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h i g h l i g h t s

� Overview of the current state of practise of GIS-based urban energy systems models.
� A growing research interests in modelling urban energy systems using GIS.
� GIS plays a significant role for planning sustainable energy systems in cities.
� Using open source data and models can effectively replicate urban energy features.
� Open GIS-based platform for the optimisation of flexibilisation technologies in cities.
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a b s t r a c t

Planning of sustainable Urban Energy Systems is a challenging task for the many involved stakeholders
which requires optimal use of available knowledge for decision support. Therefore, systematic
approaches integrating energy models and interactively linking them to real-world data are highly
required. In this regard, Geographic Information Systems (called GIS) offer as a platformmany advantages
and can play a significant role in integrating renewable energy sources at the urban scale. The optimal
integration and placement of different possible flexibilisation technologies such as storage can profit
from the possibilities offered by GIS tools. In addition, GIS facilitate policy making, allowing for a realistic
and multilayer representation of urban energy systems. This contribution first draws an overview of GIS-
based models for urban energy systems by investigating the current state of modelling. It introduces in a
second step, an outline of a transferable GIS-based platform for the optimisation of storage and other flex-
ibilisation technologies in urban areas. The model is composed of three main components and deals with
the optimal integration of flexibilisation technologies. The fields of applications of the model are, but not
restricted to, analysis of the emergence of sustainable cities, self-consumption at the urban levels,
autarky measures, capacity demand and economic efficiency, and the integration of flexibility options.
The method developed by the authors and presented here deals with the first component of the proposed
model which is setting up the spatial framework. The framework relies mainly on spatial features of
urban objects extracted from the open source OpenStreetMap database. The different steps involved in
the spatial framework set-up are extraction and filtering of the data sets and their algorithmic steps
which will be introduced here in details. A central finding of this contribution illustrates the feasibility
and effectiveness of using open source data and tools to replicate urban energy features.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Since 2007, our world is experiencing the highest rates of global
urbanisation in history. More than half of world’s population are
living in cities, a number expected to increase to more than 5 bil-
lion representing about 60% of the population by 2030 Pfeier et al.

[1]; Fund [2]. Consequently, cities infrastructures will face signifi-
cant challenges to satisfy the growing demand on energy services,
which without the integration of renewable energies will cause
higher emissions of greenhouse gases and pollutants. However,
cities can play a central role for achieving the transition towards
sustainable energy systems. The Paris agreement recognises the
global role of cities and urban authorities in addressing climate
change and in achieving global reductions in CO2 emissions Com-
mission [3].
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The energy revolution towards sustainable urban energy
systems (UES) begins in cities where city districts represents an
optimal scale for integrating local renewable energy sources to bal-
ance the localised energy demand Manfren et al. [4]. Therefore,
there is a need for setting the best techno-economical framework
conditions for planning future UES as highlighted by the German
Advisory Council on Global Change (WBGU) Kraas et al. [5]
introducing a guiding concept of ‘‘decentralised concentration”,
recommending that urban spaces should be structured in a
decentralised way with a view to develop poly-centric spatial,
balanced and settlement structures. Hence, the structural transi-
tion towards a sustainable energy system will be based on the
expansion of renewable energies involving all actors and achieving
a supportive mechanism through energy incentives Schellnhuber
et al. [6].

In Germany, incentive mechanisms have been introduced to
promote e-mobility and to facilitate the integration of Photovoltaic
(PV) self-consumed energy in buildings making it commercially
attractive to locally consume self-generated PV-power Lang and
Lang [7]; Baum et al. [8]. In this context, the Association for Electri-
cal, Electronic and Information Technologies (VDE) introduced the
cellular approach as a concept to investigate future scenarios for
energy transition and the integration of renewable energy tech-
nologies in urban environment VDE [9]. The concept is based on
balancing demand and supply at the smallest local scale, in which
self-consumption and autarky degree play an important role for
planning future UES and smart cities.

Research related to integrated energy planning in spatial frame-
works has drawn significant interest among scientists, engineers
and policy makers to meet the increasing share of renewable
energy sources (RESs) and decreasing carbon emissions targets.
Geographic Information Systems (GIS)-based models facilitate
decision-making in this field Camargo et al. [10] and contribute
to the development of the smart city settings. This concept was
introduced to handle the transformation towards clean and green
cities enabling a better use of renewable energy technologies.
GIS-based models have been commonly used for regional and
national planning. Integrating environmental and energy models
in city planning is recommended for future cities development
Manfren et al. [4]; Roche [11]. In this context, GIS can play a key
role for the deployment of renewable energy Manfren et al. [4]
and for implementing so called power flexibilisation options such
as storage, demand-side management (DSM) and backup-power
plants de Sisternes et al. [12].

In general, modelling energy systems is essential to appropri-
ately analyse and gain insights into future energy supply systems
Pfenninger et al. [13]; Keirstead et al. [14]; Connolly et al. [15].
In Pfenninger et al. [13], the authors reviewed several energy sys-
tem models with respect to their focus and simulation techniques.
This review study concluded that, the existing models are not
always capable in adequately addressing the challenges like trans-
parency, complexity, human dimension and uncertainty which are
faced by future energy systems. In the case of UES, models are
widely used by city planners, engineers and policy makers Keirst-
ead et al. [14]; Pfenninger et al. [13]; Kumar [16]. In his review
Goodchild [17], Goodchild stated that modelling UES using GIS
highlights many important issues related to the transition toward
sustainable energy systems, including the importance of scale and
resolution as well as the validation of energy models. To date, inte-
grating energy system planning in GIS modelling environment is
still under development and in its very early stages Mentis et al.
[18]. On the other hand, GIS tools can help decision-makers and
urban planners by offering the opportunity to visualise the
spatio-temporal parameters as well as to perform qualitative and
quantitative analysis of the results and different scenarios for the
deployment of smart city technologies.

GIS-based models can be used to build strategies, investigate
future scenarios and answer different questions about the transi-
tion towards sustainable UES Sahoo et al. [19]; Ma and Cheng
[20]. Nowadays, most of the available models are black boxes as
they are transparent and not freely or publicly available Wiese
et al. [21]. The same situation applies for the energy system data
necessary for energy system modelling Wiese et al. [21]. In order
to increase public awareness engagement and acceptance, energy
models should be transparent, open and publicly available which
also applied to GIS-based models Pfenninger et al. [22].

Many Tools for the integration of RESs into energy systems have
been developed. A review article done by Connolly et al. [15], anal-
yses 37 tools that are used for the integration of RESs into energy
systems. The optimisation of decision making process in UES plan-
ning requires the integration of the spatial characteristics of energy
resources Mentis et al. [18]. Manfren et al. [4] argues that,
advanced planning practice of future cities needs an appropriate
platform for communication and participation, hence the opinion
that, GIS applications will play an increasingly important role in
the coming years.

The present contribution draws an overview of GIS-based mod-
els for UES and proposes a definition for such models. The current
state of modelling is highlighted and different research fields are
categorised and summarised. As a result of the overview conducted
by the authors, it was found that GIS-based models dealing with
the integration of flexibilisation options and strategies were not
covered by the identified literature. Following up on this gap in
the literature, the authors introduce the outline of a proposed
GIS-based platform for the optimisation of flexibility options in cities
(called FlexiGIS). The aim of the platform is to systematically inves-
tigate different scenarios of self-consumption as well as to analyse
the characteristics and roles of different flexibilisation technologies
such as storage in promoting higher autarky levels in cities. As a
contribution towards transparency in models and data, the model
proposed in this article is intended to be open and will be made
freely available.

This paper is organised as follows, first, the methodology used
in the literature overview of GIS-based UES models is introduced
and the current state of practice is categorised in Section 2. In Sec-
tion 3, the proposed model, FlexiGIS, is introduced and the setting
of the spatial framework is presented in details. Section 4 contains
the conclusions and presents an outlook for future work. Finally,
this contribution provides in Appendix A supplementary material
including real OpenStreetMap (OSM) data and results of the spatial
framework.

2. Overview of GIS-based UES models

In order to draw a comprehensive overview of GIS-based UES
modelling which appropriately addresses its main characteristics,
a precise definition of GIS-based UES modelling should be speci-
fied. The term modelling urban energy systems is used in several
contexts, therefore, it is worthy to clarify its meaning in the con-
text of this publication. As done in Keirstead et al. [14], first we
start by adopting Jaccards definition of energy systems as ‘‘the com-
bined processes of acquiring and using energy in a given society or
economy” Jaccard [23]. Then, the task is to specify this adopted def-
inition to cover UES. In urban areas, all kinds of activities and pro-
cedures related to energy services in industrial, commercial, and
residential sectors are occurring within the city geopolitical
boundaries. The definition of the physical borders of energy sys-
tems in cities is however still problematic. In Ramaswami et al.
[24], three different approaches are suggested to define the term
urban. The geographic-plus definition in Ramaswami et al. [24] fits
best the present review for two reasons. First, it includes, in addi-
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