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Abstract

This Virtual Special Issue collects the results of six research projects conducted
under the umbrella of the MODEX network. MODEX stands for Model Ex-
periments and refers to the combination of qualitative and quantitative model
comparisons, the latter based on a harmonized model application. While all
projects focused on the comparison of energy system models, the experiments
covered a broad range of different areas. The experiments address different
model types, such as vehicle diffusion models, power system models, distri-
bution grid models, and transmission grid models, but also different thematic
scopes, such as policy instruments, decentralized flexibility, and sector coupling.
In addition, the methods and tools for the systematic comparison of energy sys-
tem models were further developed in all projects. Another essential aspect
of all projects was the harmonization of models and data, which was realized
to the degree possible and useful in the respective project context. In total,
the experiments performed within MODEX included 40 energy system models
operated by 39 institutions. The results of the MODEX projects significantly
expand the spectrum of systematic comparisons of energy system models. The
added value compared to previous model experiments consists particularly in
the profound characterization of the models involved, the consistent linking of
model differences with outcome differences, and the transparent description of
appropriate methods and challenges of comparing energy system models. Due
to a high degree of transparency, the project findings can be used directly by
developers and users of other models.
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energy systems analysis

Highlights

• MODEX is a milestone for structured model experiments of energy system
models

• Model experiments enhance methodological knowledge of models and their
comparison

• Model understanding and data harmonization are key challenges in model
experiments

• Despite some similarities, all models examined have dedicated strengths
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List of abbreviations

BEV battery electric vehicle

CHP combined heat and power

CO2 carbon dioxide

HP heat pump

PV photovoltaics

VRE variable renewable energy
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1. Introduction

1.1. Background and motivation

As the effects of climate change become increasingly tangible and the will
to take political and societal action for climate protection grows, research into
future energy supply systems and the development of strategies for transforming
existing systems are becoming ever more important. In the scientific as well as
in the business environment, complex energy system models of different focus
are used. Especially in the last 10 years, the number, variety and complexity
of such models has developed very dynamically. Even with similar research
scope, energy system models often show very different modeling approaches,
model formulations and model features. This, together with different model
assumptions, results in sometimes highly divergent model results and thus pol-
icy recommendations. How the manifold differences in data, methods, system
boundaries affect the results can only be determined by comprehensive model
experiments. In this respect, a model experiment is the combination of a qual-
itative model comparison and the analysis of quantitative indicators resulting
from a harmonized application of the models.

1.2. State of research

The literature offers a large number of qualitative model comparisons. There,
sometimes more than a hundred models are compared with respect to their scope
and properties. Among the most recent of these comparisons are, for example,
those by Prina et al. [1], Fattahi et al. [2], and Klemm et al. [3]. In these as
well as in comparable works, however, no application of the models is performed.
As a result, the effect of model differences remains unclear. In contrast, other
works focus explicitly on the comparative application of models within clearly
defined experiments. Among the earlier such analyses is the FORUM project,
in which differently oriented comparisons of models frequently used in Germany
were made. The series of model experiments focused on the economic impact
of climate protection policies [4], the implications of a nuclear phase-out [5],
the contribution of the German energy industry to the achievement of Euro-
pean emission reduction goals [6], renewable energy technologies in liberalized
energy markets [7], and effects of innovation on the energy system and economic
development [8]. The Energy Modeling Forum Stanford (EMF) looks back on
37 model experiments in the meantime. These also focused on different topics,
but also on different countries. Most recently, the Japanese energy system [9]
and the North American energy trade and integration [10, 11, 12] were exam-
ined. The model experiments performed in FORUM and the EMF have mostly
focused on spatially and temporally aggregated energy system and overall eco-
nomic models, whereas detailed grid or sector models have not been considered.
Furthermore, mostly only a few framework assumptions and story-lines but no
complete models and input data sets were harmonized.

Instead, two recent model experiment projects focusing on the German
power system considered a much more comprehensive harmonization of data
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and models. They particularly focused on the effect of different modeling ap-
proaches [13] and the consideration of sector coupling [14], respectively. Still,
these works only cover a small range of important aspects in comparing power
and energy system models. Furthermore, they do not address the roles of open
source models and open data.

1.3. Formation of the MODEX project network

The initiative to establish the MODEX project network origins in the Forschungsnet-
zwerk Energiesystemanalyse, a network of experts in energy systems analysis
established and funded by the German Federal Ministry for Economic Affairs
and Climate Action [15]. The scientists expected this to lead to a better under-
standing of the differences and similarities between the energy system models
used in Germany, which had recently grown considerably in number and diver-
sity. This initiative was taken up by the Ministry and used as the basis for a
call for research funding. The idea was to bring together thematically different
consortia to cooperate with each other in model comparison projects under the
umbrella of the MODEX network. Given the large number of models and the
current developments, the projects should have different methodological focus.
An important aspect was the systematic evaluation of differences in the mod-
eling approaches as well as a comparison of the strengths and weaknesses of
different methods. In doing so, the assessment of the informative value of cer-
tain methods for specific research questions should be sharpened and potential
for improvement should be identified.

In preparation for the project definition, scientists in Germany involved in
the modeling of energy systems were called upon to enter their models in the
database of the Open Energy Platform (OEP) [16]. For this purpose, stan-
dardized model templates were used, which were based on those from previous
model experiments, including [14], [17], and [13]. The collected information on
all models was later subjected to a qualitative comparison, which was published
in [18].

Based on the overview of existing models on the OEP, the research commu-
nity was invited to form consortia and define model experiments. Six projects
of different focus were finally selected for funding within the framework of the
MODEX project network. The project open MODEX, for example, was ded-
icated to the comparison of open models, whereas the project MODEX-Net
focused on power transmission models. The MODEX-POLINS project, mean-
while, compared models with a focus on policy instruments, while the FlexMex
project concentrated on power system flexibility and sector coupling. The
MODEX-EnSAVes project not only compared differently oriented models in
various subgroups, but also partially coupled them in the analysis of decentral-
ized flexibility. The MEO project was the only one not dedicated to large-scale
systems, but to operational energy system analysis at the distribution grid level.
All in all, the MODEX projects comprised 40 models from 39 institutions.

The Virtual Special Issue ”MODEX: energy system model comparisons through
harmonized applications” collects the key results and findings of the six projects.
The following Section 2 provides a more detailed insight into the projects and
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their results. Building on this, a synthesis of all projects is presented in Sec-
tion 3. The results of a survey conducted among all modelers involved in the
MODEX projects on their most important experiences are presented and dis-
cussed in Section 4. Finally, the scientific contribution of the MODEX projects
is placed in the context of previous model experiments in Section 5.

2. The MODEX model experiments

Based on the articles published in the Special Issue, this section summarizes
the core findings of the six MODEX projects.

2.1. MODEX-EnSAVes

In the MODEX-EnSAVes project, various methodical approaches for ana-
lyzing the energy system were applied and compared using a specific use case.
The focus of the application was on issues relating to sector coupling to com-
pare the market ramp-up of new electricity applications in the various models.
The researchers investigated how critical situations (e.g., “cold dark doldrums”)
can be managed in the future by coupling system-analytical models for demand
development with electricity market models. The latter market models ana-
lyzed generation adequacy in future power systems and whether the generation
and other backup capacities are sufficient to cope with periods of high residual
load. The team derived expected future load profiles for the new electricity
applications from the demand-side models that served as input for the elec-
tricity market models. The general project focused on battery electric vehi-
cles (BEVs) and heat pumps (HPs) in residential buildings. Various influencing
factors have been reflected differently in the individual model approaches to con-
sider the decision-making of different actors. The consortium applied various
sector-specific and detailed models and coupled the modeling approaches within
the modeling experiment. Two papers prepared within the MODEX-EnSAVes
project have been published in this Special Issue. The first paper provides a
systematic comparison of four electricity market models based on detailed and
harmonized scenario input parameters [19]. Selected output parameters, such
as investment and dispatch decisions for flexible power plants, storage dispatch,
wholesale electricity prices, carbon dioxide (CO2) emissions, and generation ad-
equacy in hours with critical supply have been compared for the German energy
system until 2030. The experiment shows that the results of the various models
differ only slightly from each other. Differences in the results are traced back
to conceptual differences, as the models can be distinguished concerning their
mathematical approaches and level of detail. The second paper focused on how
the decision of buying a car – which is not entirely objective and is only partly
based on costs – could be considered in models [20]. The paper analyzes the
integration of user behavior into three market diffusion models and compares
these models with a focus on three steps: first, it compares the modeling ap-
proaches, then uses a harmonized data set to model the future market diffusion
of alternative fuel vehicles, and third compares results with and without be-
havioral aspects. Behavioral aspects included in the three models are the use
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of charging infrastructure, the limited vehicle availability, the consideration of
range anxiety as a hampering factor, the willingness-to-pay-more for alternative
drive-trains as a supporting factor, and a distinction of users’ driving distances.

2.2. MODEX-Net

The main objective of the MODEX-Net project was the comparison of ex-
isting transmission grid models with focus on Germany and Europe. Based on
defined model experiments with harmonized data, the project partners identi-
fied and described similarities and differences in terms of methodology, struc-
ture, and data. Based on this, they derived proposals on how transmission grid
models can be further improved. Within the MODEX-Net project, an open
framework to compare a variety of transmission grid models focusing on the
German and pan-European power system was developed [21]. The comparison
is performed in both a qualitative and quantitative manner, depending on the
investigated modeling aspect including input data, methods, system boundaries,
and results. The core elements of the comparison framework include fact sheets
for qualitative comparison, harmonization of input data such that differences
are reduced without losing core aspects of the models, indicators and visualiza-
tion tools to quantify the differences between the models and identify similarity
groups. Results and methods for this framework are made publicly available.
Another paper focuses on the time series of power demand and variable re-
newable energy (VRE) feed-in required for transmission grid modeling in high
spatial resolution [22]. It compares top-down, bottom-up and mixed approaches
that are being used to aggregate or disaggregate input data. Furthermore, it
evaluates various approaches to assign regionalized profiles to the model’s grid
connection points. The authors find that the variety of approaches leads to sig-
nificant differences on a regional scope, even if global values are the same. They
develop a methodology allowing for a comparison of different regionalization and
grid node assignment approaches using simple parameters and without explicit
knowledge of grid topology. The results show that the input data resolution
and the use of a top-down or a bottom-up approach are the most determinant
factors in the regionalization process. Additional analyses aimed to identify the
main differences that exist regarding grid simulation models for Germany and
methodologies for studying congestion management in the European context
[23]. The effects of model parametrization and formulation on congestion man-
agement results are investigated based on three case studies focusing on outage
simulation, line constraint relaxation and the modeling of cross-border mea-
sures. Results indicate that data parametrization can have significant impacts
on model results with respect to volumes and geographic distribution of conges-
tion management measures. The analysis also highlights the need to thoroughly
calibrate key model parameters. The research findings assist the grid modeling
community and power system planners in simulating congestion management
and increase the validity and informative value of grid simulation models.
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2.3. FlexMex

FlexMex focused on the use of flexibility options to balance VRE power gen-
eration. The central question was how different approaches of optimization and
technology modeling affect the system dispatch in hourly resolved power sector
models with sector coupling. In addition, the effect of different model scopes on
the deployment of flexibility options was investigated. To consistently separate
data-related from model-related differences in results, the input data of the nine
participating models were fully harmonized. The application of the models was
then divided into two main experiments. In the first experiment, individual
flexibility options were investigated based on a comprehensive qualitative anal-
ysis of the models and their differences [24]. Considering highly reduced test
cases, it was possible to isolate and quantify model-specific effects. Substantial
differences in technology modeling were identified primarily for BEVs, reservoir
hydro power, power transmission, and demand response. Furthermore, the pa-
per finds that the consideration of simplified test cases has high potential for the
evaluation of individual differences in technology modeling and model features,
whereas it is less suited for the analysis of different optimization approaches.
Complementary analyses dealt with the model endogenous expansion of electric-
ity storage, power transmission lines and controllable power plants in reduced
test cases [25]. These identify deviating assumptions regarding technology avail-
ability factors, consideration of predefined levels and energy-to-power-ratios of
storage, and representation of power transmission as most influential technol-
ogy modeling differences. In addition, it is shown that a fixed dispatch order
leads to substantially higher capacity investments compared to perfect foresight
linear optimization. Building on the technology-specific analyses, more com-
plex scenarios were considered in the second model experiment [26]. There,
sixteen stylized scenarios differing in VRE supply share, technology scope, and
optimization scope were considered. Despite the high number of models and
interacting model differences, result deviations can still be related to model
characteristics. The paper highlights that differences in modeling approach and
the representation of specific technologies lead to comparatively small devia-
tions, whereas a heterogeneous model scope can have a much more substantial
impact. This particularly applies to differences in the consideration of sector
coupling. Still, both the exploitation of sector coupling flexibility and the trends
in the use of individual technologies are mostly robust across the models. In
summary, the FlexMex project results can provide a better understanding of the
effect of different modeling approaches and thus contribute to the interpretation
of model results. The input and result data [27], as well as the evaluation tools
of the project [28] were also published.

2.4. MODEX-POLINS

In the MODEX-POLINS project, the assessment of the impacts of policy
instruments was in the focus. Given that energy models are also widely used
to evaluate the effects of various policy instruments, the ambition has been to
provide a systematic investigation of similarities and differences in model out-
comes when energy policies are investigated in a realistic setting. The models
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participating in this experiment have been harmonized regarding key input pa-
rameters like fuel prices, existing power plant capacities or VRE feed-in time
series, yet a core issue has been to investigate whether differences in the mod-
eling approaches lead to differences in the policy impacts. In order to separate
the policy impacts from general model differences, both baseline developments
and developments under modified policy instruments have been investigated.
In the MODEX Special Issue, results regarding two types of policy instruments
are reported: Ruhnau et al. [29] focus on carbon pricing while Bucksteeg et
al. [30] investigate different policies regarding integrated electricity and heat
systems, i.e., district heating systems with combined heat and power (CHP)
plants. In both papers, there are substantial variations in policy impacts across
the models. As one major driver for differences in results, the treatment of
investments has been investigated. Pure dispatch models, where the power
generation fleet is given exogenously, tend to show lower impacts than models
with endogenous investments. In the case of high carbon prices, [29] notably
identify market-based investments in VRE technologies as a major source of
higher emission reductions. As another key driver for deviations between model
outcomes, the modeling of CHP plants and the corresponding district heating
grids has emerged. An aggregated modeling of these generation technologies
tends to overstate the flexible response of energy systems to changes in the pol-
icy instruments. For the future development of the integrated electricity and
heat systems themselves, the modeling of power-to-heat technologies and of the
corresponding regulations has turned out to be an important aspect.

2.5. MEO

MEO stands for Model Experiments in Operational energy system anal-
ysis. Correspondingly, the project focused on the modeling of detailed sys-
tem operations. In the paper [31], an exemplary low voltage grid with high
photovoltaics (PV) penetration is considered. In one scenario, line expansion
is analyzed, while the other scenario focuses on the installation of a voltage
regulation distribution transformer (VRDT). Other case studies not included
in the Special Issue assessed increased penetration of HPs, BEVs or small-size
CHP units in the same grid. The focus of the project has been on investigat-
ing both the solution approaches and the capabilities of the different models
as well as on comparing the computational results. Four models with differ-
ent backgrounds participated in the reported model experiment. These include
power system analysis tools which include automated grid planning approaches
along with various types of power flow calculations. But also a more reliability
oriented analysis tool is included and another one that applies an agent-based
framework that in principle may not only be used in offline simulations but also
as part of an on-site implementation with real-time interactions of agents.

The model experiments described in [31] suggest that the actual power flow
calculations do not differ much between the tools. Yet when it comes to propos-
ing measures for grid expansion, substantial differences arise. These mainly
stem from different (heuristic) algorithms being used to identify suitable grid
extension measures. In the scenario investigating the installation of an VRDT,
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two different control strategies are applied. Thereby the models provide similar
results, with the main differences being related to the level of network opera-
tion points (i.e. time steps) considered. The reliability-centered tool provides
a rather detailed approach when it comes to analyzing the impact of potential
faults on the system. Yet this comes at the expense of less time steps being
considered, which in turn implies somewhat diverging results for the normal
operation stage. On the other hand, the tool in question is the only one, which
is also capable of investigating faulty network states. In these states, some
voltage violations are observable. For the dynamic voltage control strategy,
the results show that all models are capable of simulating such control strate-
gies, even though some noticeable differences in the outcomes occur. Overall
the outcomes of this model experiment demonstrate that representations of the
single grid elements are rather similar. Yet more crucial is the question how
these element-wise models are combined to an overall system and how temporal
aspects are handled in the simulations.

2.6. open MODEX

The open MODEX project focused on a systematic and profound compari-
son of open source energy system models. These were referred to as frameworks
in the open MODEX project, but this is mostly analogous to the term model
in the other projects. The restriction to open models allowed the consortium
to gain detailed insights into the code and application of the models. For a
systematic assessment of system quality, information quality and interface qual-
ity, a novel method for evaluating the usability of energy system models was
developed [32]. This includes standardized steps and a comprehensive evalu-
ation form. The method can be applied to individual or multiple models as
part of a cross-evaluation approach. In this approach, developers of one model
evaluate the usability of other models. Such a cross-evaluation approach was
applied in the case study, in which five temporally and spatially resolved power
sector models were evaluated in their usability. Thereby, the correct provision
of input data and unclear error messages were identified as the main challenges.
Complementing this, fundamental differences in the formulation of the models
involved in open MODEX were identified and analyzed [33]. To facilitate a di-
rect mathematical comparison, a common terminology was defined first. The
most relevant differences concern time representation, cost accounting, power
sector technology modeling, intertemporality features, and multi-sector features.
A case study was conducted to quantitatively evaluate some of these differences.
In doing so, the investment cost calculation, storage modeling, and the use of
a heuristic rather than an optimized technology deployment were identified as
key drivers of result differences. If limited to dispatch optimization, there was
mostly a high agreement in the annual power generation of individual technolo-
gies. In contrast, endogenous capacity optimization resulted in substantially
higher deviations. Another case study under harmonized application of the five
models participating in the project focused on the simplified analysis of possi-
ble power system designs for Germany in 2030 [34]. Assumptions on the CO2

budget, electricity demand, coal phase-out, and VRE share were varied. The
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results show that the models make significantly different choices for endogenous
investments and technology deployment, and the effect of the model differences
increases with the defined VRE share. In addition, the model experiment ana-
lyzed and quantified the installation rates of key technologies needed to achieve
the new federal government’s goals. Here, the results show that the planned
VRE capacities for 2030 do not guarantee that the targeted 80% supply share
can be realized. Also in open MODEX, the data templates as well as the data
sets of the case studies were published in full [35, 36].

3. Overarching findings

The overview of the project results of the MODEX network reflects the wide
range and diversity of the model experiments carried out (Section 2). Never-
theless, some common features and emphases become apparent. For example,
methodological aspects of qualitative model comparison were addressed in all
projects. While in some projects these covered only the model scope and its
basic approach, in others smaller model features were also systematically in-
cluded. In one project, even the model formulation was explicitly compared.
Across all projects, it became apparent that a fundamental qualitative compar-
ison of the models is a necessary prerequisite for understanding the differences
in quantitative indicators derived from the model results. Not all papers in-
clude a qualitative model comparison. This results from the fact that often the
same models were used in several experiments and a repeated presentation of
the qualitative differences is omitted.

Most of the model experiments were limited to, or focused heavily on, the
power sector. However, in some cases, the flexibility of coupling to other sectors
was at least partially considered. In the MODEX-EnSaVes project, demand
models and vehicle diffusion models were also compared. There was a clear
focus not only thematically, but also in the model properties. Thus, in almost all
projects temporally and spatially resolved power system models were analyzed.
The exception here is the MEO project in which the operation of electricity,
gas and heat distribution networks was addressed. Despite the fundamental
similarity of the models considered, the results of the other projects can also
only partially be compared directly. This is related to the different focus in the
models and experiments, which is reflected in a wide range of different spatial
and technological scope and detail. However, some common observations in
the results can be identified. This includes the insight that differences in the
consideration of endogenous capacity expansions are a key driver of divergent
model results. In addition, it was found that the type and scope of modeling of
sector coupling technologies are of great importance for the model results.

Most of the experiments dealt with optimization models. Deviating from
this, data models for disaggregating model input data for high-resolution mod-
els were compared in [22], simulation models in [20], and a combination of
optimization and simulation models in [31, 21].

Two main approaches were taken in the quantitative comparisons of opti-
mization models (Table 1). Either simplified or even highly stylized scenarios
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were considered under full harmonization of the models and their input data,
or realistic scenarios of the energy system transformation were analyzed under
partial model and data harmonization. The reason for this is the experience of
these and previous model experiments that harmonization is associated with a
very high effort. This is due to different model and data structures as well as
different nomenclatures used in the models. The use of simplified test cases is a
vehicle here to reduce complexity and enable more extensive harmonization. In
return, the possibility of also deriving policy-relevant insights from the model-
ing work decreases. There is a similar correlation with the number of scenarios,
which can be increased more easily with simplified test cases. Across all projects,
harmonized models show mostly similar results that can be explained in their
differences. With increasing heterogeneity of input data and model scopes, how-
ever, the divergences of results and the challenges to comprehensively attribute
them to model differences increase.

A cross-project data management group was established to ensure a close
exchange regarding the approach to data harmonization and data publication
within the MODEX network. Among other things, this group provided system-
atic coverage of the barriers and requirements of comprehensive data harmoniza-
tion in model experiments [37]. In addition, methods for data harmonization
and documentation were collected and compared. For this purpose, the required
input data of all model experiments were gathered in a first step. On this basis,
common data requirements and possibilities for harmonization were identified.
It was found that due to the wide range of models and experiments, very few
assumptions, such as fuel prices, could be harmonized across all projects. In
addition, the importance of documenting and licensing data for reuse by other
scientists was highlighted.

The MODEX projects strongly contributed to higher transparency regarding
models and data, yet also some challenges regarding open data and open source
approaches became apparent. Many models are deliberately designed as open
source models and also the availability of open data has considerably increased
over the last years. This is a key enabler for independent scientific review and
cross-model validations like the MODEXmodel experiments. Additionally, open
science approaches meet the increasing requirement of public funding bodies for
open provision of research outputs. However, the success of collaborative and
continued open source development is dependent on the steady availability of
funding for model maintenance. Some research groups by contrast continue to
operate undisclosed models along with proprietary data. This often comes along
with closer collaborations with industry partners (electric utilities and/or grid
operators), who are willing to share data only under non-disclosure agreements.
Due to the greater proximity to application compared to pure research projects,
these activities often also result in additional requirements for model quality.
In this sense, frequent application in contract research projects for companies
or public institutions can have a positive impact on the quality of models and
their input data. This in turn can lead to an improved competitive position for
further collaborative research projects and studies. Using standard economic
concepts, this be may be stated as follows: the possibility to generate addi-
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tional revenues (research contracts) through proprietary knowledge incentivizes
the research group to invest more in that knowledge, and thus to continuously
improve models and data. In contrast, the disclosure of models and data can
help to increase the visibility of the group in the research community and serve
as evidence of high-quality work. To summarize, open and closed approaches
have partially different drivers and limitations. However, a general judgment on
the transparency and quality of the data, models and results cannot be derived
from this. Over the last years, hybrid strategies have emerged, with research
groups sharing parts of their data and models. This may be a way forward as
it enables cross-model comparisons like the MODEX model experiments while
maintaining at the same time additional incentives for investments in better
data.

13



T
a
b
le

1
:
C
h
a
ra
ct
er
is
ti
cs

o
f
th

e
m
o
d
el

ex
p
er
im

en
ts

p
er
fo
rm

ed
in

th
e
M
O
D
E
X

p
ro

je
ct
s.

In
th

e
co

lu
m
n
s
o
n
h
a
rm

o
n
iz
a
ti
o
n
(h

a
rm

.)
o
f
d
a
ta

a
n
d
m
o
d
el
s,

a
n
”
x
”
st
a
n
d
s
fo
r
a
co

m
p
le
te
,
a
n
”
(x
)”

fo
r
a
p
a
rt
ia
l
h
a
rm

o
n
iz
a
ti
o
n
.
M
o
d
el

h
a
rm

o
n
iz
a
ti
o
n
h
er
e
re
fe
rs

to
a
n
id
en

ti
ca

l
te
ch

n
o
lo
g
y
sc
o
p
e.

P
r
o
je
c
t

R
e
f.

T
e
c
h
n
o
lo

g
y

fo
c
u
s

D
a
t
a

h
a
r
m

.
M

o
d
e
l

h
a
r
m

.
N

u
m

b
e
r
o
f

s
c
e
n
a
r
io

s
N

u
m

b
e
r

o
f
m

o
d
e
ls

S
ty

li
z
e
d

t
e
s
t
c
a
s
e
s

R
e
a
l-
w
o
r
ld

s
c
e
n
a
r
io

s
C
a
p
a
c
it
y

e
x
p
a
n
s
io

n
Q
u
a
li
t
a
t
iv

e
c
o
m

p
a
r
is
o
n

M
O
D
E
X
-E

n
S
A
V
e
s

[1
9
]

T
e
ch

n
o
lo
g
ic
a
ll
y
d
e
ta

il
e
d

p
o
w
e
r
sy

st
e
m

(x
)

1
4

x
x

x
M

O
D
E
X
-E

n
S
A
V
e
s

[2
0
]

P
a
ss
e
n
g
e
r
v
e
h
ic
le

m
a
rk

e
t
d
iff

u
si
o
n

(x
)

2
3

x
x

M
O
D
E
X
-N

e
t

[2
1
]

P
o
w
e
r
sy

st
e
m

a
n
d

tr
a
n
sm

is
si
o
n

g
ri
d

(x
)

2
8

x
x

M
O
D
E
X
-N

e
t

[2
2
]

P
o
w
e
r
d
e
m
a
n
d

a
n
d

V
R
E

g
e
n
e
ra

ti
o
n

(x
)

2
8

x
M

O
D
E
X
-N

e
t

[2
3
]

P
o
w
e
r
n
e
tw

o
rk

c
o
n
g
e
st
io
n

m
a
n
a
g
e
m
e
n
t

(x
)

2
8

x
F
le
x
M

e
x

[2
4
]

P
o
w
e
r
sy

st
e
m

fl
e
x
ib
il
it
y
o
p
ti
o
n
s

x
x

1
8

9
x

x
F
le
x
M

e
x

[2
5
]

P
o
w
e
r
p
la
n
t,

g
ri
d
,
st
o
ra

g
e
e
x
p
a
n
si
o
n

x
x

4
6

x
x

F
le
x
M

e
x

[2
6
]

P
o
w
e
r
sy

st
e
m

fl
e
x
ib
il
it
y
o
p
ti
o
n
s

x
(x

)
1
6

8
x

x
M

O
D
E
X
-P

O
L
IN

S
[2
9
]

Im
p
a
c
t
o
f
c
a
rb

o
n

p
ri
c
in
g

(x
)

2
5

x
x

M
O
D
E
X
-P

O
L
IN

S
[3
0
]

F
le
x
ib
le

p
o
w
e
r-
h
e
a
t
c
o
u
p
li
n
g

(x
)

2
5

x
x

M
E
O

[3
1
]

P
o
w
e
r
d
is
tr
ib
u
ti
o
n

g
ri
d

x
x

2
4

x
x

o
p
e
n

M
O
D
E
X

[3
2
]

S
y
st
e
m
a
ti
c
m
o
d
e
l
u
sa

b
il
it
y
te
st
in
g

x
x

1
5

x
x

o
p
e
n

M
O
D
E
X

[3
3
]

P
o
w
e
r
sy

st
e
m

m
o
d
e
li
n
g
te
ch

n
iq
u
e
s

x
x

2
5

x
x

x
o
p
e
n

M
O
D
E
X

[3
4
]

P
o
w
e
r
sy

st
e
m

e
m
is
si
o
n

re
d
u
c
ti
o
n
s

x
x

8
5

x
x

x

14



4. Lessons learned

After submission of their papers for the Special Issue, the authors of all
contributions were asked about their experiences in the respective MODEX
projects. Questions covered their main areas of activity, challenges encountered
and learning progress. First of all, the high response rate in the survey is
remarkable: 41 completed questionnaires with approx. 80 contacted authors
correspond to a noteworthy response of over 50%. In addition, the authors’
experience in energy system modeling is also remarkable: 25% of the respondents
indicated an experience of more than 10 years, another 30% between 5 and
10 years and 40% of the authors still have an experience of more than one
to 5 years. The focus of the authors’ work was relatively evenly distributed
over data harmonization, model preparation, benchmarking and further model
development.
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Figure 1: Feedback from the survey of modelers on the aspects of model comparison in which
a high level of learning could be achieved (multiple choice).

The purpose and the benefits of model experiments are, of course, manifold:
authors primarily report lessons learned concerning modeling approaches and
model comparison methods (Figure 1). A high level of learning was also reached
regarding data harmonization and the definition of system boundaries. Instead,
data gathering, solvability of models as well as model iterations were considered
less important in this regard. On average, substantial learning was achieved in
three of the proposed areas. The range and number of responses on domains of
learning clearly underscore the added value of model experiments.

Major challenges in the MODEX projects resulted especially from data har-
monization, but model understanding, result interpretation, and model prepa-
ration were also perceived challenging by several participants (Figure 2). The
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Figure 2: Feedback from the survey of modelers on the main challenges during the model
experiments (multiple choice).

identification of data harmonization as the greatest challenge reflects the im-
portance of establishing uniform data formats, parameter labels, and interfaces.

The central role of methodology and data handling in the lessons learned
and challenges is also reflected in the evaluation of the project experience. Thus,
the majority of modelers indicate the exchange among each other as the most
appreciated aspect (Figure 3). This is in line with previous model experiments
and also the experience of the editors of this Special Issue. The understanding of
different models was named as second most important benefit from the MODEX
experiments. In summary, the value of model experiments for the modelers can
be emphasized again, as well as the wide range of experiences made. This finally
led to the authors expressing a considerable interest in conducting further model
experiments.
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Figure 3: Feedback from the survey of modelers on the key benefit of the model experiments
(single choice).

5. Conclusions and Outlook

The MODEX projects were able to significantly expand the spectrum of sys-
tematic comparisons of energy system models. This was ensured by the wide
range of projects and the different subject areas and model types they focused
on. The added value compared to previous model experiments consists partic-
ularly in the profound characterization of the models involved, the consistent
linking of model differences with outcome differences, and the transparent de-
scription of appropriate methods and challenges of comparing energy system
models. The implementation of a project network favored the achievement of
complementary insights by combining the different perspectives. Not only by
their breadth, but also by their depth, the MODEX model experiments offer
many new findings. Thus, across all projects, much time was invested in the
detailed qualitative analysis of models. In addition, models and input data were
harmonized wherever possible and useful in the respective project context. Fi-
nally, the harmonized model application to differently designed scenarios and
test cases allowed the profound quantitative analysis of the effect of model differ-
ences. Due to a high degree of transparency, these findings can be used directly
by developers and users of other models.

Model experiments such as those carried out within the framework of MODEX
not only strengthen the understanding of the modelers involved and external
modelers, they also ensure a strengthening of the model quality and thus the
informative value of the models. This is underlined by the conclusions of the
publications produced in the projects, as well as by the survey among the par-
ticipating modelers.
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Notwithstanding the different model types and objects of investigation, it
became apparent across all projects that each model was developed with certain
focal points in mind. As a result, the level of detail is particularly high for
these focal points, while simplifications are made elsewhere. This in turn can
lead to extensive differences in the results of the models, even with harmonized
input data. Depending on the project, however, it was also possible to find large
similarities in the results for individual model pairs or groups with a comparable
focus.

Despite the wide range of models compared and the extensive further de-
velopment of methodologies for the comparison of energy system models, the
MODEX projects also reveal complementary research needs. This concerns, for
example, the systematic comparison of solution times of different models, the
investigation of security of supply or the extension to sectors and model types
that were not considered in the MODEX projects. Such follow-up projects can
build in many respects upon the model comparison methods and tools developed
in the MODEX projects as well as on the data provided.
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