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Abstract

Ambitious decarbonization targets, technology-specific policies, and compu-
tational developments led to increases in the complexity and diversity of
energy system models. The lack of transparency and standardization, how-
ever, renders the assessment of model suitability for specific policy questions
difficult. Therefore, this paper systematically assesses the ability of energy
system models to answer major energy policy questions. It examines the ex-
isting literature on model comparison schemes, then proposes a set of criteria
to compare a sample of 40 models. Besides, a novel, model-oriented approach
is developed in order to cluster energy policy questions. Finally, the model
capabilities and the policy questions are brought together by quantifying the
gap between models and policy questions. The results show that some models
are very well able to answer a wide range of energy policy questions, whereas
others are only suitable for a specific area of energy policy. The representa-
tion of the distribution grid, the endogenous adjustment of demand, and the
technical flexibility of the energy system are among the features, where mod-
els generally lag behind. Our results provide policy-makers with guidance on
crucial model features with respect to a selection of energy policy questions
and suggest potential funding priorities for future energy system modeling.
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1. Introduction

The operation of energy systems has become increasingly challenging over
the last decades for multiple reasons. First, the liberalization of energy mar-
kets has broken up vertically integrated structures to strengthen competition
and lower supply costs. As a result, a variety of new stakeholders with differ-
ent interests entered the energy system [1]. Second, renewable energy sources
(RES) have increasingly been used to reduce greenhouse gas (GHG) emis-
sions in the electricity sector, among other aims and benefits. Due to their
intermittent nature, balancing supply and demand as well as preventing grid
bottlenecks will require more short-term coordination between load, genera-
tion, and grid. The trend is set to continue in the future if the climate targets
of Paris are translated into legally binding rules and regulations. Meanwhile,
energy systems are subject to developments in different sectors: electricity,
heating, cooling, and transportation. A stronger integration of the sectors is
essential to integrate high RES shares into the energy system and to lower
GHG emissions in the heating and transportation sector [2, 3]. Thus, inter-
dependencies between previously mainly decoupled subsystems will arise1.

As a consequence, the regulatory framework has to adapt to technological
advances. For example, in order to handle the rising complexity of energy
systems, grid operators are starting to rely on smart grids to balance load and
supply. Moreover, smart markets2 ensure an efficient allocation according
to customer preferences. Such technological advances change the system
dynamics and require suitable regulations to ensure a level playing field for
all stakeholders [5].

1 This especially holds if policy-making targets at the cost-efficient reduction of total
GHG emissions across sectors where GHG emission reduction options are chosen according
to their marginal abatement costs. This can, for instance, be achieved by integrating the
heat and/or transportation sector into the European Union Emission Trading System (EU
ETS).

2 Within smart markets computational intelligence supports market participants by
gathering as well as assessing information. Hereby, an improved (or even autonomous)
decision-making within complex market structures, which would otherwise overwhelm the
cognitive capacity of humans, can be facilitated [4].
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In the same way, numerical energy system models have become more
sophisticated and diverse with increasing complexity of real-world energy
systems [6]. Despite their differences, many of the existing models are used to
answer similar questions. Models may provide different results, which lead to
contradictory policy implications and recommendations. For example, some
models see Power-to-X (PtX) technologies, i.e. the conversion of electricity
into other energy commodities, as an integral part for achieving national and
international climate targets, whereas others hardly expect PtX in the energy
system until 2050 (see [7, 8]). In general, varying results can be caused by
either different assumptions with respect to the development of technologies,
or by differences in the general model structure. Moreover, due to a lack of
transparency and standardization in the field of energy system modeling [9],
it is likely that some models might have been less suitable to answer specific
research questions in the first place. We perceive this lack of transparency
as a gap between the modeler’s and the policy-maker’s side.

Consequently, policy-makers should choose models which capture the
characteristics that are relevant for answering a certain policy question. Our
work contributes to solving that problem by linking current energy policy
issues to technical model requirements, hence closing the gap between mod-
elers and policy-makers. The method applied is based on the review and
classification of the salient characteristics of a sample of energy system mod-
els and the clustering of energy policy issues. The considered models cover
different regions of the world in order to provide a holistic overview.

We seek to increase the transparency between policy-makers and mod-
elers, which yields benefits for both: By linking policy issues with model
characteristics, we identify crucial model components that are required to
address specific policy issues. This information helps policy-makers to assess
the ability of models to answer specific policy questions without going into
the technical details of models. In addition, the proposed methods can assist
policy-makers and modeler in identifying potential research gaps. If a lack
of suitable models regarding an urgent policy issue prevails, policy-makers
might consider funding specific model enhancement. Furthermore, the link-
age of energy policy issues with model characteristics will help modelers
recognize their model strengths and weaknesses in relation to the questions
they can answer compared to other state-of-the-art models. Our findings
can also support energy modelers in tailoring their models to the underlying
issue in order to avoid misspecified models.

This paper sets a focus on models for electricity markets in the light of
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low-carbon policies. We follow a tripartite analysis, which is organized as
follows:

Firstly, a classification system is developed that enables us to compare
a large variety of model types while preserving a high level of detail with
respect to model characteristics. In order to create a classification system
that is capable of reflecting all relevant model specialties, a thorough review
of existing approaches from the literature is conducted in Section 2. Building
on this, we propose a novel model classification framework in Section 3 and
apply it to a large sample of relevant energy models whose selection was
validated by external modeling experts.

Secondly, we develop a method to cluster the diverse issues with respect to
the decarbonization of energy systems into a multi-level classification system
in Section 4. For this purpose, the paper reviews a range of publications
and identifies key policy questions. Then, we link policy questions with the
model characteristics. This is done by identifying the technical minimum
requirements of models for a sample of energy policy questions in order to
create an interface between the policy-maker’s and the modeler’s perspective.

Thirdly, we develop a metric to measure the suitability of energy models
for answering particular energy policy questions in Section 5. By applying
the metric to our set of models and policy questions, we can reveal strengths
and weaknesses of existing energy models. A second metric distinguishes
between model features that are state-of-the-art, and others which are rather
underrepresented in existing energy models.

Throughout the process, we collect and integrate feedback on our analysis
from a group of energy modeling and policy experts. Finally, the paper closes
with conclusions in Section 6.

2. Literature review

As described in the previous section, the population of models has become
more heterogeneous with respect to the model specializations. Over the last
few decades, the development of system tools for the modeling of energy
issues has been seen as crucial [10, 11]. In the following, we review literature
on possible classification schemes for energy system models, which allows
us to derive a classification fitting the linkage of model features and energy
policy questions. The existing model comparison literature can be divided
into four categories:
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• Category A Creating an overview of models by describing the model
structure and the conducted studies. (Focus: model description)

• Category B Creating an overview of models by developing a classifi-
cation scheme either through the combination of existing schemes or
through the introduction of new ones. (Focus: classification scheme)

• Category C Comparing models based on a classification scheme and
identifying their field of use or rating them for different fields. (Focus:
identification of field of use)

• Category D3 Comparing models based on a classification scheme in
order to identify a set of suitable models for a given issue. (Focus:
identification of suitable models)

Almost none of the reviewed contributions contains elements of just one
of these categories. Hence, a combination of categories is common, ranging
from two to three categories per source. Parts of the reviewed literature do
not aim at the definition of a classification scheme. Therefore, we do not
emphasize the main contribution of these papers, but rather focus on the
insights that are relevant to model classification approaches.

In summary, both, older and more recent literature, use a combination
of criteria that are related to the structure and the underlying mathematical
approach of the models as well as criteria that are related to the intended
purpose and the field of use. During the review, we observed that the se-
lection of these quantitative and qualitative criteria depends on the scope
and goals of each individual study. Hence, older and newer contributions
are equally important to the identification of a suitable model classification
scheme. In the following, we present the literature in a chronological order4,
sorted from the past to the present. Finally, Table 1 summarizes the key
aspects of the literature review.

3 This category may also be defined as a subcategory to C. Nevertheless, we want to
distinguish between those two categories because the scope of category C is much wider.

4 The preferred order to sort the literature would be “type of models analyzed” or
“type of classifications used”. Both sorting approaches are not possible, because no “type”
of model can be determined without a universal classification scheme and the identified
classification criteria overlap strongly.
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van Beeck [12] presented a classification of energy models that aimed at
local energy planning in developing countries. The author proposes a classi-
fication scheme to provide insight in the differences and similarities between
energy models and, thus, facilitates the selection of the suitable energy mod-
els. A descriptive review of the (in their view) most relevant publications in
the field of electricity market modeling is presented by Ventosa et al. [13].
A total of 36 models are categorized among three major trends: unit com-
mitment optimization models5, market equilibrium models, and simulation
models. Jebaraj and Iniyan [14] published a broad overview of models as of
2005. It covers different types of models, containing energy planning models,
energy supply-demand models, forecasting models, renewable energy mod-
els, emission reduction models, optimization models, as well as models based
on neural network and fuzzy theory. They identified important factors that
are either incorporated in the objective function or as constraints and linked
them to specific topics.

Möst and Keles [15] presented a review and classification of stochastic
models especially dealing with price risks in electricity markets. Moreover,
the interaction between energy prices and technology choice are analyzed. In
the same year, Connolly et al. [16] analyzed 37 models (chosen and catego-
rized based on a survey) according to their suitability to assess the integration
of RES into energy systems. The models were categorized among their type
and other characteristics, aiming to enable decision-makers at picking the
most suitable model based on specific objectives. They distinguish the ob-
jectives by the type and scope of the underlying energy system, ranging from
the analysis of a single unit up to the analysis of the whole energy system.
It was shown that depending on the formulated objective, different tools are
most suited for the analysis. Bhattacharyya and Timilsina [17] conducted a
systematic comparative approach of ten energy system models. The purpose
was the identification of suitable models to evaluate environmental policies
of developing countries. They emphasized that most models are unable to
capture certain aspects of developing countries such as non-monetary trans-
actions6. Foley et al. [19] described the changing role of electricity system

5 The source uses the term “single-firm optimization models”. In the context of other
model classification terminology, this translates to unit commitment models for a single
actor in the electricity sector.

6 Shukla [18] discusses the differences between modern western markets and markets
of developing countries. In-kind payments are mentioned as an example for the “informal
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models due to the unique requirements of liberalized markets. The trading of
emission certificates and the rising share of RES were also identified as fac-
tors which increase the complexity of the modeled system. Seven electricity
system models are described in detail, providing information on which model
is best-suited to analyze different aspects of the electricity system. Bazmi
and Zahedi [20], however, focus in their study mainly on the power sector
and optimization techniques. They emphasized the effectiveness of modeling
for policy-makers in assessing different policies in the power supply sector.
In Deutsch et al. [21], several energy system models are compared in the
context of energy scenario analyses. They concluded that further efforts are
necessary for the definition of a suitable classification scheme.

DeCarolis et al. [22] reviewed twelve models7 with respect to their trans-
parency. The paper suggests that in most cases, replication of model re-
sults is currently impossible. Timmerman et al. [23] carried out a review
to identify energy models suited for modeling the energy system of an in-
dustrial park. The energy model classifications were screened for adequate
model characteristics and accordingly, a confined number of models was se-
lected and described. Pfenninger et al. [6] analyzed models which are known
to be relevant for energy policy analyses. They identified four key model
groups, namely energy system optimization models, energy system simula-
tion models, power system and electricity market models, and qualitative
and mixed-method scenarios, and categorized their models accordingly. For
each group, key challenges were identified and development recommendations
were proposed. Després et al. [24] presented a detailed typology and applied
it to compare five models with regard to their representation of power sector
characteristics. Hall and Buckley [25] proposed a model classification scheme
to facilitate model comparison. Based on the UK model landscape and the
appearances of models in the literature, 22 models were classified exemplary.
Mahmud and Town [26] did a review of computer tools for modeling electric
vehicle energy requirements and their impact on power distribution networks.
They reviewed 67 models to facilitate a selection of the most suitable tools for
specific tasks. Olsthoorn et al. [27] reviewed 15 models to integrate storage

sector” of developing countries.
7 DeCarolis et al. [22] use the term “energy economy optimization (EEO) models”.

Subcategories of EEO models are defined as “computable general equilibrium (CGE) and
technology explicit, partial equilibrium (TE/PE) models”, whereas we would translate the
TE models as “energy system models” in the context of this article.
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and RES into district heating systems8. Current modeling methods are fur-
ther compared with respect to computational limitations, level of precision,
and implementation of uncertainty.

This literature review serves as a basis for the development of a suitable
model classification scheme for the purpose of creating the linkage between
modelers and policy-makers. A list including the literature summary and
their respective allocation into categories is presented in Table 1. The model
classification scheme presented in Section 3 is based on information from
literature belonging to both category A and category B.

In categories C and D, models are classified according to their field of
use and/or to their specific issue. Thereby, they are regarded as static tools
which are not subject to change, a means for an inherent purpose. In contrast
to these categories, the method we propose acknowledges that models evolve
and can be used for different purposes. Similar to literature from category
A and B, we created a classification scheme which can describe the model
landscape transparently, based on their structure and their smallest compo-
nents: the model features. Hence, the applicability of the models is based on
the individual model features and not on the model as a whole, static entity.
This makes our approach much more flexible, because all models which can
be broken down to the set of criteria, we defined in Section 3, can be easily
included into our comparison.

Table 1: Overview of the reviewed literature.

Reference A B C D Relevant goals or results

van Beeck [12] X X x X Classifies models in order to identify the most
suitable ones for local energy planning for re-
gions experiencing rapid development.

Ventosa et al.
[13]

X X X x Identifies electricity market modeling trends by
classifying and characterizing the modeling ap-
proaches. Also makes qualitative statements
for the strengths of those approaches.

Continued on next page

8Although heating is not in the focus of our work, the models analyzed by the men-
tioned study mostly include energy system models which are also used for analyses in the
electricity sector.
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Table 1 – Continued from previous page

Reference A B C D Relevant goals or results

Jebaraj and
Iniyan [14]

X x X x Identifies field of use for different types of en-
ergy system models.

Möst and Keles
[15]

X X X x Overview and classification of stochastic mod-
els for price risks in electricity markets.

Connolly et al.
[16]

X x x x Guideline on how to find the ideal energy tool
for RES integration. Concludes that classifying
by field of use is the most promising approach.

Bhattacharyya
and Timilsina
[17]

X X x X Reviews energy system models regarding their
suitability for policy analysis in developing
countries. Makes qualitative statements.

Foley et al. [19] X x X x Identifies suitable model approaches for the
new challenges of liberalized markets.

Bazmi and Za-
hedi [20]

X x x x Summarizes literature regarding energy system
modeling.

Deutsch et al.
[21]

X X X x Compares models for scenario analyses and dis-
cusses the strengths of the models.

DeCarolis et al.
[22]

X x X x Enhances transparency of energy economy op-
timization model results based on their model-
ing approaches.

Timmerman
et al. [23]

X x x X Uses an existing classification scheme in order
to identify the best suitable model for low car-
bon business parks.

Pfenninger
et al. [6]

X X X x Identifies four key classification criteria out of
the numerous existing classification schemes.
Also rates the modeling approaches in regard
to their suitability for current and future issues.

Després et al.
[24]

X X X x Develops a new classification scheme applica-
ble to both power sector models and long-term
energy system models.

Hall and Buck-
ley [25]

X X X x Systematic review of literature and policy pa-
pers since 2008. Compares all available energy
system models with an appropriate classifica-
tion scheme.

Mahmud and
Town [26]

X x X x Analyzes and identifies modeling tools for the
integration of electric vehicles into the electric-
ity grid.

Continued on next page
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Table 1 – Continued from previous page

Reference A B C D Relevant goals or results

Olsthoorn et al.
[27]

X X x x Compares existing computer tools for RES and
storage integration and defines categories for
the different models.

3. Model comparison method

Within this paper, a classification scheme for energy system models is
developed. The aim of this framework is to provide a structured evaluation
tool to facilitate the selection of suitable models for investigating specific
research questions. The set of model comparison criteria is presented in the
subsequent Section 3.1. The selection of models is described in Section 3.2.
The evaluation is then applied in Section 3.3 within a two-step process, which
comprises a first evaluation followed by a review in order to limit human error.

3.1. Set of model comparison criteria

The existing literature offers several different sets of criteria to classify
and compare energy system models. The criteria used range from technical
descriptions of the model type to detailed model characteristics like the rep-
resentation of specific power generating technologies. Nevertheless, to meet
the challenges which are present in current and future energy markets and to
cover several issues connected to the future development, an adapted classi-
fication scheme is needed. We base our criteria catalog on the work of Hall
and Buckley [25] since this framework already contains most aspect that are
relevant to capture the general structure of models. Yet, in contrast to Hall
and Buckley [25], the selection of criteria was expanded by a number of as-
pects in order to account for important issues with respect to future energy
markets. The complete list of criteria is presented in Figure 1.

In this context, Pfenninger et al. [6] formulated four structural changes for
energy system modeling, including responsive demand, intermittent supply,
distributed energy generation, and spatially varying potential of RES. These
changes lead to the following challenges to energy system modeling: (1) re-
solving details in time and space, (2) balancing uncertainty, transparency
and reproducibility, (3) developing methods to address the growing complex-
ity of the energy system, and (4) integrating human behavior, social risks,
and opportunities.
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Programming technique

Analytical method

Representation of uncertainty and risk Representation of acceptance

Endogenous features

Model perspective

Model-Theoretic Specifications

Thermal generation technologies Details of thermal generation

Costs included Renewable generation technologies

Representation of time Time horizon

Spatial coverage* Spatial resolution

Detail of Modeling

Storage technologies Details of storage modeling

Detail of grid modeling

Energy sectoral coverage Demand representation

Represented markets Policy constraints

Market Representation

General purpose Specific purpose* Transparency

Model name* Institution* Release date*

General Information

Model specialties*

Figure 1: The model criteria grouped into four main categories. Criteria followed by an
asterisk (*) correspond to open questions.
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We grouped criteria into the main categories model-theoretic specifica-
tions, detail of modeling, market representation, and general information.
Regarding the first one, model-theoretic specifications, we include three addi-
tional criteria compared to Hall and Buckley: key endogenous features of the
model, the representation of uncertainty and risk, and the representation of
acceptance. The set of endogenous variables mainly characterizes the adjust-
ment pathways resulting from a model. Hence, it is crucial to differentiate
which elements of the energy system are in its (partial) equilibrium state for
a given model9. Hall and Buckley [25] cover the aspect of uncertainty in a
criterion describing the underlying methodology, e.g. whether the model fol-
lows a stochastic approach. Nevertheless, representation of uncertainty and
risk is included as an explicit criterion, which emphasizes its importance in
line with challenges formulated by Pfenninger et al. [6]. A similar approach
was applied by Cao et al. [28], who introduced “uncertainty considerations”
as an issue of their catalog. As of the representation of acceptance, it ad-
dresses the last challenge that Pfenninger et al. [6] mentioned regarding the
integration of human behavior, social risks, and opportunities.

Concerning the detail of modeling, an important issue addressed by Pfen-
ninger et al. [6] is the high penetration of electricity from non-reliable and
intermittent renewable energy sources, which results in the further need for
energy system models with a high spatial and temporal resolution and an ex-
tended representation of flexibility options. Therefore, we describe the spatial
properties not only with the spatial coverage of the modeled region, but also
with the spatial resolution, which represents the granularity of the model.
Moreover, different models might represent included technologies and their
respective costs at varying levels of detail. We captured these differences with
the criteria “included costs” and “included technologies”. In contrast to Hall
and Buckley [25], thermal generation technologies are mentioned explicitly,
besides RES technologies and storage technologies. Since for many research
questions a very detailed representation of those generation technologies is
necessary, we further introduce the details of thermal generation and details
of storage modeling as criteria. Examples for the former are partial efficien-
cies, cross-time-step restrictions or time-dependent availabilities, whereas the
latter include the power capacity, the reservoir capacity, additional inflows,

9 Partial equilibrium models are understood as models that cover only a strict subset
of all sectors of an economy.
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and storage losses. The necessity for analyzing single models with respect
to these two criteria follows directly from the increasing market penetration
of intermittent renewable energy sources, addressed above. The respective
uncertain generation patterns result in increased flexibility requirements for
dispatchable generation technologies. Another criterion in this section is the
represented detail of grid, as also applied by Després et al. [24]. Whereas styl-
ized energy market models might not incorporate the grid at all, for other
approaches, as dispatch models or congestion modeling, a high resolution of
the grid with differentiation between DC and AC load flows might be neces-
sary. Additionally, this aspect is also relevant for representing the growing
complexity of the energy system [6].

For the market representation, besides energy sectoral coverage and de-
mand representation [25], we include policy constraints to analyze whether
the models are able to include policy instruments like emission constraints
or quota for RES. A similar approach was applied by Bhattacharyya and
Timilsina [17] who grouped models with regard to their capability to analyze
price-induced (e.g. feed-in tariffs) or volume-induced policies (e.g. technol-
ogy quotas). Furthermore, we evaluate models according to the represented
markets: spot markets, future markets, balancing markets, and capacity
markets. On the one hand, this is again motivated by the increasing rele-
vance of auxiliary services to facilitate the integration of renewable energy
sources. On the other hand, the well-known missing money problem in power
markets induces the importance of additional revenue sources for generation
assets [29].

Finally, we also collect the general information on models within this
analysis. Compared to Hall and Buckley [25], we added two criteria, namely
transparency and model specialties. The transparency of a model is defined
as the availability of the model to the public with respect to the source
code, the used data, as well as the description of all equations. Yet, due to
limited transparency of models and, in addition, the difficult interpretation
of publicly available information in the context of the rising complexity of
models, information on the validation of models might be more useful in the
end. Similarly, Pfenninger et al. [6] address the issue of validation of energy
system models, due to a widespread lack of transparency and/or accessibility.
A comparable criterion was implemented by Connolly et al. [16]. Moreover,
the importance of transparency was further emphasized by Cao et al. [28],
who developed an extensive transparency checklist to guide authors of energy
scenarios to a higher level of transparency.
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The model specialties are an uncommon criterion in the literature so far.
It is intended to describe properties and applications of the model, which
are unique, or distinguish it from other similar models, and thus, helping to
identify suitable models for specific research questions. Yet, the criteria that
belong to this category are not considered in the comparison of model capa-
bilities that is conducted within this analysis. The information on general
properties is rather collected for reasons of transparency and documentation.

3.2. Sample of analyzed models

For the purpose of this paper, a sample of 40 energy system models was
chosen10. The aim was to find a suitable set, covering a high diversity of
different regions11 and applications (e.g. simulation or optimization models),
and including a large fraction of the most popular models applied in the lit-
erature. This analysis looks exclusively at large scale (i.e. great number of
constraints), numerical, partial equilibrium models. Hence, we neglect ana-
lytical models that allow for deriving equilibrium conditions or even closed-
form solutions without the quantification of parameter values. Yet, the high
number of applied energy system models and varying availability of model
characteristics hardly allow for an objective selection of models. Hence, we
selected models by means of a sequential process. At first, we compiled a
list of around 50 well-known and applied energy system models. In a sec-
ond step, a group of external experts12 provided feedback on this list, which
was then used to define the final sample of models that is shown in Table 2.
The models were analyzed with respect to their characteristics based on the
information available as of March 31, 2017.

10 For model frameworks, an existing model was chosen in order to make the comparison
possible.

11 Twenty-five models and model frameworks (62.5%) focus on regions within Europe
only. Of the remaining, at least twelve (30%) have been used for developing countries.
There are six models (15%) with a global coverage.

12 We want to thank Paul Deane, Steven Gabriel, Rolf Golombek, Josiah Johnson,
and Katrin Schaber for providing us with very valuable feedback on the list of models.
More precisely, we asked the experts the following two questions with respect to the initial
sample of models: ”Are there models missing that play an important role in energy-system
modeling at the moment?” and ”Does the list contain models that are outdated and do
not represent the current state-of-the-art methodology?”. The expert opinions only led to
additions to the list of models.
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Table 2: Overview on sample of models.

Acronym Model Full Name Host Institution Ref.
Balmorel A Model for Analyses of the Elec-

tricity and CHP Markets in the
Baltic Sea Region

Elkraft System [30]

DESSTINEE Demand for Energy Services,
Supply and Transmission in Eu-
rope

Imperial College London [31]

DIETER Dispatch and Investment Evalu-
ation Tool with Endogenous Re-
newables

German Institute for Economic Research,
Berlin

[32]

DIMENSION A Dispatch and Investment
Model for European Electricity
Markets

ewi Energy Research & Scenarios [33]

Dispa-SET
2.0

Unit commitment and power dis-
patch model

Institute for Energy and Transport, Joint
Research Centre

[34]

E2M2s European Electricity Market
Model

Institute of Energy Economics and Rational
Energy Use (IER), University of Stuttgart

[35]

ELMOD Spatial Optimization Model of
the Electricity Sector

DIW Berlin [36]

Eltramod Electricity Transshipment Model Chair of Business Management, esp. Energy
Economics, TU Dresden

[37]

EMCAS Electricity Market Complex
Adaptive System

Argonne National Laboratory [38]

EMLab Energy Modelling Laboratory TU Delft [39,
40]

EMMA European Electricity Market
Model

Potsdam Institute for Climate Impact Re-
search / Neon Neue Energieökonomik

[41]

EMPIRE European Model for Power Sys-
tem Investment with Renewable
Energy

Norwegian University of Science and Tech-
nology

[42]

EnergyPLAN Aalborg University [43]
EU-
REGEN

EU Regional Economy, Green-
house Gas, and Energy Model

ifo Institute [44]

evrys – Chair of Renewable and Sustainable Energy
Systems, Technical University of Munich

[45]

GENESYS Genetic Optimization of a Euro-
pean Energy Supply System

RWTH Aachen University [46]

Haiku Electricity Market Model Resources for the Future [47]
HECTOR Hourly Electricity, CCS and

Transmission Optimizer
Institute for Future Energy Consumer Needs
and Behavior, RWTH Aachen University

[48]

IKARUS Institute of Energy Research at Research
Centre Juelich

[49]

LEAP Long-range Energy Alternatives
Planning System

Stockholm Environment Institute [50]

LIBEMOD Liberalisation Model for the Eu-
ropean Energy Markets

CREE Frisch Centre [51]

LIMES-EU Long Term Investment Model for
the Electricity Sector of Europe

Potsdam Institute for Climate Impact Re-
search

[52]

MARKAL/
TIMES

Market Allocation Model/The
Integrated MARKAL-EFOM
System

Energy Technology Systems Analysis Pro-
gram, International Energy Agency

[53]

MESSAGE Model for Energy Supply Strat-
egy Alternatives and their Gen-
eral Environmental Impact

International Institute for Applied Systems
Analysis

[54,
55]

Continued on next page
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Table 2 – Continued from previous page
Acronym Model Full Name Host Institution Ref.
METIS Modeling the European Power

System
Directorate-General for Energy of the Euro-
pean Commission

[56]

MultiMod German Institute for Economic Research,
Berlin

[57]

NEMO National Electricity Market Op-
timiser

Centre for Energy and Environmental Mar-
kets, University of New South Wales

[58]

NEMS National Energy Modeling Sys-
tem

U.S. Energy Information Agency [59]

OSeMOSYS Open Source Energy Modeling
System

KTH Royal Institute of Technology [60]

PERSEUS Program Package for Emission
Reduction Strategies in Energy
Use and Supply

Institute for Industrial Production, Karl-
sruhe Institute of Technology (KIT)

[61,
62]

PLEXOS Integrated Energy Model Energy Exemplar [63]
POLES Prospective Outlook on Long-

term Energy Systems
EDDEN laboratory, University of Grenoble-
CNRS

[64,
65]

PRIMES Price-Induced Market Equilib-
rium System

Energy-Economy-Environment Modelling
Laboratory (E3MLab), National Technical
University of Athens

[66]

PyPSA Python for Power System Anal-
ysis

Frankfurt Institute for Advanced Studies [67]

REMix Renewable Energy Mix Institute of Engineering Thermodynamics,
German Aerospace Centre

[68,
69]

REMod-D Renewable Energy Model -
Deutschland

Fraunhofer Institute for Solar Energy Sys-
tem

[70]

stELMOD Stochastic ELMOD German Institute for Economic Research,
Berlin

[71]

Swissmod Model of the Swiss Electricity
Market

Research Center for Sustainable Energy and
Water Supply, University of Basel

[72,
73]

SWITCH Solar and Wind energy Inte-
grated with Transmission and
Conventional sources

Renewable and Appropriate Energy Labora-
tory, UC Berkeley

[74]

urbs – Chair of Renewable and Sustainable Energy
Systems, Technical University of Munich

[75,
76]

3.3. Evaluation and results

The set of criteria presented in Section 3.1 are based on either multiple-
choice questions (if the number of possible answers is below ten) or open
questions. Among the multiple-choice questions, some are by definition bi-
nary, whereas others have several possible answers (the different options for
multiple choice questions can be found in Appendix B). Thus, the criteria
can be regarded as subcategories including one or several model features. In
order to improve the processing of information, the different options in the
case of multiple-choice questions are listed separately and a binary evaluation
is applied to them. A “yes” means that the model or the modeling frame-
work has the feature (or is able to include it if it is provided in the data),
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whereas a “no” means that the feature cannot be included without extend-
ing the model. All criteria are analyzed by means of the publicly available
information on the respective model (see references in Table 2).

How-To (1): Model analysis

Consider a generic model Mx. Analyzing the model using a subset of criteria
is done in the following way:

• Representation of acceptance: Model Mx does not take into account
the acceptance of the stakeholders. Since this is a binary criterion, the
answer is simply “no”.

• Detail of grid modeling: This is a multiple-choice criterion. Model Mx

has a simple depiction of the transmission grid (“yes”), but no represen-
tation of the distribution grid (“no”).

• Thermal generation technologies: This is also a multiple-choice crite-
rion. Model Mx is capable of including gas, coal, lignite, combined heat
and power generators, and nuclear power plants (“yes”) but no carbon
capture and storage plants (“no”).

Results indicate that among the 40 models analyzed, it appears that all
of them are able to model the most common conventional and renewable en-
ergy power plants, consider at least pumped-hydro electric storage systems,
model the transmission grid at least as a transportation problem, and are
able to provide the dispatch of the generators and the storage as key en-
dogenous features. Apart from some exceptions, most of the models have a
spatial resolution higher than ten regions/nodes and a temporal resolution of
at least one hour. Models vary with respect to the range of unconventional
technologies they model (CCS, tidal/waves, battery and hydrogen storage,
etc.), the details of thermal generation modeling, the sector-coupling capa-
bilities, the policy constraints they can include, and the markets they can
represent. These aspects in addition to the key endogenous features reflect
the specialties of the models. Almost none of the models considered here
were able to model public acceptance, nor are they usually used to depict
the distribution grid.

This section introduced our approach for analyzing a sample of models
with respect to the criteria presented. The subsequent section aims at the
policy side of this paper and, hence, translates a selection of energy policy
questions into subsets of our model comparison criteria.
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4. Energy policy issues cluster

This section aims at highlighting the policy-maker’s side of the gap in-
troduced in Section 1. The previous section described the methodology for
analyzing energy system models. In order to characterize the policy maker’s
side, an analogous method has to be adopted for energy policy issues. Hence,
this section creates a framework for the categorization of energy policy issue
which captures the broad variety of current energy policy. It will be applied
to select energy policy issues of different categories which will be then used
for a model assessment. Our approach for this section comprises three steps.
First, we describe the method for the categorization of issues and the ter-
minology we use. Then, we highlight some of the identified categories (a
complete description of all categories can be found in Appendix A). At the
end, we link exemplary policy issues to model requirements.

The common component of all reviewed energy system models is the
electricity sector. Thus, in this paper, only a subset of energy policy issues
is taken into account for the description of the policy-maker’s side. The
approach for defining the scope of issues includes the review of existing pub-
lications that analyze pathways for the decarbonization of energy markets.
A variation of the scope either on the modeler’s or the policy-maker’s side is
of course possible.

4.1. Method and terminology of the energy policy issues categorization

The process of characterizing current major energy policy issues consists
of three steps. Firstly, a literature review is conducted to gather keywords
related to energy policy issues. Therefore, existing model-based analysis
on energy policy questions have been reviewed13. The review includes the
extraction of keywords describing the energy policy issues tackled by the
publications. Secondly, similar keywords from the first step are clustered
together in such a way that they are easily linkable to model features. This
model-oriented clustering approach leads to the Energy Policy Issues Cluster
(EPIC) depicted in Figure 2. This novel approach allows us to bridge the

13 More precisely, we reviewed 97 publications of public and private research institutes
with a technical and/or economic focus. Publication dates start from 2009 on in order to
capture the most recent energy policy issues. All publications include a model-based anal-
ysis with energy system or energy market models, which at least comprise the electricity
sector.
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existing gap between modelers and policy-makers. Lastly, we formulated 12
research questions which are presented in Table 3 that capture one or multiple
energy policy issues.14 The assessment of models (later in Section 5) is based
on their capabilities of answering those questions.

The EPIC consists of different components, which are described in more
detail in Section 4.2. A research question addresses one or multiple energy
policy issues, where issues have three dimensions: the object dimension (blue
columns in Figure 2), the evaluation perspective dimension (green bars) and
the framework conditions (yellow background). The first dimension refers
to the possible model extensions, whereas the second dimension can be in-
terpreted as the observed outcomes. Moreover, the object dimension can
be further split into instruments and energy system design. The individual
columns and bars in the cluster are the issue categories. A specific policy
issue is located at the intersection of two categories.

4.2. Description of the cluster

The EPIC is developed in order to derive model requirements from energy
policy issues. Modelers can derive model requirements for specific research
questions, but this information is not generic enough to transfer it to other
research questions. The cluster is designed in such a way that policy-makers
and modelers can easily identify the core components of any given research
question. This allows both sides to identify suitable model configurations
for any research question. The following subsections will describe the EPIC,
which is presented in Figure 2.

4.2.1. Object dimension

The object of an issue is the element being analyzed. We identified two
major types of objects: instruments and energy system design. On the one
hand, energy system design describes the structure of the analyzed energy
system at fixed points in time. Instruments on the other hand, describe
the regulatory options that affect the development of energy systems. We
will first describe the instruments and then the energy system design in the
following.

14 The research questions are exemplary questions selected to represent the variety of
issues captured by the EPIC. They do not necessarily describe research question actually
tackled in the reviewed publications. However, because they are derived from keywords of
recent publications, they still represent the current issues.
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The categorization of instruments is based on a structure used by Fais [77]
and by Beestermöller [78]. Although various other categorization schemes
exist in the literature, some of them do not cover all the relevant instruments
like Batlle et al. [79] or utilize a structure that is less compatible to the
structure of our models like in Mickwitz [80] or Böcher [81].

The main concept of our model-oriented clustering approach can be ex-
plained by means of the following example with the keywords tax incentives
for RES and volume-controlling instruments (e.g. EU ETS). Both belong to
the instruments of the object dimension, but are assigned to different cate-
gories. Similarly to Beestermöller [78], we assigned tax incentives for RES
into the category promotion of investments because those instruments are
modeled as reduced investment costs and are therefore implemented in the
investment option tables of the models. EU ETS is a market-based instru-
ment and is treated in a different way by the models. One way for modeling
the EU ETS market in linear bottom-up models would be the introduction
of an additional CO2-constraint. Thus, the inclusion of this type of feature
aims not at the input side of the model, but rather on the set of its con-
straints, which clearly distinguishes it from tax incentives. The presented
categorization scheme is designed to fit different model types.

The second type of object categories is the energy system design. This
group focuses on the technical aspects of the energy system. Research ques-
tions such as “Can the integration of the heat sector provide the flexibility
which is needed in a highly decarbonized energy system?” can be assigned
to this type of objects. Our literature review resulted in the following ob-
ject categories: “Electricity sector configuration”, “Sectoral integration”, and
“Regional integration”. Similarly to the instruments, these categories are
chosen having the structure of energy system models in mind. Additional
sectors and the regional perspective require a different set of equations and
adjustments to the resolution (e.g. the number of regions). Those categories
are easily identifiable in research questions as well as in the model structure.
Therefore, topics regarding the electricity sector configuration, further en-
ergy sectors, and the regional integration can be grouped into one of these
three categories.

4.2.2. Evaluation perspective

The horizontal bars of the cluster (see Figure 2) describe the evaluation
perspective. We use the same understanding for the terminology of “evalua-
tion perspective” as PSC [82]:
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The subject of an evaluation [...] may be [...] a system [or a]
policy [...]. Evaluation perspectives point to the main focuses of
an evaluation.

The majority of models comprised in our sample minimizes the total sys-
tem cost15 of the modeled electricity system and, if not configured otherwise,
usually provide results affiliated to the evaluation perspective “system costs”.
This kind of models are not limited to this category and, hence, can be used
for other evaluation perspectives as well.

4.2.3. Framework conditions

The framework conditions can be interpreted as a third dimension inter-
secting with each energy policy issue. For purposes of simplicity, they are
depicted as a yellow background in Figure 2, which is present at every in-
tersection. We found that framework conditions have a high impact on the
amount of calculations, but little connection to the model requirements. An
exemplary issue assigned to the group framework conditions could be the
analysis of different price scenarios. A modeler would interpret this problem
as an input parameter variation, hence it has no particular model require-
ments. Nevertheless, the analysis of different price scenarios for instance is
a common keyword found in the reviewed literature. We conclude that en-
ergy policy issues containing additional framework conditions do not impose
additional model requirements.

The analyzed research questions and their location in the EPIC can be
found in Table 3. We validated the completeness of the cluster through
literature review and expert opinions16. As an example, the work of Fischer
et al. [83] has been used to test the cluster. The authors identified the
five most pressing energy-transition-related issues of Germany by analyzing
stakeholder workshops, surveys and keyword searches of academic literature.
Four of them, which can be addressed with electricity system models, can be
assigned into the EPIC.

15 Note that the objectives of cost minimization or welfare maximization lead to different
objective functions, yet, in the case of inelastic demand, the outcomes are equivalent.

16 We want to thank Alexander Zerrahn (DIW Berlin, research associate, energy and
environmental economics) and Philipp Kuhn (Technical University of Munich, lecturer,
energy system modeling) for their expert opinion on the energy policy questions introduced
in this section.
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Table 3: Research questions used.

Research Question Issues

Q1 Which cost-optimal charging strategies guarantee a
safe operation of the electricity grid?

ES.SC; ES.SR; SI.SC;
SI.SR

Q2 What is the cost-efficient technology mix (e.g.
investment in energy efficiency, sector coupling,
renewable-based heat supply) for decarbonizing the
heat sector?

SI.SC; SI.SR; SI.EI

Q3 Can heat storage units provide large-scale bulk elec-
tric storage in the future?

SI.SR; SI.SC; ES.SR;
ES.SC

Q4 What are the impacts of smart grids on the conven-
tional market structure?

MI.SC; RI.SC; SI.SC;
MI.SR; RI.SR; SI.SR

Q5 How should sector-specific CO2 targets be defined to
minimize CO2 abatement costs?

CC.SC; SI.CC

Q6 How much can distributed RES generators (espe-
cially wind and PV) contribute to firm energy in
energy systems with high shares of RES?

RI.SR; RI.EI; ES.SR;
ES.EI

Q7 What is the effect of zonal pricing on the location of
new power plants and re-dispatch costs?

MI.DE; MI.SC; ES.SC

Q8 What are the consequences of an increasing share of
prosumers on the different levels of the grid infras-
tructure?

RI.SC; RI.SR

Q9 Which lock-in effects can result from investment in-
centives in specific technologies in the heating sector?

PI.PD; SI.PD

Q10 How does the share of self-consumption, support
scheme and technology costs impact new investments
into decentralized technologies?

PI.PD; PI.DE; SI.PD;
MI.DE; MI.PD;
ES.PD

Q11 What is the long-term effect of an incomplete utiliza-
tion of the energy efficiency potential due to overes-
timated effects of voluntary obligations and informa-
tion policy?

SO.PD; ES.SC; RI.SR

Q12 How does the cost-optimal grid expansion deviate if
acceptance is taken into account?

ES.SC; ES.AC; ES.SR
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4.3. Policy questions analysis

Finally, the same criteria as in Figure 1 are now combined with the policy
research questions listed in Table 3 in order to determine the importance
of a particular model features for answering each of these questions. For
that purpose a two-step process involving a first evaluation and a review was
adopted. Furthermore, the evaluation of features distinguishes between three
levels of importance:

• Mandatory features are the model features required in a minimalistic
model that can provide an acceptable answer to the policy question.

• Complementary features are the model features that can comple-
ment the model, but whose absence does not alter the results too much
in regard to the given policy question.

• Facultative features are the model features that do not affect the
results in regard to the given policy question (or only affect them
marginally), and can therefore be ignored.

24



How-To (2): Policy questions analysis

Consider the question Q12: “How does the cost-optimal grid expansion deviate
if acceptance is taken into account?”. Analyzing the policy question using a
subset of criteria is done in the following way:

• Representation of acceptance: This model feature is required to answer
the policy question Q12, so it belongs to the set of mandatory features.

• Detail of grid modeling: Usually, the lack of acceptance hinders or delays
the construction of new overhead transmission lines. The distribution
grid being mostly underground, its expansion is usually not affected
by the acceptance. Thus, the depiction of the transmission grid is a
mandatory feature, whereas the representation of the distribution grid
is a facultative feature.

• Thermal generation technologies: Conventional power plants should be
included to obtain a realistic power flow, yet this is not the main goal
of the study. Besides, no single technology is particularly crucial: the
modeling of two or three technologies among gas, coal, lignite, combined
heat and power generators, and nuclear power plants should be sufficient.
Hence, they belong to the complementary features. The CO2 emissions
are probably not relevant for Q12, so the modeling of carbon capture
and storage plants is rather a facultative feature.

For most of the policy questions listed in Table 3, the evaluation showed
that the generation and storage dispatch (endogenous features), the storage
characteristics (charging/discharging capacity and storage capacity), renew-
able energy generation technologies (photovoltaics, wind, biomass), batteries,
and costs (investment, fixed, variable, fuel) are usually mandatory features.
This is not surprising, as many policy questions address the challenges of in-
tegrating variable renewable energy generation while maintaining some flex-
ibility.

The set of facultative features comprises some endogenous features (tech-
nological learning, market prices, emission rates and prices), some repre-
sented markets (capacity markets, futures), some policy constraints (CO2-
budget, RES-quota), details of storage modeling (additional hydro inflow),
and two renewable generation technologies, namely wave and tidal. There are
several reasons why these features were usually considered optional. First,
the endogenous features, the represented markets, and the policy constraints
are “special” features that are only needed in particular case studies. This
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correlates with the observation made in Section 3: only a few models have
implemented them, thus they reflect the specialties of the models. Second,
a shift of interest from conventional energy storage technologies (hydro) to
batteries might be the reason behind the lack of interest in modeling the
additional hydro inflow. Third, technologies that currently have a negligible
contribution to the power system such as wave and tidal can be ignored in
most policy studies, unless they are the focus of these studies.

All in all, most features tended to one of the three levels of importance
(mandatory, complementary, facultative), and only a few features were evenly
split between them. This highlights the need for a variety of models to answer
a wide range of policy questions with different requirements. Whether the
models are able to cover the whole range will be discussed in the following
sections.

5. Closing and quantifying the gap

After presenting the model comparison method in Section 3 and the EPIC
in Section 4, the next step is to link the models and the energy policy issues
with each other. With the creation of this linkage, we close the gap between
the modelers and the policy-makers. Two metrics are introduced to quantify
the gap between models and policy questions. The results are then discussed
and discrepancies between the models and the policy questions are identified.

Since only a small set of policy questions and a limited number of models
is analyzed, the conclusions from this section cannot be generalized. However,
the underlying method for creating the linkage and quantifying the gap can
be applied to a wider range of models and questions. The main purpose
of this section is therefore to illustrate this method that can be applied by
policy-makers and modelers.

5.1. Linkage and gap quantification

Section 3.3 analyzed the capabilities of the models, whereas Section 4.3
gave an insight on which features are required to answer certain policy ques-
tions. The purpose of this section is to link the models to the policy ques-
tions and determine whether they fulfill the requirements for answering them.
Therefore, a metric is introduced in order to quantify the gap between each
model m and each policy question q. The model-question gap dm,q is defined
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as follows:

dm,q = 1− 2 · |Sq
++ ∩ Sm|+ |Sq

+ ∩ Sm| − 2 · |Sq
++ ∩ Sm|

2 · |Sq
++|+ |S

q
+|

(1)

where Sq
++ denotes the set of mandatory features for a question q, Sq

+ the
set of complementary features for a question q, Sm the set of implemented
features in model m, and Sm the features that are not available in model m.

There is no gap if the model has all mandatory and complementary fea-
tures (dm,q = 0). The gap widens greatly if mandatory features are miss-
ing (hence the term −2 · |Sq

++ ∩ Sm|), and to a lower extent if complemen-
tary features are not implemented. The largest possible model-question gap
(dm,q = 2) occurs when neither mandatory nor complementary features are
available in the model. Notice that a sophisticated model with a huge number
of features has no advantage over a simple model which fulfills the require-
ments for addressing the policy issue, since both of them have a model-
question gap close to zero.

How-To (3): Model-question gap quantification

Consider the generic model Mx, the policy question Q12, and the three criteria
used before (representation of acceptance, detail of grid modeling, and thermal
generation technologies). The model-question gap dMx,Q12 is calculated in the
following way:

• The set of mandatory features has only two elements (representation
of acceptance and of the transmission grid), so |SQ12

++ | = 2. Among

them, only the latter is modeled in Mx, hence |SQ12
++ ∩ SMx | = 1 and

|SQ12
++ ∩ SMx | = 1.

• The set of complementary features has five elements (modeling of gas,
coal, lignite, combined heat and power generators, and nuclear power
plants), so |SQ12

+ | = 5. All of them are modeled in Mx, hence |SQ12
+ ∩

SMx | = 5.

• There are two facultative features (representation of the distribution
grid and the modeling of carbon capture and storage plants). None of
them are available in the model Mx. This set has no impact on the
model-question gap anyway.

All in all, we obtain: dMx,Q12 = 1− 2 · 1 + 5− 2 · 1
2 · 2 + 5

≈ 0.44.
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Besides the model-question gap dm,q that can be used to assess the suit-
ability of a model for answering a policy question, another metric can be
applied to the data to find out the key features that are not widely imple-
mented. This feature gap can be defined as follows:

dM,Q
f =

∑
q∈Q |S

q
++(f)|

|Q|
−

∑
m∈M |Sm(f)|
|M |

(2)

where dM,Q
f is the feature gap for a given set of models M and policy ques-

tions Q. The first term in the subtraction can be interpreted as the average
importance of feature f for answering the policy questions, whereas the sec-
ond term is the average occurrence of feature f in the models. The gap is
zero if there are enough models that include the feature f given its impor-
tance for the policy questions. If it is negative (−1 ≤ dM,Q

f < 0), then the
share of models implementing f is higher than the share of policy questions
that consider it important. The last case, where 0 < dM,Q

f ≤ 1, is the most
relevant for this study. It highlights the discrepancy between the significance
of a feature for a set of policy questions and the limited number of models
including it.

How-To (4): Feature gap quantification

The feature gap should be used for large sets of models and policy questions.
However, we can still apply the formula in Equation 2 to the model features
used before for M = {Mx} and Q = {Q12}.

• For f = representation of acceptance, the feature gap is critical:

dM,Q
f =

|SQ12
++ (f)|
|Q|

− |S
Mx(f)|
|M |

=
1

1
− 0

1
= 1.

• Detail of grid modeling: dM,Q
transmission = dM,Q

distribution = 0 for different
reasons. The first feature is both mandatory and included in Mx, the
second is neither mandatory nor implemented.

• Thermal generation technologies: For the features gas, coal, lignite, com-
bined heat and power generators, and nuclear power plants, dM,Q

f = −1
because all are implemented but not mandatory. For the modeling of
carbon capture and storage plants, dM,Q

CCS = 0.

5.2. Results and discussion

Equation 1 was first applied on the set of models from Table 2 and policy
questions from Table 3. The performance of the models varies widely for the
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given set of questions, with the most suitable models achieving gaps as low
as 0.02, whereas the worst-case featuring a gap value of 1.18. Looking at
each model separately for the whole set of policy questions, it appears that
some models are well-suited for all questions with an average gap of 0.09,
whereas others, with an average gap of 0.92, are not suitable for answering
any question. These results are a clear reminder that modelers should be
very cautious when choosing an existing model to answer a policy question.
Likewise, policy-makers should not take the suitability of models for granted.
It should be noted that the best-performing models might not be suitable
for answering questions outside of the set in Table 3, and that the worst-
performing ones might have been designed for other purposes.

Nevertheless, the set of policy questions covers a wide range of issues, and
the results reveal the strengths and weaknesses of the models. The difference
between the smallest and the largest gap for a given model m could be as high
as 0.62, and is on average 0.37. This could be explained by the existence of
highly specialized models that have a small gap for only one or two questions
and which tend to perform badly for the rest. Assuming that the policy
questions are representative for the policy issues they belong to, the link
between the models and the issues they specialize in can be established.

The feature gaps for the same sets of models and policy questions show
that there are at least four groups of features that are under-served in the
chosen models. The complete results are available in the appendix (see Fig-
ures C.10 and C.11). An excerpt is reported in Figures 4 and 5.

The largest discrepancies are related to the modeling of (electric) distribu-
tion grids (dM,Q

f = 0.28) and, more broadly, of the load flows (dM,Q
f = 0.23).

Especially the former is missing in most models, with only two models ca-
pable of incorporating distribution grids. One possible solution would be to
encourage modelers to implement these features (through targeted project
funding, for example). However, limited computational capacities and lack
of reliable data on the distribution level might be the reason behind the
absence of the features in the first place. The alternative, which is proba-
bly applied by modelers who attempt to answer policy questions requiring
these two features, is to couple their models with detailed load flow models
with both the transmission and the distribution grid. Thus, to alleviate this
discrepancy, data on distribution grids needs to be made available or to be
created generically, and methods to increase the computational performance
of complex models and to couple them with load flow models need to be
explored.
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Figure 3: The model-question gaps dm,q are displayed for all analyzed models and policy
questions, so that there are twelve gray crosses aligned vertically for each model ID in the
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most compulsory and complementary features, and is high (up to two) if these features are
missing. For the sake of illustration, the model-question gaps are shown for the question
Q12 (green) as well.

The second group of features where discrepancies have been observed
is related to the modeling of the demand as an endogenous key feature
(dM,Q

f = 0.03) and, more importantly, to the long-term demand flexibility

modeling (dM,Q
f = 0.14). These features are of paramount importance when

modeling future scenarios with sector-coupling, yet most analyzed models
are still lagging behind in this regard.

The third group of features concerns the technical flexibility of the en-
ergy system. Only 45% of the analyzed models include batteries as a storage
technology, even though 67% of the chosen policy questions require this fea-
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Figure 4: Average implementation rate and average necessity rate for the features related
to grid and demand representation. The bars are superposed, so that the gray bars are
only visible if the implementation rate exceeds the necessity rate. Otherwise, critical
discrepancies exist and are colored in light yellow.

ture. There is also a high demand for models that include the heat sector
and that are capable of investigating the power-to-heat potential. Moreover,
the flexibility of conventional power plants needs to be assessed more accu-
rately through the modeling of operational costs such as ramping costs and
start-up costs (dM,Q

f = 0.10). Here again, the computational performance is
probably the reason behind the lack of these features. While this is expected
to improve over time, one possible solution in the short term would be to
rely on specialized models (for the heat sector, or for the unit commitment)
and couple them with more general models.

Models not only need to include more flexibility features, they also have
to implement more policy constraints such as market design (dM,Q

f = 0.09)

and RES subsidies (dM,Q
f = 0.05). The demand for these features reflects the

evolution of policy concerns and the trends in the energy systems where more
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market participants are expected, where conventional market structures are
disrupted, and where policy-makers make use of subsidies to reach certain
emission targets. While the RES subsidy is relatively easy to implement, the
market design constraint might lead to a rethinking of how the markets are
modeled in the first place.
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Fuel costs

Fixed O & M costs

Investment costs
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Variable costs
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CO2 trading

RES subsidy

Market design

Average implementation rate

Average necessity rate

Figure 5: Average implementation rate and average necessity rate for the features related
to costs, storage, sector coupling, and policy constraints. The bars are superposed, so
that the gray bars are only visible if the implementation rate exceeds the necessity rate.
Otherwise, critical discrepancies exist and are colored in light yellow.

The feature gap should not disguise the fact that there are always models
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capable of using any of the identified features. The metric is based on the
simple idea that if there are more policy questions requiring a feature, there
should be also more models implementing it. However, this quantitative
approach does not guarantee that the features are well implemented in the
models. Besides, a couple of suitable models might be enough to compare
the results and make robust policy decisions. Nevertheless, we believe that
the existence of a high number of models implementing a feature will lead
over time to the emergence of qualitatively good model implementations.

6. Conclusion and Policy Implications

The transition towards a low-carbon and efficient energy system requires a
regulatory framework which sets the right incentives for stakeholders to align
their behavior with the desired energy system. Due to the liberalization of
energy markets and the coupling of energy sectors, the number of stakeholders
and system operation constraints has increased, leading to an increasingly
complex system. In order to support policy-makers, a wide range of numerical
models have been developed over the last decades.

The primary goal of this paper is to provide policy-makers and energy
modelers with a method on how to identify suitable energy system models for
their policy research questions. Besides, our approach can be used to quantify
the research gap, i.e. the model extensions required to gain adequate insights
for a given research question. One further goal is to help modelers benchmark
their energy system models with other state-of-the-art modeling approaches
and adapt them to the research question requirements.

Starting from an extensive overview of studies on energy system model
comparisons, we derived the conclusion that the existing studies use different
terminologies and classification schemes that are sometimes restricted to cer-
tain model types. Building on the existing studies, we identified model char-
acteristics, which are relevant for both, modelers and policy-makers. Then,
we applied the comparison scheme on a set of 40 wide-ranging models. All
in all, the model characteristics were sufficient to distinguish the models and
to highlight their key features. However, the comparison scheme does not
include any weighting between the criteria nor any qualitative ones (features
are equally weighted). So-called model frameworks or model generators can
only be compared if an actual model is considered, otherwise the results will
be skewed in their favor due to their expandability. Most of the difficulties
faced during the comparison process are caused by a lack of transparency in
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the model descriptions. To ensure the comparability of the models, which is
a necessary condition for the comparability of model results, we recommend
that policy-makers and funding institutions include the model transparency
as a condition for project funding. Documentation standards are also nec-
essary and should comprise the model capabilities in a single model run
objectively.

In a second step, we looked into energy policy classification studies. To
the best of our knowledge only a few such studies exist, and they sometimes
used a terminology specific to their field, which limits their usefulness for
energy system modelers. Therefore, we developed a novel, model-oriented
clustering method for energy policy issues. Our method decomposes com-
plex policy research questions into several, distinct energy policy issues. The
object of the research question and its perspective are defined with a model-
oriented approach that establishes connections to inputs, constraints, and
outputs. Then, this clustering method was applied to derive twelve exem-
plary policy questions. However, the set of questions presented in this paper
is only related to electricity market models, with a focus on decarbonization-
related challenges. Based on a wider range of policy questions, the proposed
cluster can be expanded to include additional environmental aspects, issues
related to resource limitations, and global warming effects, just to name a
few possibilities. Besides, the method can be applied to other energy system
models (other than electricity markets).

In order to link model features with policy questions, we introduced two
simple metrics which quantify the model-question gap and the feature gap.
The analysis of the model-question gaps highlighted the importance of choos-
ing suitable models for each question, because some models lacked the critical
features for answering certain policy research questions, which might lead to
inaccurate results and unsubstantiated policy recommendations. The re-
sults could also be used to identify the model specialties in terms of policy
questions. Looking at the individual features separately, it appears that crit-
ical features for policy questions are usually implemented in most models.
However, feature gaps exist in these four areas: distribution grid modeling,
endogenous demand modeling, technical flexibility of the energy system, and
policy constraints. Despite the useful insights obtained through the two met-
rics, some limitations exist. In fact, the method is purely quantitative and
does not include any qualitative aspects. It is also subjective, because the re-
sults are based on the opinion of modelers, even though this aspect has been
minimized through internal review processes. The conclusions are restricted
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to the sets of models and policy questions and should not be generalized.
General assertions can only be achieved through a wider range of models
and policy questions.

The major contribution of the paper, besides the linkage between policy
issues and model features, is guidance with respect to the choice of appro-
priate models. We recommend applying this method in a selection process,
where a variety of models are at the disposal of modelers or policy-makers.
In this case, the model-question gap metric (see Section 5.1) could be applied
to either define a threshold value or evaluate the gap between a model and
the particular policy questions. Moreover, we are able to identify some need
for action with respect to future model developments. Either funding enti-
ties or research institutes should use our insights to initiate new tenders or
revise their research agenda, respectively. The feature gap, as it was intro-
duced in Section 5.1, allowed to identify four model properties that should be
subject to future research efforts (see above). Overcoming these weaknesses
would help provide adequate model results that are suitable for addressing
the future challenges of energy policy.

Apart from the need for further research, we also recommend policy-
makers to encourage the sharing of modeling expertise within a broader
knowledge management strategy. In fact, for each policy research question
analyzed in this paper, we were able to find at least one model capable of
adequately addressing the respective question. Yet, at the same time, other
models with a high model-question gap exist and are likely to profit from
a better dissemination of skills within the modeling community. We be-
lieve that an essential part of future research funding should be allocated
for knowledge sharing via model documentation (tutorials, user guides, etc.),
workshops, and online platforms. Networks such as the Energy Modeling
Forum, the Energy Modelling Platform for Europe, or the Research Network
for Power System Analysis in Germany can be used to coordinate future
knowledge management in order to reduce the overall feature gap.
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Appendix A. Description of the energy policy issues cluster

This section contains detailed information on the model-oriented cate-
gories of the EPIC.

Appendix A.1. Object dimension - instruments

• Market-based instruments: are instruments targeting at the price
or quantity of an externality or element of the energy system. Examples
comprise volume-controlling instruments as the EU ETS or national
CO2 taxes.17

• Promotion of investments: are instruments aiming at the direct
promotion of investments. This can range from loan subsidies and
R&D funding to technology-specific tariffs, e.g. feed-in tariffs for RES.

• Command-and-control instruments: are instruments that enforce
measures like technology bans (i.e. nuclear phase-out) or emission stan-
dards.

• Soft instruments: are instruments that are non-binding and have
no direct impact on the market outcome. They can comprise, e.g.,
voluntary obligations (e.g. green pricing) and information policies (e.g.
energy label).

Appendix A.2. Object dimension - energy system design

• Electricity sector configuration: aims at identifying the optimal
technology-mix with respect to a specific decarbonization target.

• Sectoral integration: comprises the optimal level of integrating the
electricity sector with other energy sectors like heat, mobility, and in-
dustry.

• Regional integration: captures the preferable degree of (geographic)
market coupling. This can comprise whether interconnectivity between
regions is more preferable than an autonomous and highly decentralized
energy systems.

17In the context of RES, this category also captures RES quotas and green certificates.
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Appendix A.3. Evaluation perspective

• System costs: the sole objective of finding the cost-efficient market
outcome.

• Distributional effects: the equality of welfare or costs distribution
among heterogeneous regions or agents is considered in the evaluation
of a transformation path.

• Energy independence: the degree to which a region depends on
electricity or commodity imports is explicitly considered.

• Supply security and resilience: consequences from irregularities in
terms of electricity or commodity supply and the intermittent nature of
RES are taken into account when analyzing different market outcomes.

• Acceptance: the acceptance of individual technologies or entire trans-
formation paths is considered for identifying the equilibrium market
outcome.

• Path dependencies: the costs of locking an energy system into a sub-
set of technologies due to, for instance, the underlying infrastructure,
are considered in the evaluation of a transformation path.
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Appendix B. Model criteria and features

Programming technique

linear/mixed-integer/dynamic/

fuzzy-logic/other non-linear

Analytical method

input-output/spreadsheet/

simulation/optimization/

economic equilibrium/econometric/

agent-based/multi-criteria/other

Representation of uncertainty and risk

yes/no

Representation of acceptance

yes/no

Endogenous features

generation capacity investment/

storage capacity investment/

transmission capacity inverstment/

generation dispatch/storage dispatch/

load flows/trade flows/

demand/technological learning/

market prices/emission rates and prices

Model perspective

top-down/bottom-up/hybrid

Model-Theoretic Specifications

Figure B.6: The model criteria and features within the category “Model-Theoretic Speci-
fications”.
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Spatial coverage*

Representation of time

continuity of time steps/

high temporal resolution

Costs included

investment costs/fixed O&M costs/

fuel costs/other variable costs/

carbon tax

Thermal generation technologies

gas/lignite/coal/

CHP/nuclear/CCS

Details of thermal generation

partial efficiencies/

cross-time-step restrictions/

time-dependent availabilities

Renewable generation technologies

solar thermal/photovoltaic/

wind onshore/wind offshore/

biomass/hydro/wave/tidal

Time horizon

yes/no

Spatial resolution

yes (≥ 10 regions)/no (otherwise)

Detail of Modeling

Storage technologies

pumped hydro/battery/hydrogen/

compressed air/others

Details of storage modeling

charging and discharging capacity/

storage capacity/

additional inflow/storage losses
Detail of grid modeling

transmission grid/distribution grid

Figure B.7: The model criteria and features within the category “Detail of Modeling”.
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Energy sectoral coverage

heat/power-to-X/

transportation, mobility

Demand representation

short-term/long-term

Represented markets

spot market/balancing market/

capacity market/futures market

Policy constraints

CO2 emissions constraints/taxes/

technology restrictions/RES quota/

RES subsidy/CO2 trading/market design*

Market Representation

*Market design refers to organizational structures ranging from widely ex-
isting models discussed in Barroso et al. [84] to new types like capacity mar-
kets.

Figure B.8: The model criteria and features within the category “Market Representation”.

General purpose

forecasting/backcasting/

exploring

Model name* Institution* Release date*

Transparency

open-source code/

open data/

description of all equations

Specific purpose*

General Information

Model specialties*

Figure B.9: The model criteria and features within the category “General Information”.
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Appendix C. Feature gap results

0 0.2 0.4 0.6 0.8 1

High spatial resolution

High temporal resolution
Time horizon

Continuity of time slices

Fuel costs
Fixed O & M costs

Investment costs
Carbon tax

Variable costs
Other costs

Gas
Coal

Nuclear
Lignite

CHP
CCS

Other thermal

Time-dependent availabilities
Partial efficiencies

Cross-time-step restrictions

Wind onshore
Hydro

Photovoltaics
Biomass

Wind offshore
Solar thermal

Geothermal
Wave
Tidal

Other renewable

Average implementation rate

Average necessity rate

Figure C.10: Average implementation rate and average necessity rate for the features
related to space and time representation, costs, conventional and renewable technologies,
and storage modeling.

49
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Other storage
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Hydrogen
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Storage losses
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Figure C.11: Average implementation rate and average necessity rate for the features
related to sector coupling, grid representation, demand, markets, policy constraints and
key endogenous features.
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