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Abstract Many cities around the world have adopted climate neutrality targets, and,
to reduce their greenhouse gas emissions, they need climate action plans. Energy
system optimization models (ESOMs) can be used as tools to support their energy
transitions. ESOMs have been in use at the national level for several years and
also have recently been used at the city level. Even though several researchers have
focused on how city ESOMs can be developed, the literature lacks a discussion of
the challenges that are faced in data collection during model development. In this
paper, we share the challenges encountered in the model development, as well as in
the scenario development and recommend practical solutions for overcoming these
challenges. The following three challengeswere identified and discussed in themodel
development process: (a) data availability and quality; (b) communication; and (c)
knowledge and background of civil servants and researchers. The main challenges
in the scenario development were: (a) parameter selection and (b) complexity. It was
found that explanation of the terminology used in ESOMs, presentation of the model
structure and preliminary base-year results were crucial actions for overcoming chal-
lenges during model development. During the scenario development, collaboration
between modelers and civil servants when reviewing parameter combinations and
working with preliminary scenario results were decisive strategies for improving
the civil servants’ understanding of ESOMs. Complementarily, it was found that
continuous communication between the researcher and the civil servant and good
comprehension of themodel on themunicipality’s side helped improve the usefulness
of ESOMs in cities’ energy transitions.
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1 Introduction

The global temperature rise is aimed to be limited to well below 2 °C above pre-
industrial levels with the Paris Agreement (Rogelj et al. 2016). Cities have a crucial
role to play in achieving this aim since they are responsible for around 75% of
the global greenhouse gas emissions (Edenhofer et al. 2014: 90). Many cities have
committed to climate neutrality targets and have developed climate mitigation or
adaptation plans, or both, to reduce emissions and prepare for climate change. At the
time of writing, 9884 cities have signed the Covenant ofMayor agreement (Covenant
of Mayors 2019). Under the agreement, cities develop climate mitigation and adap-
tation strategies, Sustainable Energy Climate Action Plans (SECAP) and commit
to reducing CO2 emissions by at least 40% by the year 2030 (Covenant of Mayors
2019). In Europe, these strategies, plans and commitments are most common among
cities with more than 500,000 inhabitants or among those that are signatories to the
Covenant of Mayors, or both (Reckien et al. 2018).

In a comprehensive energy system optimization model (ESOM), various ways
of achieving a transition to a climate-neutral energy system can be explored and
assessed, taking local resources and other constraints into account. Therefore,
ESOMs can be of benefit to climate mitigation plans. ESOMs have been used at
the national level for a long time, e.g., UK TIMES (Daly and Fais 2014), TIMES-
PT (Simoes et al. 2008), TIMES-France (Maïzi and Assoumou 2014), TIMES-
Sweden (Krook-Riekkola 2015), MESSAGE-Brazil (Nogueira de Oliveira 2016)
and TEMBA (Taliotis et al. 2016). Recently, ESOMs are also increasingly being
applied to cities, e.g., TIMES model for the city of Pesaro (Comodi, Cioccolanti and
Gargiulo 2012), KomMod (Eggers and Stryi-Hipp 2013), TIMES-Oslo (Lind and
Espegren 2017), INSMART (Simoes et al. 2019) andTIMES-city (Pardo-García et al.
2019). Model development and results from these models are available in the liter-
ature. Nevertheless, few literature contributions describe the process of developing
or populating the model with city-specific data and information.

Models at national level are typically used to address national wide policies that
can impact all kinds of energy use, while municipalities have a smaller room for
maneuver. There is a need to develop a city-level model to support municipalities
in decision making. Accordingly, city-level models, such as the generic TIMES-city
model, should be structured to differentiate between aspects that municipalities can
directly and indirectly impact (Krook-Riekkola et al. 2018). Furthermore, national-
level models can be calibrated for base-year, based on national energy statistics that
represent the energy supply and use of the country. On the other hand, the energy
statistics on municipality level sometimes have another system boundary and do not
have the desired granularity. The difference in system boundaries can be illustrated
by the energy consumption for transportation, which is based on purchased fuels in
the energy statistics. At the national level, this represents the fuel consumed by the
citizens and companies, but it is not the case for the municipality level, i.e., since
people can fuel their vehicle in another city. Lack of granularity of data in city-level
energy statistics could be explained through an example: When there is only one
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company within a sub-sector, the energy use of this company is combined with a
more aggregated sector, e.g., if there is one pulp and paper plant in the municipality,
its energy use is only reported under industry sector, and not under pulp and paper
sub-sector as in the national statistics. Therefore, it is not straightforward to populate
a city-level model based on the official statistics. Another challenge is to identify
the energy use by various users and activities and to split it between municipal and
other use, thus breaking down the statistics into finer details. Consequently, a big
challenge when developing city-level ESOMs is to make appropriate assumptions
about the current energy system: The civil servants often have knowledge of the
cities’ energy systems but not the competence to identify the data needed to populate
the model, while the energy system modelers have the energy system competence
but not enough knowledge about the municipalities. Hence, the city-level modeling
requires close communication between the cities and modelers.

In the SureCity project, a generic city-level ESOM (TIMES-city) was developed
to support cities with reaching the climate targets of Covenant of Mayor (Pardo-
García et al. 2019). The TIMES-city model was developed considering cities’ needs
and their energy systems and engaging in continuous communication and collab-
oration with the municipalities during model development. The modeling process
started with workshops in which civil servants and researchers came together and
discussed the cities’ needs, how themodel could support their needs and which result
indicators could be useful. These workshops were followed by model development
and continuous communication, where researchers were responsible for developing
the model and cities were responsible for providing the required information needed
to populate the model.

The aim of our paper is to share the challenges that were encountered during data
collection for model and scenario development and to recommend practical solutions
for overcoming these challenges.

2 Methodology

2.1 Energy System Optimization Models

In the study, energy system optimization modeling based on The Integrated
MARKAL-EFOM System (TIMES) modeling framework was used to describe
existing and future energy systems at the city level. TIMES models are technology-
rich and can be used for medium- to long-term scenario analysis and policy support
(Loulou et al. 2016). They generally include all the steps from resource extraction,
transformation, transport, distribution and energy conversion to supply of the cities’
energy services (Loulou et al. 2016). In the case of TIMES-city, the researchers have
developed the model based on city-specific information from the civil servants of
each municipality.
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2.2 The Generic TIMES-City Model

In the generic TIMES-city model, nine sectors for service demands and their energy
supply were included. These are energy supply, electricity generation, residential
buildings, private commercial buildings, municipality managed buildings, waste,
water and waste-water, public lighting, transport and industry (Krook-Riekkola et al.
2018). In themodel, the urban energy system is defined as aReferenceEnergySystem
(RES). It is a schematic representation of technologies and energy commodities
needed tomeet the demand for energy-intensive goods and services (Krook-Riekkola
et al. 2018). The calibration of the model was achieved with the city’s existing
technologies and infrastructure and energy use, whereas the database of the future
technologies and fuel options are kept independent from the city. For the model, city
administrative borders defined the boundaries for the determination of an activity’s
location, as inside or outside the city. Moreover, the energy, material and people
flow going into and out of the city were included to represent the whole energy
footprint of the city. Temporal resolution in the model makes it possible to see the
variations between the years, and within a year and this leads to long-term and yearly
assessments asmentioned in theOutline of theCity-levelModeling framework report
(Krook-Riekkola et al. 2018). Additionally, emission factors for greenhouse gases
(GHGs) and air pollutants were included in the model which can be counted as
another feature of the model to assess the environmental impact of the city.

2.3 Scenario Generator

The scenario generator is the part of the model where the municipality can define the
scenarios they would like to assess. It is possible to change the following parameters
to assess different pathways for the future: demand increase or decrease that is related
to population andGDP, prices of fuels, electricity and district heating, CO2 mitigation
levels (i.e., the target that a city sets to decrease its emissions rates from the calibration
year of the model), availability of transport options in the future that the municipality
can effect (e.g., public transport, car-pooling), building insulation and efficiency. In
addition, it is possible to define scenarios with targets for the share of renewable
energy sources and/or to only allow certain low-carbon technologies.

2.4 Identification of Modeling Needs

Comprehensive energy system models require a substantial amount of data. This
data is not always straightforward to find, especially not on the city level. For this
reason, we identified three different ambition levels in relation to data collection and
modeling—rough, adequate and “perfect.” The perfect model obviously does not
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exist and is not described further within this paper but was defined as a benchmark
for the other two. The rough and the adequate models are further defined in this
section.

A rough city-level ESOM is a model that does not have detailed city-specific data.
We identified that the following information are needed in order to develop a rough
model:

• Energy balance calibration based on aggregated city statistics, disaggregated
based on expert knowledge.

• Aggregated demand per energy-intensive services, e.g., space heating.
• Demand projections based on growth index.
• Techno–economic–environmental characteristics of key technology options.
• Country policies and energy prices.
• Scenarios with varying climate targets.

An adequate city-level ESOM is a model populated with detailed city-level
statistics.We identified the following information that is needed to develop themodel:

• Scenarios with varying climate targets.
• Energy balance based on measured energy flows at the city level.
• Splitting demands into categories, e.g., space heating split into different building

types.
• Demand projections based on city-specific drivers, e.g., population growth

projection.
• Technology constraints.
• City-specific policy options.
• Thoroughly defined scenarios, based on cities’ conditions, by civil servants with

good understanding of how the scenario assumptions affect the model.

3 Challenges of Using ESOMs at City Level

From our experience working with cities with energy systems models, we identified
particular challenges both when developing the model, i.e., in meeting the modeling
requirements, and when developing scenarios.

3.1 Identifying Challenges in Meeting Model Requirements

We have realized some patterns that were challenging when developing the model.
Sometimes, it concerned the data collection, and sometimes it was about the commu-
nicationwith the stakeholders (municipality officials).We categorized the challenges
in meeting the modeling requirements as the following: data availability and quality,
communication, knowledge and background.
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Data availability and quality: The existing data at the city level are mostly finan-
cial, while it is energy data that is needed for the model. For example, municipalities
know how much they paid for fuel in a year for city-owned vehicles, but they do not
necessarily know howmuch fuel they consumed. In another example, total electricity
consumption in buildings was known, but the purchase distribution per building type
was only documented in the economic system. Thus, the available unit of data is not
in energy units. Data quality is crucial for base-year calibration, and good data quality
is challenging to attain when demand and supply data do notmatch. This is especially
the case when converting financial data to energy units. In the cases when collection
is required by law and regulations, data is available. It has been straightforward to
collect information on energy-related entities (e.g., district heating plants), even if
the companies are privately owned, when their profession is energy. On the other
hand, data on non-energy-related entities (e.g., schools), was more difficult to find.
Final energy consumption can be directly measured in municipality-owned entities,
but it is often not done. In these cases, when only aggregated energy statistics were
available, these needed to be disaggregated in order to calibrate the model for the
base-year.

Communication: It is crucial that cities understand their energy systems, themodel
and how they can benefit from it in order for thesemodels to become useful. However,
conveying this information is a complex task, sincemunicipalities usually lack energy
systems expertise andmodelers generally do not havemunicipal insights. Thus, clear
and continuous communication is required between the researcher and the city offi-
cials. Moreover, several models and data files are shared during model development.
Therefore, findingways to communicate themodel and to share the files are important
to have a smooth model development process.

Another challenge is the terminology used in the model and by the researcher,
which can make it difficult for the civil servants to understand which data to collect
unless there is a common language to communicate about the model. Misunder-
standing the required data slows down the data collection and base-year calibration
processes. For example, in energy system models, the difference between the final
energy demand and the final energy consumption is important, but a civil servant who
has not been working on ESOMs might not pay attention to this detail. Therefore,
when the data required is not understood, the data collection process takes longer.
Communication is crucial, and there is a need, in the beginning, to define how to
communicate the project. Multiple ways of communication are needed for different
purposes, e.g., file sharing, model explanation, clarification of required data, etc.

Knowledge and background: Civil servants have different backgrounds that may
not be related to the field of energy. Even in the casewhen they have an energy-related
background, our experience was that they rarely have energy systemmodeling exper-
tise. Therefore, one of the main challenges to the collection of adequate information
was that the civil servants providing the information had difficulties interpreting the
energy system concepts because they lacked the relevant terminology. This some-
times meant that we retrieved the wrong kind of data and sometimes no data at all.
This slowed down the process of data collection significantly.
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3.2 Identifying Challenges in Working with Scenario
Development

In ESOMs, scenarios let us explore future pathways for, e.g., meeting specific climate
targets under different conditions. Scenarios typically include coherent assumptions
about the main drivers of the energy system and available energy resources, policy
options and technologies, which should be internally consistent (Loulou et al. 2016:
10). In the scenario generator, the cities can define scenarios by combining assump-
tions about the various parameters. However, the scenario generator cannot serve
its purpose if the parameters are not clearly understood by the civil servants. We
wanted the civil servants to define their scenarios, but many times we saw that they
had difficulty understanding how to select parameter combinations. The reason was
due to the complexity of the model (capturing the comprehensive energy system,
including both energy supply and demand sectors) and that they often wanted to
see the impact from using a certain technology and/or energy source (while tech-
nologies and energy commodities are chosen by the model in this kind of scenario
analysis). Consequently, the challenges are both in the parameter selection and in
the complexity topics, and we elaborate them subsequently.

Parameter selection: The scenario generator includes several assumptions like
change in demand, CO2-mitigation levels, policy options for the transportation
sector, energy savings in the building sector, fuel prices, targets for renewable tech-
nology implementations and so on. These assumptions can be divided into two
sub-groups: externalities that may impact city energy systems and assumptions that
cities can directly impact. Examples of external parameters are: population evolution
(impacting the living area, thus impacting the future demand for space heating and
hot water), GDP (impacting purchase of goods, therefore impacting the demand on
freight transportation) and fuel prices (a key assumption in the model). Examples of
scenario parameters that the city can impact and may vary are: targets (e.g., renew-
able energy target for the purchased electricity; emission reduction target in trans-
portation sector within city borders); and infrastructure (e.g., expansion of cycling
infrastructure may impact the share of people who choose cycling instead of driving
the car). Among all the various assumptions, selecting consistent parameters to define
a scenario and collecting relevant data is challenging because it requires knowledge
of national and local targets and conditions.

Complexity: How the parameters defined in the scenario generator may affect the
overall energy system is not clear when the civil servants does not have experience
of using ESOMs, which might lead to misunderstanding of the assumptions and the
scenarios. Understanding the energy system and how various inputs affect the system
is not easy, and it is not straightforward to explain. Interactions between the multiple
parts of the system produce a complexity that is difficult to understand if you are not
an expert.
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4 Recommendations

In response to the challenges identified in this paper,we share some recommendations
based on our experience of using ESOM to support cities on their transition to low-
carbon energy systems. We categorize the recommendations in the same order as the
challenges, data availability and quality, communication, knowledge and background
for modeling requirements and the scenario assessment.

4.1 Recommendations for the Challenges in Meeting Model
Requirements

Data availability and quality: Firstly, the data collection time should not be under-
estimated and should be considered in the project timeline because it might not be
available in the desired unit or not available at all. In this case, a combined top-down
and bottom-up approach is needed to retrieve the required data. For instance, total
electricity consumption in buildingswasknownbut purchase distributionper building
type was only documented in the economic system. Thus, these two were used to
obtain the required data. Similarly, in the transport sector, national average values
were used in combination with information about fuel purchased for the population
of the model.

Another approach could be to develop the model according to the available data
that is not the most desired solution because the level of detail or desired scope
might not be modeled. The most beneficial solution for the city and the modeler is
having statistical documentation to ease the modeling load and to facilitate the civil
servants to have correct information. To get better decision tools for working with
city energy transitions, municipalities need to focus on statistical documentation of
their final energy consumption per energy commodity and site, if possible, on hourly
or monthly bases. This quite easy measure will significantly improve the quality of
the analysis; hence, this is where the cities should prioritize putting their time.

Communication: To overcome the challenges, we identified various ways of
communication in different parts of the process and for different needs. For file
sharing, cloud services provide the most efficient solution according to our expe-
rience because the latest version of the file is available to every party at the same
time. File sharing with e-mails is another option, which we recommend avoiding,
as there is the possibility of using older file versions instead of current ones in
model runs, thereby leading to attempts to re-correct problems that had already been
encountered and overcome. For model explanation, we found online presentations
by the researcher in combination with a report are useful for describing the model
structure and explain the required data in detail. These were followed up with a
question-and-answer session to support the understating from the city’s side. For
the model population, face-to-face meetings (physical or online) will speed up the
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process and are highly recommended based on both our own experience and feed-
back from the municipalities. A reason for holding face-to-face meeting, instead of
using a chat forum or having a “voice-only-meeting” (a phone call or a Web-based
meeting without camera), is to make it possible for the modeler to see the reaction of
the civil servants to better apprehend if they have understood which data to collect
and thereby avoid gathering the wrong information.

Knowledge and background: Civil servants can have different backgrounds and
might not have an understanding of energy systems. We worked with several solu-
tions to overcome this challenge. Initially, we tried collaborative–interactive meet-
ings between researchers and civil servants for the base-year calibration. This can
clarify many of the questions regarding the data population and can help eliminate
the collection of wrong data. However, often the data to populate the model is not
available during these initial meetings, so there is a need for several face-to-face
meetings. Another approach that we used, and found more efficient, was showing
preliminary results to the cities for the base-year of the model, and revealing the
underlying preliminary data that had been gathered from available statistics and
initial discussions with the municipality. This helped civil servants to get a better
understanding of how the data, that is supposed to be gathered by them, is used in
the model. This also contributed to municipalities’ understanding of how the energy
system is defined in the model. Furthermore, online or pre-recorded presentations
of the file structure used for modeling are crucial for the cities to understand what
kind of information is needed and where it is used. In addition, we put effort into
explaining the required data as well as the energy concepts in the model templates
to overcome the confusion that is caused by having a different understanding of the
terminology than that used by the model developers.

4.2 Recommendations for Scenario-Assessment Challenges

The keys to achieving the aims of modeling are assuring to assist the civil servants
to provide input for the scenarios and making sure that they understand the scenario
analysis. Recommendations to the challenges mentioned in Sect. 3.2 are described
here.

Parameter selection: For the cities to understand the outcomes from the scenario
analysis, they need to be a part of the process of developing scenarios to reach
their targets. To achieve successful assessments of the different pathways of how the
energy system can evolve over time, cross-communication betweenmodeling experts
and civil servants is needed, both when defining and when analyzing the scenarios.
In the cases, when civil servants are not experienced working with drivers (which
we found is frequently the case), it is useful if the researchers first propose a way
to define parameter combinations to form scenarios, which thereafter are discussed
and revised in cooperation between researcher and civil servants. With regards to
the parameters that the city can directly impact, it should be the other way around:
First, the civil servant should propose the decisions that have been thought upon,
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e.g., to reduce their climate impact and, second, these should be discussed with the
modelers with respect to how these can be captured in the model. Keep in mind that
the model will identify cost-efficient technology and fuel options under each of the
defined scenarios, thus this should typically not be varied in the scenario generator.
Parameters used in the scenario generator of the TIMES-city model are listed to
illustrate what kind of assumptions that the cities can work with while defining
scenarios (see Table 1). In the scenario generator, there are three parameter variation
options, namely, “high,” “medium” and “low.” These simple options made scenario
definition easier for the cities. If an assumption is not going to be included in a
scenario, the option to exclude it is defined as “none.”

Complexity: To choose relevant scenario parameters, the city decision makers
should ideally know how different parameters impact different parts of the energy
system.Oneway to achieve this is to provide themwith the Reference Energy System
diagram of their city. However, this was not enough. Instead, it was found that the
most efficient and practical solutionwas to define a simple scenario with a few targets
for a preliminary model run and to provide example results to cities. To support this,
well-thought-out visualization (good examples, reader-friendly graphs) will make it
easier for the city to understand how the parameters that the city can influence may
affect their future energy system. This also helps the cities see that they can make

Table 1 Scenario parameters defined in the scenario generator of the generic TIMES-city model

Scenario parameters Parameter variation options (rate of change)

Socio-economic evolution (GDP/capita) High/Medium/Low/None

Population evolution (number of inhabitants) High/Medium/Low/None

Inhabited residential buildings variation (m2) High/Medium/Low/None

Variation of the electricity consumption per capita
of electric appliances in residential sector
(kWh/capita)

High/Medium/Low/None

Evolution rate of municipality growth (starting
year 2015 = 100)

High/Medium/Low/None

Variation in useful energy demand for commercial
sector/industry sector/public-lighting sector

High/Medium/Low/None

CO2 mitigation level High/Medium/Low mitigation/None

Transport policy options based on population
evolution

High/Medium/Low/None

Energy efficiency in residential buildings High/Medium/Low insulation/None

Local renewable power and heat production High/Medium/Low/None

Fuel market High/Medium/Low price/None

Target renewable energy sector and low-carbon
technologies

High/Medium/Low/None

Variation of the investment cost of the technology
for the user (this includes subsidies and taxes at
technology level)

High/Medium/Low/None
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a change, when they are doubtful of their ability to have an impact on the energy
transition. The most crucial recommendation to the modeler is to assist cities during
the scenario-definition stage because this will help to focus on varying the scenario
parameters with main impact on the results.

5 Conclusion

Cities have been working on climate mitigation and ESOMs are becoming more
and more common at the city-level for supporting cities in their energy transition.
In this paper, challenges in energy system modeling of cities in the data collection
processes for model and scenario developments are discussed. For model develop-
ment, we found that it is important to: (a) explain the terminology used and data
required in the model in face-to-face meetings; (b) explain the structure of the model
files through presentations and reports; and (c) provide preliminary results from the
base-year as they are critical for overcoming the challenges pertaining to data avail-
ability and quality, communication, as well as knowledge and background. Similarly,
to overcome the challenge of parameter selection and complexity in the scenario
development, we found that it was crucial to: (a) review scenario parameter combi-
nations in collaboration with the cities; and (b) provide examples with preliminary
model results to show how city targets affect their energy systems. All the solu-
tions provided in this paper have a common theme, i.e., continuous communication
between the civil servant and the researcher. This helps to overcome the misunder-
standings of the terminology used in ESOMs and creates a platform to describe the
model structure for the city,which helps to improve the energy systems understanding
of the city representatives. A better systems understating can support comprehension
of what is critical for achieving the transition to a climate-neutral energy system and
thereby robust decision making.

The workflow of the modeling process and the recommendations given in the
paper are summarized in Fig. 1 that covers the steps from model description to
scenario runs. It should be kept in mind that this is a simplified sketch to describe
the process conceptually and several steps might require reiteration.
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Fig. 1 Workflow on how civil servant and modelers can cooperate in modeling the city’s energy
system
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