Depletion to 85% in Acidification in the BaU scenario, and from 56% in Ecosystems to 87% in
Acidification in the 80% scenario. However, Abiotic Depletion potential grows up to 5-times by 2050 due
to the metal requirements of the solar photovoltaic technologies, significantly present in the mix.
 Likewise, the analysis of the endpoint categories (Human Health and Ecosystems) concludes that their
evolution is much affected by the presence of the natural gas CHPs and, furthermore, existing fossil
options are the main cause of damage by far. Hence a fossil-renewable transition is needed in terms of
sustainability.
 In summary, it is recommended to use energy systems modelling frameworks to develop
comprehensive prospective LCA studies.
Name of MARKAL/TIMES models
 the TIMES-Spain model, developed by CIEMAT, has been utilised. This is a single-region energy model
used for the modelling of the Spanish energy system in the medium and long term. The modelling
horizon is the year 2050.
Ecosystems (ES) endpoint impact category per unit of electricity produced by different electricity
generation technologies. a) BaU scenario (left). b) 80% scenario (right).

García-Gusano D. Garraín D. Dufour J. (2017). Prospective life cycle assessment of the Spanish electricity production.
Renewable and Sustainable Energy Reviews 75: 21-34.

39

IRELAND

Zero carbon energy system pathways for Ireland consistent with the Paris Agreement
Using Ireland as a test case, we show that increased mitigation ambition is required to meet the Paris
Agreement goals in contrast to current EU policy goals of an 80–95% reduction by 2050. For the 1.5°C
consistent carbon budgets, the technically feasible scenarios' abatement costs rise to greater than
€8,100/tCO2 by 2050. The greatest economic impact is in the short term. Annual GDP growth rates in the
period to 2020 reduce from 4% to 2.2% in the 1.5°C scenario. While aiming for net zero emissions beyond
2050, investment decisions in the next 5–10 years are critical to prevent carbon lock-in.
Key policy insights
 Economic growth can be maintained in Ireland while rapidly decarbonizing the energy system.
 The social cost of carbon needs to be included as standard in valuation of infrastructure investment
planning, both by government finance departments and private investors.
 Technological feasibility is not the limiting factor in achieving rapid deep decarbonization.
 Immediate increased decarbonization ambition over the next 3–5 years is critical to achieve the Paris
Agreement goals, acknowledging the current 80–95% reduction target is not consistent with
temperature goals of ‘well below’ 2°C and pursuing 1.5°C.
 Applying carbon budgets to the energy system results in non-linear CO 2 emissions reductions over
time, which contrast with current EU policy targets, and the implied optimal climate policy and
mitigation investment strategy.
Name of MARKAL/TIMES models
 the Irish-TIMES energy systems model
Energy system CO2 emissions pathways per scenario variant run.

Glynn J. Gargiulo M. Chiodi A. Deane P. Rogan F. Ó Gallachóir B. (2019). Zero carbon energy system pathways for Ireland
consistent with the Paris Agreement. Climate Policy 19 (1): 30-42.
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GERMANY

Analyzing transformation pathways to a sustainable European energy system—Internalization of
health damage costs caused by air pollution
Highlights
 In a comparative scenario analysis, interactions between decarbonization targets and air pollution
control as well as their implications on the European energy system are studied.
 For this purpose, the European energy system model TIMES PanEU is linked with the impact assessment
model EcoSense to internalize the health costs related to air pollution.
 Results indicate that ambitious GHG reduction targets are most influential with respect to system
transformations. Internalizing health impacts leads to welfare savings by reducing air pollution while still
achieving the given reduction targets with lower utilization of carbon capture and storage as well as
biomass. Especially the latter may partially be contradictory to targets on the share of renewable energy
sources.
 Hence, integrated policies tackling climate change and air pollution alike may foster the transition to a
low-carbon society. To gain a better understanding of the interplay between reduction targets, the
share of renewable energy sources, and air pollution control, further research studying sector- and
country-specific impacts in more detail is still needed.
Name of MARKAL/TIMES models
 The Pan-European TIMES energy system model (TIMES PanEU)
 TIMES PanEU covers all European Union member states as well as Norway and Switzerland.
Emission reductions of air pollutants rel. to 2015 levels in EU-28

Schmid D. Korkmaz P. Blesl M. Fahl U. Friedrich R. (2019). Analyzing transformation pathways to a sustainable European
energy system—Internalization of health damage costs caused by air pollution. Energy Strategy Reviews 26
Article 100417.
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GERMANY

Perspectives on decarbonizing the transport sector in the EU-28
Highlights
 In the European Union the transport sector accounts for 20% of anthropogenic greenhouse gas
emissions.
 Electric propulsion systems might be a feasible solution for greenhouse gas mitigation in the transport
sector. Based on our cost assumptions, grid-connected electric vehicles play no major role in the
analyzed scenarios until 2030 but reach high market shares (over 90%) under stringent greenhouse gas
mitigation targets until 2050.
 Renewable electricity plays a crucial role in providing the additional power needed in the transport
sector.
 Financial incentives seem to be effective in order to reach the cost optimal car mix in France and
Germany.
Name of MARKAL/TIMES models
 For the analysis of both, the
energy system and the
transport sector in the EU-28,
the two model applications
the Pan-European TIMES
model (TIMES PanEU) and the
TE3 (Transport, Energy,
Economics, Environment)
model are use
 TIMES PanEU is a multiregional model containing all
countries of the EU-28 plus
Switzerland and Norway. The
model minimizes the objective
function representing the total
discounted system costs over
the time horizon from 2010 to
2050.

Car stock by energy carrier in the EU-28 from 2010 to 2050

Haasz T. Gómez Vilchez J.J. Kunze R. Deane P. Fraboulet D. Fahl U. Mulholland E. (2018).Perspectives on decarbonizing the
transport sector in the EU-28. Energy Strategy Reviews 20 : 124-132.
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JAPAN - The Institute of Energy Economics

Evaluation of Japanese energy system toward 2050 with TIMES-Japan – Deep decarbonization
pathways
Highlights
• The assessment framework
couples the energy system model
and detail sectoral models such as
power system model, wind and
solar power capacity potential
models, and building energy
model via soft-linkage.
• 70%, 80% and 90% emissions
reductions targets at 2050 are
assessed with varying assumption
of carbon capture and storage
(CCS) and nuclear power.
• It shows sensitivity in the final
energy consumption of zero
emissions carriers in
transportation sector, particularly
in LDV. Availability of power
generation using biomass with
CCS (BECCS) is also considered in
the model to evaluate transitions
of energy systems toward netzero emissions after 2050.
Name of MARKAL/TIMES models
• TIMES-Japan
• One region (Japan)
• 2010-2050 (5 year step)

Primary energy supply (left) in 2050 for 80% emissions reductions
cases with and without BECCS, and 90% cases with BECCS

Power generation (right) in 2050 for 80% emissions reductions
cases with and without BECCS, and 90% cases with BECCS

Kato E. Kurosawa A. (2019). Evaluation of Japanese energy system toward 2050 with TIMES-Japan – Deep decarbonization
pathways. Energy Procedia 158 : 4141–4146.
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3.2.2

Studies on endogenous integration of innovation

3.2.3

Studies on better representation of variable renewables and operational issues

FINLAND - Technical Research Centre - VTT

Neo Carbon Energy Project

Highlights
• TIMES-VTT model was used to model up to
100% RES scenarios on the Nordic and
global levels
• Results indicate that high renewable share
poses major changes in each energy system
sector, especially in power generation,
industry and transportation.
• Substantial biomass utilisation is required,
and increased electrification of energy
system, especially in industrial sector, is
necessary with high penetration of solar and
wind power.
• Solar photovoltaics (PV) reaches globally
75% share in electricity generation since
positive development of PV technology
directs especially power generation in Asia
to solar power.
• This requires high capacity of power-to-x
technologies, which use electricity to
produce synthetic fuels used in industrial
and transport sectors, and electricity
storages.
• Transition to renewable energy system
mitigates CO2 emissions by 90% from 2010
to 2050, even though the issue of non-CO2
greenhouse gas emissions remain.

Share of electricity and synthetic fuels (hydrogen,
synthetic methane and synthetic methanol) in global
final energy use in year 2050 in ALL scenario as a
function of share of solar power in annual electricity
production

Development of electricity storage in 2010-2050. Note - capacity of
electricity storage is charging capacity (GW) and capacity of electrolysis,
P2G and PEM fuel cell is production capacity (GWgas)

Name of MARKAL/TIMES
models
 TIMES-VTT
 Global model; 18
regions, of which 4
Nordic countries
 Time periods 2010–2060,
10–24 timeslices by
region
 Including all Kyoto GHG
gases, and various
power-to-X, DAC and
synthetic fuel refinery
technologies

Pursiheimo E. Holttinen H. Koljonen T. (2019). Inter-sectoral effects of high renewable energy share in global energy
system. Renewable Energy 136: 1119-1129.
Pursiheimo E. Holttinen H. Koljonen T. (2017). Path toward 100% renewable energy future and feasibility of power-to-gas
technology in Nordic countries. IET Renewable Power Generation, 11 (13): 1695.
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NORWAY - Institute for Energy Technology - IFE

Sample average approximation and stability tests applied to energy system design
Highlights
• This paper uses confidence intervals from sample average approximation (SAA) and stability tests to
evaluate the quality of the solution of a long-term energy system model with stochastic wind power
production.
• Using poorly designed scenarios can give stochastic model results that depend on the scenario
representation rather than the actual underlying uncertainty.
• Nevertheless, there is little focus on the quality of the solutions of stochastic energy models in the
applied literature.
• Our results demonstrate how too small a sample size can give a poor energy system design and
misrepresent the value of the stochastic solution (VSS).
• We demonstrate how to evaluate the number of scenarios needed to ensure in-sample and out-ofsample stability. We also show how replication and testing of many candidate solutions using SAA
iterations can provide a solution with a satisfactory confidence interval, including when the samples
contain fewer scenarios than required for stability.
• An important observation, though, is that if SAA repeatedly solves the model with a sample size that
satisfies in-sample and out-of-sample stability, the confidence interval is narrow, and the solutions are
of high quality in terms of providing a tight bound for the optimal solution.
Name of MARKAL/TIMES models
• Geo coverage, plus number of regions:
TIMES model of Denmark with two
regions (DK1, DK2)
• Time period and time slices: 5 years
within the time horizon from 2010 to
2050. Each model period is divided into
48 time-slices, structured in four seasons,
each with a representative day with 12 2h periods. Stochastic modelling of the
short-term uncertainty of wind power.
• Most original features of the model: The
modelling uses sample average
approximation (SAA) and stability tests to
evaluate the quality of the solution of the
TIMES model with stochastic wind power
production.

Illustration of wind power costs

Seljom P. Tomasgard A. (2019). Sample average approximation and stability tests applied to energy system design. Energy
Systems 12: 107-131.
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FRANCE - MINES ParisTech Centre for Applied Mathematics

Maximizing intermittency in 100% renewable and reliable power systems: A holistic approach
applied to Reunion Island in 2030
Highlights
 Technical constraints related to power systems management may limit the high integration of variable
renewable energy sources in the power mix. This issue is addressed for the Reunion Island, which aims
to reach energy independence by 2030 using 100% renewables.
 To that end, a long-term power system analysis is proposed using a comprehensive and coherent
approach based on a bottom-up TIMES model providing future production mixes according to different
scenarios.
 A transient reliability indicator based on kinetic energy is proposed and endogenized within the model.
In addition, a dedicated Kuramoto model describes the synchronism condition required for aggregating
the kinetic energy embedded in the whole power system.
 For the case of Reunion island, this methodology draws the following conclusions: (i) to achieve the
100% renewables target, the capacity to invest in the energy sector is doubled, and the level of
reliability decreases considerably; (ii) the loss of reliability induced by higher intermittency— typically
50% —in the power mix can be counter balanced and leveraged by implementing flexibility solutions
(demand response and storage).
Name of MARKAL/TIMES
models
• TIMES-Reunion
• Reunion Island
• 2030
• Each year is roughly split
into two seasons of equal
length (sugar season and
summer), and each day is
divided into 8 time-slices

Power production in 2030 on Reunion Island for each sub-period of the
model in a 100% renewable energy scenario. Note the high share of
intermittent renewable production in the 9:00–17:00 time-slice in the
summer season, well beyond the 30% legal limit.

Maïzi N. Mazauric V. Assoumou E. Bouckaert S. Krakowski V. Li X. Wang P (2018). Maximizing intermittency in 100%
renewable and reliable power systems: A holistic approach applied to Reunion Island in 2030. Applied Energy 227: 332241.
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SWITZERLAND

Long term evaluation of electric storage technologies vs alternative flexibility options for the
Swiss energy system
Highlights
• In this study we assess multiple flexibility options for the Swiss energy system in the context of the
national energy and climate strategy.
• Based on an integrated energy modelling framework, we explore two long-term scenarios: a Baseline
scenario, which assumes the continuation of major existing energy policy lines, and a Climate scenario,
which assumes the achievement of the Swiss Nationally Determined Contributions.
• We show that selected policy goals of the Swiss energy strategy, such as the future trajectory of
electricity consumption, may not be supported by the least-cost configuration of the future energy
system.
• Storage, demand-side management, sector coupling and smart integration of electromobility are key
flexibility options for the future Swiss energy system.
• The different flexibility options have complementary and synergistic effects, and the success of a
sustainable energy future in Switzerland depends not only on individual technologies but also on how
these technologies interact within the overall system.
Name of MARKAL/TIMES models
 The Swiss TIMES Energy systems Model (STEM)
 has a longterm horizon (2010–2100) with 288 intra-annual operating hours (four seasons and three
typical days per season with 24 h resolution).
Installed electricity storage capacity (left panel) and storage output (right panel) in the two core scenarios
in 2050. The deployment of batteries at the low and medium voltage grid levels is driven by the need to
cope with intra-day variability in supply from solar PV and wind installations. At high voltage levels batteries
complement pumped storage when it participates in other markets (e.g. international markets), or when it
faces water availability and management limitations.

Panos E. Kober T. Wokaun A. (2019). Long term evaluation of electric storage technologies vs alternative flexibility options
for the Swiss energy system. Applied Energy 25215 Article 113470.
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3.2.4

Studies on integrating human behaviour into energy systems modelling

DENMARK

Improving the representation of modal choice into bottom-up optimization energy system
models – The MoCho-TIMES model
Highlights
• This study presents MoCho-TIMES, an original methodology for incorporating modal choice into
energyeconomy-environment-engineering (E4) system models.
• MoCho-TIMES addresses the scarce ability of E4 models to realistically depict behaviour in transport and
allows for modal shift towards transit and non-motorized modes as a new dimension for decarbonising
the transportation sector.
• The novel methodology determines endogenous modal shares by incorporating variables related to the
level-of-service (LoS) of modes and consumers’ modal perception within the E4 modeling framework.
• Heterogeneity of transport users is introduced to differentiate modal perception and preferences across
different consumer groups, while modal preferences are quantified via monetization of intangible costs.
• A support transport simulation model consistent with the geographical scope of the E4 model provides
the data and mathematical expressions required to develop the approach.
• This study develops MoCho-TIMES in the standalone transportation sector of TIMES-DK, the integrated
energy system model for Denmark.
• The model is tested for the Business as Usual scenario and for four alternative scenarios that imply
diverse assumptions for the new attributes introduced.
• The results show that different assumptions for the new attributes affect modal shares and CO2
emissions. MoCho-TIMES inaugurates the possibility to perform innovative policy analyses involving
new parameters to the E4 modeling framework. The results find that authority’s commitment to
sustainability is crucial for a paradigmatic change in the transportation sector
Name of MARKAL/TIMES models
 This demonstrative version of
MoCho-TIMES has been
developed as a standalone
model, which includes only the
transportation sector of TIMESDK, the integrated energy
system model for Denmark

Modal shares in the four scenarios. HIAHII: High authority
commitment – High Individual commitment; HIA-LOI: High authority
commitment – Low Individual commitment; LOALOI: Low authority
commitment – Low individual commitment; LOA-HII: Low authority
commitment, high individual commitment.

Tattini J. Ramea K. Gargiulo M. Yang C. Karlsson K. (2018). Improving the representation of modal choice into bottom-up
optimization energy system models – The MoCho-TIMES model. Applied Energy 21215: 265-282.
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UNITED KINGDOM

Incorporating homeowners' preferences of heating technologies in the UK TIMES model
Highlights
 Hot water and space heating account for about 80% of total energy consumption in the residential
sector in the UK. It is thus crucial to decarbonise residential heating to achieve UK's 2050 greenhouse
gas reduction targets.
 However, the decarbonisation transitions determined by most techno-economic energy system models
might be too optimistic or misleading for relying on cost minimisation alone and not considering
households' preferences for different heating technologies.
 This study thus proposes a novel framework to incorporate heterogeneous households' (HHs)
preferences into the modelling process of the UK TIMES model. The incorporated preferences for HHs
are based on a nationwide survey on homeowners' choices of heating technologies.
 Preference constraints are then applied to regulate the HHs' choices of heating technologies to reflect
the survey results. Consequently, compared to the leastcost transition pathway, the preference-driven
pathway adopts heating technologies gradually without abrupt increases of market shares. Heat pumps
and electric heaters are deployed much less than in the cost optimal result.
 Extensive district heating using low-carbon fuels and conservation measures should thus be deployed to
provide flexibility for decarbonisation. The proposed framework can also incorporate preferences for
other energy consumption technologies and be applied to other linear programmingbased energy
system models.
Name of MARKAL/TIMES models
used
 The UK TIMES model

Differences of heating technology mix between cases with and
without preference-related constraints

Li P.-H. Keppo I. Strachan N. (2018). Incorporating homeowners' preferences of heating technologies in the UK TIMES
model. Energy 1481: 716-727.
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3.2.5

Studies on the interplay between long term and short-term policy ambition.

UNITED KINGDOM

Myopic decision making in energy system decarbonisation pathways. A UK case study
Highlights
• With an application on the UK, this paper shows that myopic planning might result in delayed strategic
investments and in considerably higher costs for achieving decarbonisation targets compared to
estimates done with perfect foresight optimisation energy models.
• It also suggests that carbon prices obtained from perfect foresight energy models might be underestimated. The study was performed using a combination of the standard UK Times Model (UKTM), a
perfect foresight, bottom-up, technology-rich cost optimisation energy model, and its myopic foresight
version: My-UKTM. This also demonstrates that using perfect foresight optimisation models in tandem
with their myopic equivalents can provide valuable indications for policy design.
Name of MARKAL/TIMES
models used
Transport final energy demand (PJ), difference between MY-20 and PF
scenario
 My-UKTM was
developed starting
from the UK TIMES
energy systems model
(UKTM).
 My-UKTM has the
same input
assumptions and data
as the perfect foresight
UKTM model, but it
has myopic foresight.
 The limited foresight
optimisation problem
is implemented in the
TIMES model with the
TIMESTEP function
Cumulative cost difference between perfect foresight run and myopic results [2010 Billion £]

Fuso Nerini F. Keppo I. Strachan N. (2017). Myopic decision making in energy system decarbonisation pathways. A UK case
study. Energy Strategy Reviews 17: 19-26.
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3.2.6

Studies on the interactions between the energy system and the economy

SWEDEN

Challenges in top-down and bottom-up soft-linking: Lessons from linking a Swedish energy
system model with a CGE model
Highlights
 This paper proposes and discusses a soft-linking procedure between a Computable General Equilibrium
(CGE) model and an energy system model with the aim to improve national energy policy
decisionmaking.
 Significant positive and negative experiences are communicated. Specifically, the process of soft-linking
the EMEC and TIMES-Sweden models is presented, and unlike previous work we rely on the use of
multiple direction-specific connection points.
 The proposed soft-linking methodology is applied in the context of a climate policy scenario for Sweden.
 The results display a partly new description of the Swedish economy, which when soft-linking, generates
lower CO2-emissions in the reference scenario due to a decline in industrial energy demand.
 These findings point at the importance of linking bottom-up and top-down models when assessing
national energy and climate policies.
Name of MARKAL/TIMES models used
Identified soft-linking procedure between EMEC and TIMESSweden
 TIMES-Sweden
 With the Environmental Medium term
Economic model (EMEC) is a one-step
recursive dynamic CGE model of the
Swedish economy.

a-b: Output demand projections for the year 2035 from the translation model (transferred to TIMESSweden) for six different energy-intensive goods in million tonnes (Mt). a) Reference scenario (left figure);
and b) Climate scenario (right figure). Note: Demand projections are based on the results from EMEC. As a
comparison, the demand patterns in 2005 are included. NL = no linking, SL = soft-linking, R = reference
scenario, C = climate scenario.

Krook-Riekkola A. Berg C. Ahlgren E.O. Söderholm P. (2017). Challenges in top-down and bottom-up soft-linking: Lessons
from linking a Swedish energy system model with a CGE model. Energy 14115: 803-817.
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DENMARK

TIMES-DK: Technology-rich multi-sectoral optimisation model of the Danish energy system
Highlights
• This article describes design, input data and current usage of TIMES-DK, the first Danish energy system
model that includes the complete national energy system, covering long-term technology investments.
• The article aims at explaining the modelling approach; highlighting strengths and reflecting upon
limitations of the model; illustrating possible applications of TIMES-DK and inspiring new model
developments. Some of the key strengths of the model include simultaneous optimisation of operation
and investments across the complete energy system over the whole modelling horizon, explicit
representation of the most important sectors of the economy, modular structure and the possibility of
linking to a computable general equilibrium model for an additional insight on, e.g. public finance or
CO2-leakage.
• TIMES-DK is being developed in close collaboration between an energy agency, a university and a
consulting firm, to improve its robustness, relevance and impact on policy making. It allows for a wide
range of applications including exploratory energy scenarios and policy analysis.
• To meet challenges of the future, further development of the model is needed and consequently the
article provides references to ongoing projects addressing current development needs, such as
improved representation of transport and flexible handling of the temporal dimension. To support a
democratic and transparent process around decisions for the future Danish energy system, TIMES-DK
should become available to interested parties.
Name of MARKAL/TIMES models
used
 TIMES-DK is a multi-regional
model, covering the entire
Danish energy system.
 It is geographically aggregated
into the two Danish power
regions, i.e. Denmark East and
Denmark West,
 with technological and
economic projections until
2050.
 In parallel to TIMES-DK, a
Computable General
Equilibrium (CGE) model for
Denmark, as well a soft-linking
methodology, have been
developed.
Balyk O. Andersen K.S. Dockweiler S. Gargiulo M. Venturini G. (2019). TIMES-DK: Technology-rich multi-sectoral
optimisation model of the Danish energy system. Energy Strategy Reviews 23: 13-22.
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3.2.7

Other studies on relevant topics
UNITED STATES

Energy and emissions implications of automated vehicles in the U.S. energy system
Highlights
 We utilize the MARKet ALlocation (MARKAL) energy system model to examine four previously published
scenarios that consider different effects of automation on efficiency and demand. Our analysis adds
insights on fuel switching, upstream impacts, and air emissions.
 MARKAL dynamically captures interactions between transportation and non-transportation sectors,
which is important given that the revolutionary shifts from automation may invalidate static
assumptions.
 Model results suggest that increasing travel demands from automation may boost fuel use and
petroleum-based fuel prices, potentially increasing the market penetration of alternative-fuel vehicles.
 In contrast, dramatic efficiency improvements from automation could drive fuel prices lower, greatly
reducing the competitiveness of alternative-fueled vehicles. Furthermore, these shifts could yield
positive or negative environmental impacts.
 Some automation scenarios even resulted in counterintuitive results. For example, if high levels of
efficiency improvement drive out alternative-fuel vehicles, such as battery electric and hybrids, a net
worsening of air quality relative to the other scenarios could result.
 We also found systemlevel dynamics to be key. For example, reductions in liquid fuel prices led to
increased consumption, and the resulting increase in air pollutant emissions offset a portion of the
potential air quality benefits of automation.
Name of MARKAL/TIMES models used
 For this analysis, we use the EPAUS9r database developed by the U.S. Environmental Protection Agency
(EPA). This database allows MARKAL to be applied to the U.S. energy system at the level of the nine U.S.
Census Divisions, represented in Fig. 1, for a time horizon of 2005–2055 with 5-year time steps
Fuel use for heavy-duty vehicles in 2030 and 2050. The stacked bars represent fuel use for the scenarios
where both demand and efficiency are modified. The dots represent the total fuel use when only efficiency
(yellow dots) or demand (blue dots) are changed. E85X represents a fuel blend of ethanol and gasoline such
that the ethanol can constitute as much as 85% of the total, Biodieselx represents a blend up to 20%
biodiesel.

Brown K.E. Dodder R. (2019). Energy and emissions implications of automated vehicles in the U.S. energy system.
Transportation Research Part D: Transport and Environment 77: 132-147.
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KAZAKHSTAN

Techno-economic modelling to strategize energy exports in the Central Asian Caspian region
Highlights
 This paper studies the concept of energy security from export-oriented countries’ point of view. It aims
to test the effects of long-term energy export strategies in the Central Asian Caspian (CAC) region, by
exploring the trade-offs between a “risk” indicator and some key variables of the energy system such as
the total cost, the quantities exported, and the corresponding revenues.
 Risk reduction goals are combined with securing a minimum level of revenues from the hydrocarbon
exports goals. It is also attempted to provide a definition and a quantification of a risk indicator on the
basis of four components.
 The analysis makes use of a techno-economic energy system model to quantitatively evaluate the
response of the energy sector to energy security risks, and its sensitivity to different export strategies.
Name of MARKAL/TIMES models
 The integrated bottom-up partial-equilibrium energy system model of the Central Asian Caspian Area,
titled TIMES-CAC-4R2 , assembles the 4 separate but structurally-consistent single-region TIMES country
models of Azerbaijan, Kazakhstan, Turkmenistan, Uzbekistan by interconnecting them through the
representation of energy flows and/or emission permits exchanges.

Trade-off curves: Risk (x-axis) against Revenue (y-axis) a) in 2025 year; b) cumulative over the
whole time horizon

Bakdolotov A. De Miglio R. Akhmetbekov Y. Baigarin K. (2017). Technoeconomic modelling to strategize energy exports in
the Central Asian Caspian region. Heliyon 3 e00283.
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IRELAND

High performance computing for energy system optimization models: Enhancing the energy
policy tool kit
Highlights
 Energy system optimization models (ESOMs) form a critical component of a suite of modelling tools
used by policy makers to understand (i) evolving complexity in energy systems arising from intersectoral
coupling and other considerations at different spatial and temporal resolutions and (ii) uncertainty and
sensitivity to assumptions and model parameters which entails analysis of a multitude of scenarios.
Such enquiries are partly restricted by increasing computational times which can range from hours to
days.
 To appease this restriction, we report our attempts at formalizing the performance testing of running
ESOMs on a High Performance Computing (HPC) facility.
 The goal is to provide an assessment of the potential of a HPC environment to minimize solution time.
Reporting on the outcomes, we present the scaling performance of the Irish TIMES, ETSAP-TIAM and
JRC EU TIMES models by demonstrating solution time improvement on scaling across components of a
HPC facility. Such facilities permit parallel runs of model instances.
 We identify and characterize the benefits and trade-offs of forking as a strategy in solution time
reduction. Such capability permits policy makers and modellers to pose and derive insights to
increasingly relevant questions on inter-sectoral coupling and risks that energy systems face due to
uncertainty.
Name of MARKAL/TIMES models
 Irish TIMES: Is a partial equilibrium model of Ireland's energy system, built with The Integrated MARKALEFOM system (TIMES). In Irish TIMES, a total of 1953 processes and 736 commodities are represented
which are connected to each other in a complex topology.
 ETSAP TIAM: Is a 15 region global TIMES integrated Assessment Model, built and maintained by the IEAETSAP community. It has detailed technology representation of the full energy system, with an
integrated climate model and can be run in partial or general equilibrium modes in conjunction with the
MACRO economic submodule.
 JRC EU TIMES: Is a pan European energy system model built with TIMES and maintained and developed
by the Joint Research Centre in Petten.
Solution time for a single Irish TIMES
scenario

Solution time with increasing work load and forking

Sharma T. Glynn J. Panos E. Deane P. Ó Gallachóir B. (2019). High performance computing for energy system optimization
models: Enhancing the energy policy tool kit. Energy Policy 128: 66-74.
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AUSTRALIA

Australian National Outlook 2019
Highlights
 In 2015, CSIRO published the results of the first Australian National Outlook (ANO) project (CSIRO (2015)
Australian National Outlook 2015. The project was a ‘first of its kind’ piece of integrated modelling
aimed at a comprehensive exploration of the relationship between the physical economy and natural
resource use in Australia.
 Soon after, CSIRO and National Australia Bank (NAB) partnered to create the second phase of the
Australian National Outlook, using CSIRO’s next generation integrated modelling suite to investigate the
issues most pertinent to the future success of Australia’s economy.
 Australia’s business community was engaged to highlight the issues most pertinent for the future of
Australia’s economy.
 The scope of ANO 2019 was significantly broader than ANO 2015, in that there was a greater focus on
economic modelling as well as a consideration of cities, infrastructure, productivity and services.
 CSIRO and NAB harnessed the expertise of over 50 senior leaders (the Outlook Members) across 24 of
Australia’s top corporations, organisations and universities to pair with CSIRO’s modelling and
qualitative analysis.
 A full exploration of results and narrative interpretation can be read in the Australian National Outlook
2019 report. This document, the Australian National Outlook 2019 Technical report is a comprehensive
peer-reviewed report that documents the technical detail underpinning the narrative report.
Fuel use by road transport, selected years, Slow Decline
Name of
MARKAL/TIMES models
CSIRO has created an
Australian version of the
TIMES model (AUSTIMES). For the national
outlook project, the
energy sector modelling
has used the AUS-TIMES
model for the transport
sector, and the Energy
Sector Model (ESM) for
the electricity sector.

Brinsmead TS. Rendall A. Baynes T. Butler C. Kelly R. Adams PD. Hayward J. Reedman L. Nolan M. Lennox J. Hennessy K.
Wynn K. Ahmad ME. Marcos-Martinez R. Collins L. Lu Y. Che N. Qiu J Kanudia A (2019). Australian National Outlook 2019:
Technical report. CSIRO, Australia.
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GREECE
National Energy and Climate Plan
Highlights
 The National Energy and Climate Plan (NECP) is the Greek government’s strategic plan for climate and
energy issues, setting out a detailed roadmap regarding the attainment of specific energy and climate
objectives by 2030.
 The NECP stresses Greece’s priorities and development potential in terms of energy and addressing
climate change and aims to serve as the key tool for drawing up the national energy and climate policy
in the next decade, taking into account the Commission’s recommendations and the UN sustainable
development goals.

For the development of the scenarios, two complementary, energy simulation models were used with a
common starting point for achieving the targets for the year 2030. Quoting the evolution of the energy
system based on two different energy models, while using common initial assumptions, contributes to
the further credibility of the methodological approach adopted when drawing up the final NECP and
substantially forms two different scenario approaches and estimates to achieve the national energy and
climate targets for the year 2030.
 The two models were combined so that the projections offer both a holistic and more realistic
estimation of the future evolution of the national energy system in a broader economic and political
context. This combination is all the more necessary in the context of developing a longterm strategy
covering a period of 30 years from 2020 to 2050.
Name of MARKAL/TIMES models
 The energy simulation models used consist of the widely used TIMES and PRIMES energy simulation
models.
Distribution of net electricity generation by technology between different simulations (TIMES - PRIMES)

Hellenic Republic - Ministry of the Environment and Energy (2019). National Energy and Climate Plan. Athens, 335 p.
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KOREA

Quantitative Analysis on the Energy and Environmental Impact of the Korean National Energy
R&D Roadmap a Using Bottom-Up Energy System Model
Highlights
 According to the Paris Agreement at the 21st Conference of the Parties, 196 member states are obliged
to submit their Intended Nationally Determined Contributions (INDC) for every 5 years. As a member,
South Korea has already proposed the reduction target and need to submit the achievement as a result
of the policies and endeavors in the near future.
 In this paper, a Korean bottom-up energy system model to support the low-carbon national energy R&D
roadmap will be introduced and through the modeling of various scenarios, the mid-to long-term
impact on energy consumptions and CO2 emissions will be analyzed as well.
 The results of the analysis showed that, assuming R&D investments for the 11 types of technologies,
savings of 13.7% with regards to final energy consumptions compared to the baseline scenario would be
feasible by 2050.
 Furthermore, in the field of power generation, the generation proportion of new and renewable energy
is expected to increase from 3.0% as of 2011 to 19.4% by 2050.
 This research also suggested that the analysis on the Energy Technology R&D Roadmap based on the
model can be used not only for overall impact analysis and R&D portfolio establishment, but also for the
development of detailed R&D strategies.
Name of MARKAL/TIMES models
CO2 emission reduction by technology options
 The TIMES model for Korea
 The base year for the model is
2011, and analysis has been
carried out in 2-year intervals
to 2015 and 5-year intervals
after until 2050.

Choi S.J. Choi D.G. Friley P. Kim H. Park S.Y. (2017). Quantitative Analysis on the Energy and Environmental Impact of the
Korean National Energy R&D Roadmap a Using Bottom-Up Energy System Model. Sustainability 9: 538.
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ITALY

Integrated National Energy and Climate Plan
Highlights
 This plan is intended to contribute to a wide-ranging transformation of the economy. In this, the
combination of decarbonisation, the circular economy, efficiency and the rational and fair use of natural
resources represent objectives and instruments for an economy that is more respectful of people and
the environment.
 One of the general objectives sought by Italy includes the following: a) Accelerate the decarbonisation
process by setting 2030 as an interim milestone for achieving full decarbonisation of the energy sector
by 2050 and integrating environmental factors in other public policies.
 The TIMES model used calculated demand for energy and CO2 emissions, while the other greenhouse
gas and emissions from non-energy sectors are calculated based on the estimated changes of the
associated activities, with average emission factors.
 The reduction in emissions is down to many factors, some being structural and others contingent. The
most important of these are:
o a greater-than-expected renewable energy share in primary consumptions, following the
strong development of photovoltaic energy production and the increased use of biomass for
heating;
o an increase in the efficiency of electricity generation, with a large number of combined-cycle
(and in most cases cogeneration) power plants fuelled by natural gas entering into operation,
together with the gradual phasing-out of obsolete steam plants powered by fuel oil;
o a reduction in transport consumption levels, owing to the joint initiative for raising fuel prices
and low levels of activity;
o a rapid reduction in final consumption levels in the industrial sector, following the financial
crisis and the structural changes made to manufacturing activities;
o an increase in the efficiency of the items of equipment actually using the energy generated.
Name of
Greenhouse gas emissions (historic up to 2015) according to the base scenario,
MARKAL/TIMES
divided by sector (Mt CO2eq.)
models
 The TIMES-Italia
model
 With a general
economic
equilibrium
model and a
modified version
of the GDyn-E
computational
model was used;
this is a dynamic
and recursive
variant of the
GTAP model.
Gouvernement of Italy (2019). Integrated National Energy and Climate Plan (NCEP). Ministry of Economic Development
Ministry of the Environment and Protection of Natural Resources and the Sea Ministry of Infrastructure and Transport,
329 p.

59

ITALY

The evolution of the Italian power system to support the national goal of 55% of renewables on
electricity consumption
Highlights
 With the Decree of 10 November 2017, the new National Energy Strategy (NES2017) was adopted by
the Italian government. In the NES2017, electricity production from RES reaches a share, in 2030, equal
to 55% of the gross domestic consumption of electricity (GDC-E).
 In this paper we present the impact assessment of the achievement of such target on the development
and on the operation of the power system.
 The analysis started from an energy scenario developed with the long term energy model TIMES-Italia.
Then, using sMTSIM, a simulation model of the Italian power system, the main criticalities (congestion,
overgeneration, energy not supplied, etc.) have been identified and quantified.
 The technical and regulatory measures to mitigate the impact of such critical issues, have been
evaluated on the basis of a cost/benefit analysis.
 Finally, the amount of investments needed and the impact on electricity cost have been estimated
Name of MARKAL/TIMES models
Electricity gross production and GDC-E in Italy in 2016 and 2030 in
the “BASE” and “NES” scenarios (TWH)
 The TIMES-Italia model
 With sMTSIM, a simulation
model of the Italian power
system

Lanati F. Gaeta M. (2018). The evolution of the Italian power system to support the national goal of 55% of renewables on
electricity consumption. EEM 2018 15th International Conference on the European Energy Market, 27-28, Giugno-2018.
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4.

Collaboration with other organizations

As part of its outreach activities, the ETSAP community collaborates with many other research teams
throughout the World, participates in various global forums, and makes its Newsletter and its
Workshop Proceedings available online to the public at large. ETSAP members and experts have initiate
and contributed to many successful collaboration activities during the 2017-2019 period.
4.1

Activities in collaboration with IRENA

The International Renewable Energy Agency (IRENA) is a recognized intergovernmental organisation
that supports countries in their transition to a sustainable energy future, and serves as the principal
platform for international cooperation, a centre of excellence, and a repository of policy, technology,
resource and financial knowledge on renewable energy.
4.1.1

ETSAP supports IRENA’s Clean Energy Ministerial Campaign

The ETSAP group has been invited by IRENA to collaborate in their work supporting the Clean Energy
Ministerial Campaign (CEM) Long term energy scenarios for the clean energy transition.14 The CEM
Campaign aims to promote the wider adoption and improved use of long-term model-based energy
scenarios by:
•
•
•

sharing country experience in the benefits and factors for success of energy scenario modelling
for national and regional policy planning;
showcasing innovative tools and methods for energy scenario modelling that address the
integration challenges of variable renewable energy (VRE); and
identifying channels to build capacity for clean energy transition planning in countries with
limited experience.

ETSAP’s role in supporting IRENA work under CEM – include providing expertise and analytical methods
and supports for long term scenario development, hosting and participating in events, as well as
capacity building. The ExCo agreed on a number of further actions that are aligned with this namely:





A joint ETSAP IRENA session at the next ETSAP workshop on CEM Campaign topics, including a
workshop on Innovation in Energy Systems Modelling
ETSAP participation in the IRENA session at GSTIC 29 November organized by VITO
ETSAP teams: Sweden, Norway, US, Finland, Australia, Germany UK, Belgium, Ireland,
Denmark
Mission Innovation will be invited to next ETSAP workshop for a common session on innovation

The main outcomes of the collaboration were international collaboration with policy makers and
scenario experts and outreach of TIMES scenarios in energy and climate policy making, as well as
several international conferences and meetings, including CEM yearly meetings. 15

… a collaboration with concrete impacts
In Finland, this collaboration took the form of VTT (Finland’s representative) introducing the role of
LTES assessed with TIMES-VTT in reaching the climate neutrality target and showing how the LTES have
supported national policy making. VTT showed how the modelling framework could help study the
impacts of long-term energy policies in Finland.16

http://www.cleanenergyministerial.org/campaign-clean-energy-ministerial/scenarios-energy-transition
https://www.irena.org/publications/2019/May/LTES-First-year-campaign-findings
16 https://www.irena.org/publications/2019/May/LTES-First-year-campaign-findings
14
15
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Modelling framework to study the impacts of long-term energy policies in Finland
EXPANDING THE BOUNDARIES OF SCENARIOS. Model results are inevitably shaped by the scope of
the model itself. To adequately reflect the complexities of the clean energy transition, models and
scenarios need to better address new technologies, business models and disruptive innovations.

IRENA – International Renewable Energy Agency (2018). Long-term energy scenarios (LTES) for the clean
energy transition. First-year campaign findings. International Renewable Energy Agency, Abu Dhabi, 12 p.

4.1.2

ETSAP collaborated with IRENA for the FlexTool

ETSAP also collaborated with IRENA on the FlexTool project in 2017-2018, with the main objective
being to support decision making in developing countries to increase the share of variable power
generation.17 The IRENA FlexTool is capable, on the one hand, of analysing system operations using a
time step that represents real-world challenges (an hour or less in the case of VRE variability). On the
other hand it can help to identify a least-cost mix of flexibility options for a given power system that
might be facing insufficient flexibility at some points in time during operations.
The FlexTool was designed to have an accessible interface (Microsoft Excel), to encourage use by a
broad range of stakeholders and present results in a concise, visual and informative way. It is an
optimisation tool that has abilities to perform 1) long-term least-cost capacity expansion analysis and
2) short-term dispatch simulations. The main goal of the model is to identify flexibility gaps in the short
term and to explore optimal investments that support system flexibility in the long term.

17

https://www.irena.org//media/Files/IRENA/Agency/Publication/2018/Nov/IRENA_Power_system_flexibility_2_2018.pdf
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The IRENA FlexTool has been developed with the VTT Technical Research Centre of Finland 18 and as of
2018 is the only publicly and freely available tool that performs capacity expansion and dispatch with
a focus on power system flexibility.
The user defines a set of new input data, for example expected or planned capacity mix for 2030, and
runs the model for dispatch optimisation (i.e., disabling new investments from the model run). The
model outputs all variables into the Excel results workbook, but the user can focus on the flexibility
shortages (e. g., unusual amount of VRE curtailment or loss of load), which are highlighted on the first
sheet of the results workbook. The last step would be to make an alternative scenario, which has the
same input data but the user allows the model to invest in new capacity (flexibility sources, i. e.,
generation, storage or transmission).
ETSAP also collaborated with IRENA on E-Tech sheets, which are the most downloaded ETSAP data
sheets.
4.2

Activities in collaboration with KAPSARC

ETSAP also collaborated with the King Abdullah Petroleum Studies and Research Center (KAPSARC), an
energy research think tank. KAPSARC conducts independent research and develops insights in
collaboration with leading international research centers, public policy organizations, and industrial
and government institutions.
An ongoing project is on an Excel technology database for energy system models integrated with a
TIMES SubRES structure. The objective is to use the online platform of KAPSARC to store the ETSAP
SubRESs, and so it develops the necessary processes to do so (surveys, automatic data gathering, etc.)
in order to ensure that the data are updated on a regular period with all the existing information.
Another task is to develop the necessary scripts to extract the data in a standard SubRES format readily
useable by a TIMES model, and to look into different ways on how to facilitate continuous reviews and
updates as well as enable possibilities to add new kinds of datasets for modelling.
4.3

Activities in collaboration with the World Bank.

One area of collaboration with the World Bank is through the Partnership for Market Readiness
(PMR). The core work of the PMR is to help countries develop the readiness components – such as
GHG baselines, systems for MRV, or offset standards – specific to their mitigation goals.19
4.3.1

Supporting Vietnam’s GHG policy efforts

For instance, the PMR is supporting Vietnam in designing and piloting market instruments in the steel,
solid waste, and power sectors, as well as establishing a GHG registry and MRV system. Vietnam has a
significant portfolio of international assistance that can complement the PMR program including GHG
emissions registry for key emissions sources funded by NFD/ADB.
The Vietnam Ministry of Industry and Trade (MOIT) is working to identify and develop its sectoral
contribution to achieve the NDC target. The MOIT envisages that the scope of its sectoral contribution
towards Vietnam’s mitigation commitments will cover both energy supply and demand sides. Based
on the request from MONRE and MOIT, this analytical advisory aims to support the MOIT to develop
its energy sector targets and contributions to NDC. Specifically, this study will cover the power,
industry, and building sectors, and may use the results from the parallel transport study as inputs to
energy demand and interaction with the power sector in terms of electric vehicles, if the transport
study is available in time. The scope of work under this analytical advisory will be an extension of the
existing analyses that the GoV conducted as an analytical underpinning of its NDC. This task is part of

18
19

https://www.vttresearch.com/en
https://www.thepmr.org/
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the World Bank’s Programmatic Advisory Services and Analytics (ASA) on Climate Resilience and Green
Growth.
The analysis was performed using the TIMES-Starter model, which was tailored to the Vietnam energy
system to produce the multi-region TIMES-Vietnam model.
4.3.2

Advancing carbon neutrality strategy in Costa Rica

Another partnership is between the PMR and Costa Rica, mainly the Ministry of Environment and
Energy in conjunction with the designated Planning Team members. Costa Rica aims to develop a
carbon neutral economy by 2021. A big part of achieving this has been the successful use the country's
wealth in natural resources to develop a eco-based tourist economy. To complement this transition
and to contribute toward the carbon neutrality goal, Costa Rica plans to use PMR support to design a
domestic carbon market, build capacity for GHG data reporting and the registration of GHG emissions
reductions, strengthen domestic demand for emission reduction units, and consolidate supply of
emission units across a range of sectors.
Recognizing the importance of solid projections for the sort of long term planning necessary for future
NDCs, Costa Rica, through the support of the PMR-PAWP, has developed a national implementation of
TIMES modeling platform and a national Analysis Team (AT) to take over maintenance, expansion and
stewardship of the TIMES-CR model. The final report on NDC implementation pathways developed as
part of the TIMES-CR process has undergone an extensive process to ensure it provides sufficient
inputs for deeper analysis and is expected to be approved by MINAE shortly.20
4.3.3

Thirsty Energy: sophisticated modelling of the water-energy nexus

The World Bank also launched Thirsty Energy: Securing Energy in a Water-Constrained World in
January 2014. Thirsty Energy helps countries integrate water constraints into the energy sector and
better address water and energy challenges through sophisticated planning.21 Thirsty Energy
demonstrates the importance of combined energy and water management approaches through
demand-based work in several countries, and tailors approaches depending on the available resources,
modeling experience, and institutional and political realities of a country. Thirsty Energy focuses on
building the capacity of relevant stakeholders and leveraging existing efforts and knowledge. Two
examples illustrate what can be done with TIMES models in this context.

For Water-Smart Energy Planning in South Africa
The first Is Thirsty Energy: Water-Smart Energy Planning in South Africa, 22 which developed a watersmart energy model in a research project. This research focuses on incorporating a representation of
water supply and infrastructure costs into an energy systems model (SATIM-W) to better reflect the
interdependent nature of the energy-water nexus in South Africa and the water supply challenges
facing the energy system. The research methodology developed embeds the various water supply
options in a least cost optimization energy planning tool, so that the cost of water is captured.
A key feature of the developed SATIM-W model is that it regionalizes power generation, refining, and
energy resource supply, thereby introducing a spatial dimension to the water demands of the energy
sector. It also contains a regionalized structure of the basins and delivery infrastructure that would be
required to supply the energy sector and assesses the impact of meeting those needs on the cost of
supplying water. The results of this investigation demonstrate the process and type of tools that can

20

See further information on this project in section 5 of this report.

21https://www.worldbank.org/en/topic/water/brief/water-energy-

nexus#:~:text=Thirsty%20Energy%20Initiative,address%20water%20and%20energy%20challenges
22 https://openknowledge.worldbank.org/handle/10986/26255
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be employed to examine the energy-water nexus in a national level planning context, and the insights
that can be gained from water-smart energy planning. A number of relevant policy scenarios in South
Africa were explored, and the results show that specific energy sector policies can have significant
implication for both new investment in water supply infrastructure and in some cases can lead to
stranded energy and water investments, reinforcing the importance of planning these sectors through
a nexus approach. This case study is the first time the cost of water supply has been assessed in a
sector-wide energy supply expansion plan.23

For Modeling the Water-Energy Nexus in China
Another example of the application of TIMES models in this context is Thirsty Energy : Modeling the
Water-Energy Nexus in China.24 The team collaborated with the National Energy Agency (NEA) to
incorporate potential water constraints in their 5-year energy plan 2016-2020. To examine evolving
energy issues in China, Tsinghua University had previously assembled a national MARKAL/TIMES
model. Under the Thirsty Energy initiative, water supply and water demand by the energy sector are
introduced into the existing energy system framework to create a water-smart energy model, the
TIMESChinaW model.25
To analyse the energy-water nexus under China's Nationally Determined Contribution (NDC) and the
Well Below 2 Degrees (WBD2) target with a more detailed spatial resolution, the five-region China
TIMES-W model incorporating water issues was developed and found that 1) Strict climate targets will
require significant increases in non-fossil energy use, and 2) Water withdrawal for energy use in the
energy bases is expected to be 9.8 billion m3 in 2050 in the WBD2 scenarios.26
4.4

Activities in collaboration with other funding agencies

MARKAL/TIMES models are also used in projects funded by United States Agency for International
Development (USAID) for energy and climate mitigation action plans.27 USAID acknowledges the use
of MARKAL/TIMES models for this purpose (see section 5 below for more information).
4.5

Activities in collaboration with other IEA-TCPs

Several activities also resulted from collaboration with other TCPs (Technology Collaboration
Programme), the Hydrogen TCP for instance. The ExCo agreed to explore a possible Joint ETSAP
Hydrogen TCP Annex on power to X and the role of hydrogen in energy system that would focus on
the overall goal of providing updated parameters describing hydrogen technologies, as well as to
develop knowledge on how to model hydrogen in the value chain.28
Collaboration was led by UCL (UK) and IFE (Norway) through joint workshops with Hydrogen TCP, one
of which focused on comparing hydrogen modelling in 10 models and discuss potential improvements.
Another workshop was planned for September 2020 to compare model outputs and discuss the new
ETSAP-TIAM hydrogen sector.
The ETSAP TCP has continued to actively engage with other TCPs through inviting some to ETSAP
workshops and through participation in joint activities. Following the ETSAP invitation to the GHG TCP
to a joint session on CCS at the 71st ETSAP TCP Workshop in Maryland, IEAGHG commissioned a

World Bank Group. 2017. Modeling the Water-Energy Nexus : How Do Water Constraints Affect Energy Planning in South
Africa?. World Bank, Washington, DC.
24 https://openknowledge.worldbank.org/handle/10986/29509
25 World Bank Group. 2018. Thirsty Energy : Modeling the Water-Energy Nexus in China. World Bank, Washington, DC.
23

26

Li N. Chen W. (2019). Energy-water nexus in China's energy bases: From the Paris agreement to the Well Below
2 Degrees target. Energy 1661: 277-286.

27

For instance, see http://energinst.am/files/LCEDP%20Report_with%20Append_Eng_forSRIE.pdf
https://www.ieahydrogen.org/task/task-41-data-and-modelling-sub-task-c-cooperation-with-etsap/

28

65

technical report on CCS in Energy and Climate Scenarios. This report was undertaken by a consortium
led by ETSAP modellers.
Following the ETSAP invitation to the Bioenergy TCP to a joint session on bioenergy in the energy
system at the 72nd ETSAP TCP workshop in Switzerland, a number of countries have started a new
Bioenergy TCP Task (Task 44) on Flexible Bioenergy and System Integration. ETSAP invited a
representative from Bioenergy Task 44 to present at 75th ETSAP Workshop in Paris to explore how to
increase ETSAP engagement in Bioenergy Task 44.
Other TCPs that were initiated for engagement by ExCo Members were the Storage TCP (ECES TCP). In
this context, the ETSAP-funded project “Improving the modelling of energy storage technologies in
TIMES via collaboration with TCP Energy Storage Annex 32 (Switzerland, Norway)” aims at establishing
a closer collaboration and exchange between the energy systems modelling community and the
storage technology assessment experts. PSI and IFE presented the TIMES framework in several
meetings of the TCP Energy Storage Annex 32, and a joint workshop between the two TCPs is foreseen
in 2021. The collaboration aims at improving the representation of storage technologies in TIMES, and
at the same time, to assess the role of storage in future energy systems (i.e. using the the output from
the TCP Energy Storage Annex 32) in the different scenarios/studies published by ETSAP.
4.6

Activities in collaboration with EMF

As part of its outreach activities, ETSAP collaborates with many other research teams throughout the
World and participates in various global forums. Participation of TIMES models in the Energy Modelling
Forum (EMF), for instance, occurred at different times.
EMF 35 included a Japan model intercomparison project (JMIP) on long-term climate policy,
investigating the role of technologies in the long-term climate policy and energy strategies of Japan.
The study aimed to contribute to the ongoing policy debate about Japan's long-term climate policy,
both domestically and internationally (such as those under the Paris Agreement).29
Another study was EMF 34: North American Energy Trade and Integration, which focused on how
more integrated North American fuel and power markets will drive energy decisions not only within
Canada, Mexico and the United States but also internationally. The study uses the North American
TIMES Energy Model (NATEM).
The EMF 32 study on US GHG and Revenue Recycling Scenarios had the objective to use energyeconomic models to assess emissions, energy and economic outcomes from a plausible range of US
policies to reduce greenhouse gases (GHGs). In addition to standard emphasis on the effects of such
policies on emissions, energy prices and macroeconomic performance, an economic issue of particular
interest is how fiscal decisions on revenue distribution might also affect these outcomes.30 The study
uses the MARKAL model from NREL as well as the Framework For Analysis Of Climate-EnergyTechnology Systems (FACETS) model.
4.7

Activities in collaboration with IPCC

Nadia Maizi (from the France Contracting Party) is author for the Chapter 5 on demand side modelling
in the Working Group III report of IPCC. The IPCC is currently in its Sixth Assessment cycle, during which
the Panel will produce three Special Reports, a Methodology Report on national greenhouse gas

Sugiyama, M., Fujimori, S., Wada, K., Endo, S., Fujii, Y., Komiyama, R., Kato, E., Kurosawa, A., Matsuo, Y., Oshiro, K., Sano,
F., & Shiraki, H. (2019). Japan's long-term climate mitigation policy: Multi-model assessment and sectoral challenges. Energy,
167, 1120-1131.
30 Murray B.C. Bistline J. Creason J. Wright E. Kanudia A. de la Chesnaye F. (2018). The EMF 32 study on technology and climate
policy strategies for greenhouse gas reductions in the U.S. electric power sector: An overview. Energy Economics 73: 286289. See also https://emf.stanford.edu/
29
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inventories and the Sixth Assessment Report (AR6). She makes the link with ETSAP activities regarding
a survey on ongoing work on demand side modelling.
4.8

National collaborations

This section gives examples of key collaboration activities between ETSAP Contracting Parties and third
Parties.

Signatories
NORWAY

Collaborators
Norwegian Water Resources and Energy Directorate (NVE)
Collaboration continuous during the annex period under a framework
agreement between NVE and IFE.
Main objectives: Modelling collaboration on TIMES modelling; data,
methodology and analysis
Main outcomes:
• Model developments. IFE has supported NVE in converting the TIMES
model from Answer to VEDA, as well as restructured the model in
regards of detail and by including low-carbon technology options.
• Result achieved. Analyses by the NVE-TIMES-Norway model is used to
directly support the Norwegian Ministry of Petroleum and Energy

NORWAY

SWEDEN

FME CenSES – Centre for Sustainable Energy Studies
• CENSES was a Norwegian research centre for environmentally friendly
energy thar ran from 2011 to 2019.
• The CenSES’ research objective was to conduct research that supports
public and private decision makers in strategic decisions and policies
that will promote environment-friendly energy technologies and lead
to a sustainable energy system.
Main outcomes: https://www.ntnu.no/censes/
• Result achieved - TIMES analysis has been used actively through the
centre period in discussions with other research disciplined and
industrial partners. This has contributed to increasing the energy
system focus on the centre partners and facilitated interdisciplinary
collaboration.
• Publications: https://www.ntnu.no/censes/publikasjoner
• Outreach events: https://www.ntnu.no/censes/arrangement
Swedish Energy Agency
The Swedish Energy Agency has been using TIMES/MARKAL based scenario
analysis for decaeds.
•

•

TIMES-Nordic provieds input to the long-term energy scenarios (done
approximitly every second year). The model focus on the development
of the power and district heating sectors, and was in 2018 used to
analyze a number of scenarios with respect to the Swedish energy
system integrated in a northern European electricity system.
Publication
(in
Swedish):
Long-term
scenarios
2018.
https://energimyndigheten.a-w2m.se/Home.mvc?resourceId=133529
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SWEDEN

The Swedish Environmental Protection Agency (Swedish EPA)
The Swedish Environmental Protection Agency is responsible for the
National Communications within the UN's climate reporting. The Swedish
Energy Agency is responsible fo the analysis of the energy system, for which
TIMES-Nordic is used for the power and district heating sectors (see above).
•

•

SWEDEN

UNITED
KINGDOM

Long-term scenarios with TIMES-Nordic for the Swedish Energy Agency
in which the effects of Swedish climate and energy policy instruments
since 1990 on CO2 emissions was anlaysed, was used in the NC7
“National Communications no7”, within the UN's climate reporting and
on behalf of the Swedish Environmental Protection Agency. Can be
dowloaded : www.government.se/reports/2018/06/swedens-seventhnational-communication-on-climate-change/
A colloboration between Swedish EPA and TIMES researchers on how
comprehensive energy system models which included all domestic CO2
emissions (using TIMES-Sweden as an example) can support the
assessment on how to assess the impact of different policies
effectiveness in reaching the national climate targets.

Swedenergy
Swedenenergy is a non-profit industry and special interest organisation for
companies that supply, distribute, sell, and store energy.
• As a part of the governmental initiative Fossil Free Sweden,
Swedenenergy delivered a ‘Roadmap for Electricity – for a fossil-free
society’. TIMES-NORDIC was used to generate three supply scenarios
for the Swedish electricity system in collaboration with Sweco's
electricity market model. It was an analysis of a Swedish electricity
system with extensive electrification and with zero emissions.
• Publication: https://fossilfrittsverige.se/en/roadmap/the-electricitysector/
UK TIMES expert user group.
• The expert user group is composed of organisations that actively use
UK TIMES, and organisations with an interest in the model outputs or a
future interest in using the model. It includes 23 members:
• national and regional governments;
• universities; and,
• private companies.
• Most members are UK-based, but some international organisations are
members (e.g. University College Cork).
• An annual meeting is held to discuss model developments.
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5.

Impacts on policies

This section will report on the link between science and policy, i.e. how the models were used
concretely to support policy making. All over the World, MARKAL and TIMES models are used to
prepare Energy Outlook, Energy Transition Scenarios, etc. The example of the World Energy Scenarios
2019 for the World Energy Council using the MARKAL GMM model is shown as an example. These
scenarios drive policy making in numerous direct and indirect manner. Afterwards, more concrete
examples of policy decisions derived from model developments and applications are introduced.

…Models are used all over the world to prepare Energy Scenarios
A well known example is the World Energy Scenarios 2019 - Exploring Disruptive Innovations in Global
Energy Pathways to 2040 (World Energy Council, Accenture Strategy, Paul Scherrer Institute) using the
Global multi regional MARKAL model (GMM) 31.


Since the World Energy Council last published its World Energy Scenarios in 2016, we have
experienced three years of comparatively high, carbon-centric energy demand and a marked
acceleration in renewable energy developments. A new pattern of geostrategic competition is
emerging that is further straining the multilateral system and impacting global trade. What has
changed most, however, is the speed and volatility of changes and unevenness of impacts.
Fragmentation and polarisation of leadership and poor economic returns limiting the license
to invest for market players are emerging as some of the biggest risks in managing successful
energy transition. Meanwhile, energy leaders are also challenged to make sense of the fastshifting landscape of innovation and the new spirt of entrepreneurialism in energy. A fresh
focus on energy systems innovation and the emerging phenomenon of “disruption-as-usual”
is both timely and relevant to energy transition leaders within and beyond the energy sector

Three scenarios were quantified with GMM.




The Modern Jazz scenario represents a market-led, digitally disrupted world with faster-paced
and more uneven economic growth.
The Unfinished Symphony scenario represents a strong, coordinated, policy-led world, with
long-term planning and united global action to address connected challenges, including
inequitable access and affordable decarbonisation.
And, the Hard Rock scenario describes afragmented world with inward-looking policies, lower
growth and less global cooperation.

The main energy systems implications identified in the analysis are: 1) electrification extends to more
uses and users; 2) there is a revolution on mobility, but it is also infrastructure-dependent; 3) energy
efficiency gains become critical elements of the transition to low carbon economy; 4) new
opportunities emerging for more consumer-centric energy systems worldwide; 5) net-zero carbon
technologies and pathways emerge and start scaling from 2040; 6) infrastructure innovation and
investment, as well as proactive policies are necessary to secure affordable decarbonisation pathways
and socially just energy transitions; 7) achieving the Paris Agreements targets in WEC scenarios is
elusive.

31

Schiffer HW. Kober T. Panos E. (2018). World Energy Council’s Global Energy Scenarios to 2060. Zeitschrift für
Energiewirtschaft 42: 91-102.
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Global energy-related CO2 emissions per scenario

5.1

A close link between modelling and policy making in Finland

In Finland, several such applications can be found, where policy decisions were driven by VTT modelling
work. One example is energy tax reform for heating fuels, electricity consumption, and energy related
supports, which included fuel tax harmonization for achieving national emission goals as well as
electricity tax reform for achieving national emission goals (2019-2020). Key input data was provided
by the ministry clients, while scenarios were designed in close collaboration. Modellers participated in
hearings to the Finnish Parliament, stakeholder events, ministries’ working groups, etc.
 The TIMES model used was TIMES-VTT, a global model focused on the Nordic region and the EU
(18 regions, of which 4 Nordic countries). Time periods were 2010–2060, with 24 timeslices in the
Nordic region.32
Another application in Finland was direct support of policy making of different Governments to reach
carbon neutrality in Finland, notably through the long-term development of total GHG emissions (see
project PITKO, 2018-2019) and Carbon Neutral Finland 2035 – scenarios and strategies (see project
PITKO-jatko, 2019-2020). Five ministries were involved in the collaboration (economy & employment,
environment, transport & communication, agriculture & forestry, finance) in addition to the Prime
Minister's Office), and preliminary results and findings were presented to the ministerial working
groups to support their decision making and policy formulations.
In this collaboration, a series of workshops were organised to formulate scenario storylines for
modelling long-term scenarios with stakeholders, ministries, experts, and research community. The
TIMES-VTT scenarios were used in EU’s Governance reporting for both the National integrated Energy
and Climate Plan (NECP) and Long Term Strategy (LTS), and results were again presented in hearings
to the Finnish Parliament, stakeholder events, ministries’ working groups, scientific community, etc.
The same model was used as for the other Finnish example above (TIMES-VTT).33
5.2

Helping policymakers in Italy to design climate plans

In Italy, Ricerca sul Sistema Energetico S.p.A. (RSE) used the TIMES_RSE model to support the Italian
government for the National Energy and Climate Plan (NECP) 2021-2030 and the long-term strategy
(LTS). The model was used for the sectoral breakdown of decarbonization objectives, providing policy
makers with useful information for defining the measures. The model also provided estimates of the

32

For more information, contact the VTT Technical Research Centre of Finland Ltd

33 Koljonen T. Soimakallio S. et al. (2019). Long-term development of total emissions. [Pitkän aikavälin kokonaispäästökehitys.]

ISBN 978-952-287-656-0. (Finnish only).
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investments in new technologies needed to support the decarbonization path in the various end-use
sectors.34

5.3

USAID collaboration with Georgia on designing its Low Emissions Development
Strategy

In Georgia, the Low Emissions Development Strategy (LEDS) was prepared under the US Agency for
International Development (USAID) Enhancing Capacity for Low Emissions Development Strategy (ECLEDS) Clean Energy Program for Georgia, which supports increased climate change mitigation by
building capacity to stimulate private sector investment in energy efficiency and green buildings,
raising public awareness, and strengthening Government of Georgia (GOG) capacity to develop and
implement a national LEDS. Winrock International was a leader of the EC-LEDS Clean Energy Program,
while the analytical work was performed by DecisionWare Group (DWG) and Sustainable Development
Center Remissia in cooperation with Winrock International and the Ministry of Energy Analytical
Department (MoE-AD).
Part II of the LEDS delves into the details of Georgia’s LEDS sectors by defining sectoral strategies and
goals within the context of Georgia’s national strategy. The analyses of the energy LEDS sectors (energy
supply, buildings, transport and industry) were performed using the MARKAL-Georgia model and the
best available local data, augmented by international data for future technology characterizations. The
sector-specific LEDS measures were identified by sector-based working groups as the most feasible
and implementable options for Georgia, and the model calculated the quantitative metrics of the
impacts of each option, as well as the aggregated impact when several potentially overlapping
measures are combined.35

Gouvernement of Italy (2019). Integrated National Energy and Climate Plan (NCEP). Ministry of Economic Development
Ministry of the Environment and Protection of Natural Resources and the Sea Ministry of Infrastructure and Transport, 329
p.
35 Winrock International (2017). Enhancing Capacity for Low Emission Development Strategies (EC-LEDS) Clean Energy
Program. Georgia’s Low Emission Development Strategy (LEDS). Submitted to the US Agency for International Development
USAID – Georgia, 380 p. (http://www.decisionwaregroup.com/assets/wi-172_2017-09-14-georgia-s-low-emissiondeveldevelopment-strategy_eng.pdf)
34
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Energy Sector Overarching Low Emission Development Strategy

5.4

Improving Armenia’s Least Cost Energy Development Plan 2020-2036

Another case is in Armenia, where activities were undertaken by the Scientific Research Institute for
Energy (SRIE), under sub-contract to Tetra Tech ES Inc. as the lead implementing partner for the USAID
Market Liberalization and Energy Trade (MLET) Program. The goal was to prepare an update of the
Armenia Least Cost Energy Development Plan (LCEDP) for the years 2020- 2036. This work utilized the
Integrated MARKAL-EFOM System (TIMES) model.
The TIMES-Armenia modelling exercise started by imposing no constraints on the technology choice
for future energy sector development. A key result of this exercise was to identify expansion of variable
renewable energy sources (VRES), in particular solar and wind energy, as the clear least-cost sources
for new generation capacity, given the combination of Armenia’s rich solar resource and trends in
declining cost of solar power over the planning period. As a result, the level of projected VRES capacity
in the initially unconstrained variant of the baseline scenario was so high, adding nearly 3,000 MW of
grid-connected solar and over 1,000 MW of wind power by 2036, it was clear that some more
reasonable levels of constrained expansion of VRES generation would be needed, both to reflect
potential limitations in institutional capacity to build so much new solar and wind in the coming
decades and to ensure the planning and investment for any needed system strengthening that might
be required to accommodate the higher shares of VRES in the total generation mix. Thus, through
expert consultation with stakeholders it was agreed that a reasonable level of constrained maximum
VRES capacity to be modelled would be set at 1,500 MW of solar and 500 MW of wind until the end of
the planning horizon, along with limits on the annual build rates. This set of added assumptions was
then applied to the baseline model and the results, establish the Baseline Reference (BASE-R)
Scenario.36

Tetra Tech ES, Inc (2019). Armenia least-cost energy development plan: 2020-2036. Market liberalization and electricity
trade (MLET) program. Prepared for the US AID- United States Agency for International Development, 215 p.
36
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TIMES-ARMENIA MODEL RESULT METRICS SUMMARY*
* All the numbers are total figures over the entire planning period

5.5

Costa Rica: Preparing the energy sector mitigation strategy

Another partnership with policy impacts is between the PMR and Costa Rica,37 as briefly described in
section 4 above. Costa Rica has set very ambitious Greenhouse Gas (GHG) mitigation goals in its
Nationally Determined Contribution (NDC) with the aspiration of reaching net carbon-neutrality later
in this century. Under the leadership of the Ministry of Environment and Energy (MINAE) and other
ministries and the support of the Partnership for Market Readiness (PMR) in Costa Rica, a project was
designed to develop improved analytical tools and capabilities to assist the government of Costa Rica
in determining viable pathways to achieve the emission reduction commitments made in its NDC. A
secondary goal was to establish the in-country capacity that will allow continuous improvements and
ongoing application of the methodology to examine new issues, options, technologies and policies as
circumstances dictate to inform future NDC and policy developments. Furthermore, the resulting
platform was also designed to be readily applicable, transferable and reproducible by PMRs in other
countries.
The core analytical framework employed is the TIMES modelling platform. The TIMES-Starter, which
consists of an integrated full-sector energy system model that employs best practices and is built upon

DecisionWare Group LLC (2017). Costa Rica- Assessing Climate Mitigation Pathways to Support NDC Implementation. Final
Report – Assessment of Mitigation measure to Achieve NDC Goals. Prepared for World Bank and PMR Costa Rica, 204 p.
(http://www.decisionwaregroup.com/assets/wb-cr-ndc_mitigation-analysis-final-report_topmr2.pdf)
37
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a peer-reviewed database, was transformed into a comprehensive energy system planning model for
Costa Rica (TIMES-CR) by adopting local data and reflecting local knowledge to the fullest extent
possible. The Analysis Team (AT), assembled to support the implementation and take over stewardship
of the model, has provided the latest data and reviewed critical model assumptions and results to
ensure the model properly represents the Costa Rica energy system. The TIMES-CR process has already
been linked into the development of the Short-Lived Climate Pollutant (SLPC) inventory and related
impact assessment as well as the development of the national Long-Term Strategy.
GHG Emissions for Planned Policy Measures without and with 60% GHG Target

5.6

Informing the UK’s Clean Growth Strategy

Another example of policy impact is that UK TIMES was used to inform the United Kingdom
government’s emissions targets and environmental policies in its Clean Growth Strategy published in
2017. UK TIMES modelling showed that the government’s proposed targets and policies for 2032
would leave open a range of pathways that could subsequently be taken to reach in 2050 goals,
thereby supporting the adoption of the 2032 targets and associated policies.
In this project, decision makers fed into the modelling process by describing the policy options that
they were considering, which were then used to inform the scenarios. For example, policies proposals
about establishing new forest networks were used to inform scenarios about the land available for
afforestation in the model. Modellers worked with several sector experts to obtain data assumptions
related to particular sectors, including engaging with the Department for Transport and the
Department for Environment, Food and Rural Affairs.
 The model used (UK TIMES) has one region, 5-year time periods from 2010-2060, flexible timeslices
(1; 6; 16; 192), and it covers all GHGs, including those from outside the energy sector, together
with a range mitigation options for agriculture in particular.
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5.7

New Zealand Energy Scenarios to 2060

Finally, the BusinessNZ Energy Council (BEC) has developed a series of energy transition scenarios that
were quantified using the TIMES-NZ model 38. Two new narratives were developed on this basis. These
unique stories about New Zealand’s energy future and the modelling insights provide New Zealand’s
energy leaders with a long-term vision and information that help them exert their leadership.



In Tūī the global community takes some action on climate change. New Zealand is a slow
follower on climate change responses, protecting some businesses from the full force a carbon
prices, and deliberately taking a ‘wait and see’ approach.
In Kea New Zealand adopts the position that the economy cannot remain internationally
competitive with its current emissions intensity and takes an international and domestic
leadership stance in lowering emissions.

They have identified 2040 as a key turning point. Modelling the scenario narratives from 2040 – 2060
is even more challenging than modelling to 2040 with more assumptions and more uncertainty.
Uncertainty is, in many ways, one of the reasons for developing these scenarios and taking an
explorative approach.
Sample of results: The issue of precisely which fuel and technology provides security is not the major
point, the issue is that we will need much more storable energy capability than we currently have.

38

BusinessNZ Energy Council (2019). New Zealand Energy Scenarios to 2060 – Navigating our flight path to 2060. 74 p.
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6.

Conclusion

The analysis of achieving Net Zero GHG emission energy system is becoming the main topic in energy
system analysis. The use of biomass and the sustainability of biomass which is used, the coupling of
energy systems with material use, land use, water use and agriculture are only some of the topics
which are important to understand in order to explore the plausibility of achieving the environmental
targets.

Ready for the Annex XV on Energy System and Sustainable Development Goals
?
ETSAP will support research and development activities in order to advance the state-of-the art of
energy systems analysis. A non-exhaustive list of topics includes: pathways to net zero GHG emissions
systems; interaction of energy systems with materials use, land use, water and agriculture; integration
of issues of sustainability of biomass in the analyses (e.g. biomass GHG overshoot problem); improved
modelling of variable renewables and short-term system operational issues in long term energy
systems modelling; improved modelling of the consumption side of energy systems, demand side
flexibility, integration of human behaviour and societal aspects into energy systems modelling; and
improved modelling of the interactions between the energy system and social systems, structural
changes, circular economy and SDGs.
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List of MARKAL/TIMES models
Model

Region

Application - Geo

Application –
Time*

ETP TIMES (IEA Energy Technology Perspective
Model)**

28 world
regions

Global

2050

GMM (Global Multi-regional MARKAL Model)

15 world
regions

Global

2050

Asia, Latin America and
Sub-Saharan Africa

2060

ETSAP-TIAM (Energy Technology Systems
Analysis Program-TIMES Integrated Assessment
Model)

15 world
regions

Global & Europe

2050

TM (TIAM-MACRO)

15 world
regions

Global

2050

TMSA (TIAM-MACRO Stand-Alone)
ITMM (Integrated TIMES and MERGE model)

1 TIMES region

USA

2050

TIAM-WORLD (World TIMES Integrated
Assessment Model)

16 world
regions

Global

2050

Latin America

2100

TIAM-FR (TIMES Integrated Assessment Model France)

15 world
regions

Global

2050

Western Europe

2100

Global models
Nordic countries

Europe & Finland
China

Latin America
TIAM-ECN (TIMES Integrated Assessment Model ECN)

36 world
regions

Global

2050

Colombia

2100

Latin America, Brazil,
Mexico
Middle East
Africa
TIAM-UCL (TIMES Integrated Assessment Model UCL)

16 world
regions

Global

2035

India

2050
2100

18 regions, of
which 4 Nordic
countries

Global

2050

Baltic region

2100

36 European
countries +
Balkan area

Europe + Balkan area

2040

JRC-EU-TIMES

28 European
countries

Europe

EUSTEM (European Swiss TIMES Electricity
Model)

28 European
countries and
Switzerland in
11 regions

Europe

TIMES-VTT

TIAM-Grantham

Regional models for Europe
PET (Pan-European TIMES)

2050

2050

Switzerland
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Model

Region

Application - Geo

Application –
Time*

10 regions of
Central and
South America

Central and South
America

2050

TIMES-COMET (Integrated infrastructure for CO2
transport and storage in the west Mediterranean

3 countries of
the West
Mediterranean
region

West Mediterranean
region: Spain, Portugal,
Morocco

2050

TIMES-NoSe (TIMES Norway – Sweden)

Five Norwegian
and four
Swedish regions

Norway – Sweden

2035

TIMESCAC- 4R (Central Asia and Caspian area)

4 countries of
the Central Asia
and Caspian
countries

Central Asia and Caspian
area: Azerbaijan,
Kazakhstan,
Turkmenistan and
Uzbekistan

2035

CROSSTEM (Cross border Swiss TIMES electricity
model)

5 European
countries

Switzerland and four
neighbouring countries
(Austria, France,
Germany and Italy)

2050

EUSTEM (European Swiss TIMES Electricity
Model)

11 European
regions

Switzerland

2050

TIMES-Nordic

Nordic+

Focus on: Sweden,
Norway Finland and
Denmark. Also includes:
Germany, Poland,
Estonia, Latvia and
Lithuania.

2050

TIMES Scandinavia

11 regions:
Denmark (2),
Norway (5),
Sweden(4)

Scandinavia

2050

TIMES-Austria

1 country

Austria

2050

TIMES-Belgium

1 country

Belgium

2050

TUMATIM-TIMES (Treating Uncertainty and risk
in energy systems with MARKAL and TIMES)

1 country

Belgium

2050

MARKAL-Bangladesh

1 country

Bangladesh

2030

MARKAL-Bhutan

1 country

Bhutan

2040

NATEM (North American TIMES Energy Model)

13 Canadian
regions

Canada

2050

TIMES - Czech Republic

1 country

Czech Republic

2050

ETM-UCL

Regional models for South America
T-ALyC (TIMES para América Latina y el Caribe)

Sub-regional models

National models
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Model

Region

Application - Geo

Application –
Time*

TIMES - China or China-TIMES***

1 country

China

2050

MARKAL-China ***

1 country

China

2050

China TIMES-Water

1 country

China

2050

CHN-TIMES

1 country

China

2100

C-ESM-BF (China Energy System Model-Biofuel)

1 country

China

2050

China TIMES-ED

1 country

China

2050

TIMES-DK (Denmark)

1 country

Denmark

2050

TIMES model of the Danish heat and electricity
sector

1 country

Denmark

2050

TIMES-FR (France) ***

1 country

France

2020
2050

TIMES-FR_ELEC

1 country

France

2050

TIMES-Households model for France

1 country

France

2050

TIMES model of French bioenergy sector

1 country

France

2050

MIRET

1 country

France

2020

TIMES-D

1 country

Germany

2030

THP (TIMES-Heat-Power)

1 country

Germany

2050

Multi-regional TIMES model

Multiple regions

Greece

2050

MARKAL-India

1 country

India

2050

Irish-TIMES

1 country

Ireland

2020
2030
2050

MONET

20 Italian
regions

Italy

2030

TIMES-IT_RSE

1 country

Italy

2030
2050

MARKAL-Japan

1 country

Japan

2050

TIMES-Japan/IEEJ_Japan

1 country

Japan

2050

TIMES- Kazakhstan

1 country

Kazakhstan

2030

MARKAL-Macedonia

1 country

Macedonia

2030

TIMES-Norway

1 country

Norway

2050

MARKAL-Pakistan

1 country

Pakistan

2050

MARKAL-Poland

1 country

Poland

2050

PT/SP TIMES (Portugal/Spain)

2 European
countries

Portugal - Spain

2050

TIMES_PT

1 country

Portugal

2020
2050

Social MARKAL for Romania

1 country

Romania

2026
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Model

Region

Application - Geo

Application –
Time*

SATIM (South African TIMES Model)

1 country

South Africa

2050

TIMES-GEECO (Gauteng Energy and Emissions
Cost Optimisation Model)

1 South African
province

Gauteng province

2040

TIMES-South Korea

15 Korean
regions

South Korea

2022

1 country

Spain

TIMES-Spain

2050
2035
2050

TIMES-Sweden

1 country

Sweden

2050

STEM (Swiss TIMES energy system model)

1 country

Switzerland

2050

STEM-E (Swiss TIMES electricity systems model)

1 country

Switzerland

2050

STEM-HE (Swiss TIMES Electricity and Heat
Model)

1 country

Switzerland

2050

Taiwan MARKAL

1 country

Taiwan

2050

MARKAL-NL-UU (Netherland- Utrecht University)

1 country

The Netherlands

2050

TIMES -Ukraine

1 country

Ukraine

2050

MARKAL-UAE (United Arab Emirates)

1 country

United Arab Emirates

2040
2050

UK MARKAL (United-Kingdom)

2 England
region

United-Kingdom

2050

UKTM (UK TIMES energy system model)

1 country

United-Kingdom

2050

9 American
regions

United States

2025

UK TIMES
MARKAL EPAUS9r (US Environmental Protection
Agency – Nine-region)

2040
2050
2055

US National MARKAL model

1 country

United States

2030

MARKAL_US

1 country

United States

2050

FACETS (Framework for Analysis of ClimateEnergy-Technology Systems)

9 regions for
demands + 32
electricity
regions + many
supply regions

United States

2050

TIMES-Armenia

1 country

Austria

2050

TIMES-Egypt

1 country

Egypt

2050

TIMES-Serbia

1 country

Serbia

2050

MARKAL-Singapore and TIMES-Singapore

1 country

Singapore

2050

TIMES-Argentina

1 country

Argentina

2050

TIMES-Brazil

1 country

Brazil

2050

TIMES-Costa Rica

1 country

Costa Rica

2050
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Model

Region

Application - Geo

Application –
Time*

TIMES-Chile

1 country

Chile

2050

TIMES-Mexico

1 country

Mexico

2050

TIMES-Peru

1 country

Peru

2050

TIMES-Colombia

1 country

Colombia

2050

TIMES-Scotland

1 country

Scotland

2050

TIMES-Vietnam

1 country

Vietnam

2050

TIMES-Heat

Individual
European
countries

Sweden, Denmark,
Germany, Netherlands,
France, Italy, Croatia

2050

TIMES-Réunion (La Réunion Island)

1 Island

La Réunion

2030

CA-TIMES (California)

1 State

California

2050

IN-MARKAL (Indiana)

1 State

Indiana

2034

MARKAL_WS (West Sweden)

1 Swedish
region

Västra Gotaland

2050

TIMES-RW

1 Belgium
region

Wallonia

2050

TIMES for a rural agglomeration in Switzerland
and for the city of Basel

1 region/city

A rural village in
Switzerland and for the
city of Basel

2030

TIMES model for a single family house in France

1 house

A single family house at
Le Bourget-du-Lac
(France)

2065

TIMES- Pesaro

1 town

Pesaro

2030

TIMES- Nottingham

1 city

Nottingham

2030

TIMES- Trikala

1 city

Trikala

2030

TIMES- Evora

1 city

Evora

2030

TIMES- Cesena

1 city

Cesena

2030

TIMES-City-Malmö

1 city (divided
into 5 zones)

Malmö/Sweden

2050

TIMES-City-Almada

1 city (divided
into 15 zones)

Almada/Portugal

2050

TIMES-City-Judenburg

1 city (divided
into 8 zones)

Judenburg/Austria

2050

TIMES-CityHeat (heating sector, both district and
individual heating of a single city)

Individual
European cities.

Berlin, Brunswick,
Madrid and Nice.

2050

Sub-national models

Local models

* This is the time horizon for the applications; the actual time horizon of the model itself may be longer.
** The ETP model is a soft-linked modelling framework combining optimisation and simulation approaches.
Primary energy supply, conversion and industry sectors are modelled in TIMES, whereas the buildings and
transport sectors are implemented as simulation models. The number of regions varies between 28 and 39
depending on the sector. The model horizon has been extended in ETP 2017 to 2060.
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*** There might be several versions of MARKAL and TIMES models with the same name for these countries.
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