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Short Summary 
 
For the upcoming transition of the energy system towards higher shares of renewable energies, 
the municipalities should be provided with a sound basis of information, scientifically supporting 
their decisions and aiming at overall optimal solutions. KomMod as a holistic high-resolution 
municipal energy system model offers such an analysis and the resulting strategic 
recommendations for a detailed and cost-effective future energy system of a municipality, thus 
helping to pave the way for future “Smart Cities”. 
 
Keywords: Smart Energy Cities; KomMod; energy system model; municipality; mathematical 

optimisation 
 
1. Introduction 
 
Worldwide climate change mitigation is meanwhile seen as one of the most urgent and important 
challenges to humanity. This is most evident in cities in which as of approximately 2007 an ever 
increasing proportion of the world's population now resides and where correspondently most of the 
world's greenhouse gas emissions and energy consumption is concentrated. As this development 
is predicted to continue, the term “Smart City” has to have a special focus on energy if we want to 
tackle climate change [1]. 
Additionally, from a German perspective, cities also play a major role in the so-called 
Energiewende, or energy transition, that is, the transformation of the energy system from fossil and 
nuclear to renewable energy sources. While some of the required adaptions have to take place on 
a national level, many measures have to be implemented locally, for example, the energetic 
refurbishment of buildings, the installation of renewable energy based supply technologies as well 
as of new infrastructure for district heating and cooling. 
Accordingly, many municipalities in Europe have recognised the resulting need for a significant 
reduction of their green house gas emissions as well as their energy consumption and have 
already taken on responsibility by setting themselves the relevant goals, for instance by joining 
initiatives like ICLEI or the Covenant of Mayors [2, 3]. These municipalities, willing to actively steer 
the transformation process of their energy systems, typically follow a pathway of three steps. First, 
an analysis of key indicators of their energy systems is carried out, and the municipalities commit 
themselves to climate goals. Secondly, the identification of possible measures for green house gas 
reduction and energy saving is done by studies on their building stock, on the reduction potentials 
of their energy consumption and the renewable energy potentials on their territory. And third, based 
on the first two steps, a refined specification of the municipal climate goals, together with a 
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roadmap of concrete measures to be taken to reach this target energy system, has to be 
developed. Besides social and political aspects which have to be taken into account, the roadmap 
is often developed under the premise of being cost-effective. The time horizon of such a roadmap 
involves decades and therefore has to be seen as an evolutionary process where the individual 
steps have to be evaluated and changed if and when necessary. 
For the first two steps of the pathway shown, an annual analysis of energy flows, regarding 
demand and supply, local renewable energy potentials and so on, is usually sufficient. This means 
that the relevant studies are mostly based on annual cumulated amounts of energy instead of time 
series of demand and supply. Interdependencies between technologies as well as between the 
different energy sectors, electricity, heat/cold, gas, and transport, therefore are not yet taken into 
consideration. In contrast, at the latest for the third step, an in-depth analysis of the municipal 
energy system is needed, regarding time series and taking these interdependencies into account. 
The energy system model, KomMod, described in the following and currently developed at the 
Fraunhofer ISE, delivers such an analysis and the resulting strategic recommendation for a 
detailed and cost-effective future energy system of a municipality, thus helping to pave the way for 
future “Smart Cities”. 
 
2. Methodological Approach – The municipal energy system model 

KomMod 
 
The development of KomMod is structured into three main tasks: analysis of the requirements of a 
municipal energy system model, comparison of the requirements with existing models, and 
creation of an energy system model, either based on an existing solution or by starting from 
scratch, that fulfils all needs. 
 
2.1 Identified requirements 
 
The future development of a municipal energy system is influenced by many parties forming a 
municipal community, among them, the municipal governance, (local) utilities, local industry, trade 
and commerce, citizens and other stakeholders. 
The energy system model, KomMod, in the first place aims to address the needs of and find 
optimal solutions for this community as a whole and therefore takes a macroeconomic perspective. 
Accordingly the resulting solutions and recommendations are expected to differ from optimal 
solutions found for individual companies or groups of interest. The key questions from this 
perspective are what the future energy system should look like in detail and which measures ought 
to be taken to support the municipal goals best. To answer these questions, several fundamental 
aspects have to be taken into account. 
 
As it is well-recognised that future energy systems will contain a high share of fluctuating 
renewable energies, an in depth-analysis has to be done in a high temporal resolution to make 
sure the energy supply is guaranteed at all times. A simplified calculation based on annual 
cumulated amounts of energy could, in contrast, lead to undetected temporal surpluses and 
shortfalls. 
The same applies to spatial resolution. An aggregation of all data to a single spot would 
miscalculate the real conditions in certain situations. A solar thermal system on a building, for 
example, may provide excess heat during summer. Neglecting a spatial resolution, this heat could 
cover the neighbour's need for hot water too, even if there isn't any physical connection (piping) 
between the two buildings. 
 
Another major aspect to be considered are interdependencies. This relates to cross-sectoral 
interdependencies between all four demand sectors, namely electricity, heat/cold, natural gas, and 
(local) transport, as well as to different technologies within a sector. Examples for cross-sectoral 
dependencies are combined heat and power plants (CHP), heat pumps (driven by gas or 
electrically), electric cars, and rooftop areas used for either photovoltaics or solar thermal 
installations. Intra-sectoral dependencies occur when for instance the specific CO2 emissions of a 
building could be reduced by insulation, by connection to a district heating network or by use of 
solar thermal energy. 
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Other kinds of dependencies, which also have to be considered, occur between structure (design) 
and operation of the components of an energy system. Below is a simple example of this. 
Within a system consisting of a small thermal power plant run on biomass, a wind turbine and an 
electrical storage, times of little wind could be covered either by extended operation of the thermal 
power plant, an enlarged storage or additional wind turbine capacity. In each case, both structure 
and operation of the components would be affected by the decision, for example, that an enlarged 
storage may lead to a better utilisation of the wind conditions and therefore reduce the full load 
hours of the thermal power plant. For this reason it is necessary or at least useful to optimise 
structure (design) and operation simultaneously when dealing with strategic decisions. 
Even in the above-mentioned very simple example, several solutions exist which might be 
equivalent or similar regarding technical criteria. It is very likely though, that they differ in cost as 
wind turbines and storages have higher specific investment costs than a thermal power plant, while 
the latter is much more costly during operation. Thus it is obvious that interdependencies between 
technical and economical aspects should be integrated into the calculations. 
 
Against this background and regarding the complexity of the overall municipal energy system, a 
holistic energy system tool is needed which enables municipalities and other stakeholders to make 
decisions on a sound basis of information. The resulting future energy system and the roadmap to 
get there have to be specific to the municipality, offering an effective solution to reach their climate 
goals in a cost-effective way and taking the specific local circumstances into account, like building 
stock or local renewable energy potential. 
An overview of a possible future municipal energy system including all of the above-mentioned 
demand sectors, interdependencies and a fundamental spatial structure is given by figure Fig. 1. 
As shown in the scheme, it can be useful to extend the system borders to the surroundings of a 
municipality to integrate agricultural areas as well as sites for wind turbines or large photovoltaic 
systems. 

Fig. 1: Scheme of a municipal energy system based on renewable energies 
HP el/Gas = Heat pump electric / Gas driven, CHP = Combined Heat and Power, WS = 
Wood Stove, St = Storage, SH = Solar Heat, Elyz = Elektrolyzer, Meth = Methanation 
[4] 
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2.2 Analysis of existing energy system models 
 
Over time many different energy system models have already been developed [5, 6, 7, 8]. Hence, 
it seemed reasonable to first take a look at existing models before starting from scratch. 
Complementary to the requirements described above with regards to content, the model has to 
fulfil several criteria with respect to flexibility and access, convenience, and stability. Crucial to the 
Fraunhofer ISE as a scientific institute is the ability to have almost complete access to every detail 
of the model, for example, to be able to adapt the model to future developments. This refers to the 
structure, the components included in the libraries, temporal and spatial resolution, and more. For 
the sake of convenience, the existence of component libraries (buildings, power plants, heaters) 
and a graphical user interface are desirable. More important though, is the computational power 
and robustness of the included mathematical solvers. A high developmental stage and the 
widespread use of the software therefore are wishful. Last but not least, licensing terms, including 
the right to change and distribute the model, and fees are of particular importance. 
 
A comparison of the design specifications with existing models showed that none of them covers 
all of the identified needs. There are three main reasons for this discrepancy. The first reason is a 
deviation in scope. Many models are designed to deal with national or even the European energy 
system, hence the technical, temporal, and spatial resolution is, due to computational limitations, 
cruder than needed for a municipal dimension. The second reason is a restriction to only one or 
two of the above-mentioned four demand sectors, again often due to computational limitations. 
The third reason involves licencing issues and the resulting lack of publicly available 
documentation of models. As a result, it is hard to evaluate if any existing model does indeed cover 
the needs of or could be adapted to specific municipal requirements, and it is precisely for this 
reason that the Fraunhofer ISE initiated the development of an energy system model tailored 
specifically for the needs of a municipality. 
 
3. KomMod – Design specifications 
 
3.1 Holistic approach 
 
KomMod is designed as a holistic and comprehensive energy system model to specifically fulfil the 
needs of municipal energy system analysis and optimisation. It is meant to serve as a tool for 
structural analysis and optimisation enabling strategic decisions from a holistic municipal 
community perspective. Technical as well as economical constraints are taken into account, 
covering the demand sectors, electricity, gas, and heat and in the near future also transport. The 
goal is to integrate most interdependencies between these sectors as well as between system 
design and operation into the model. KomMod therefore is built with a homogeneous modelling 
approach, implementing all components with the same modelling environment and including the 
optimisation of system design and operation into one simultaneously solved equation system. As a 
modelling environment, AMPL is used in combination with the mathematical solvers Gurobi and 
Conopt [9, 10]. 
Operation optimisation in this context relates to the derivation of general operation strategies for 
every component to best serve the needs of the whole system. The result for a certain component 
therefore may change if the rest of the system changes. This perspective is different from the 
optimisation that utilities do for their daily power plant operation, looking at only their own power 
plant portfolio. It also has to be distinguished from short term optimisation of forecasting and 
control where uncertainty, for example, of the prospected demand, weather conditions or market 
behaviour, plays a major role. 
 
3.2 Perfect foresight and dynamic optimisation 
 
Due to the strategic objective, the model is provided with perfect foresight over the whole time 
horizon of the optimisation. All input data therefore has to be available to the model at the 
beginning of an optimisation run, enabling the model to dynamically optimise over the whole time 
horizon simultaneously. Dynamic here refers to the fact that the requirements of future time steps 
are already taken into account for decisions regarding the current time step. This method is also 
commonly used for optimisation in real life environments, but with a much shorter time horizon due 
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to uncertainty. Dynamic in this context is different from the meaning within control theory – a field 
which KomMod doesn't aim for.  
As the short term dynamics of the system components are not in the scope of KomMod either, 
every time step is seen as a point of steady-state operation. Limitations on a macroscopic scale, 
resulting from system dynamics, have to be taken into account, of course. Accordingly the 
component models include part-load efficiencies, load acceptance rates, minimal charging levels 
(reducing the net capacity of a storage) and self-discharge of storages for example. Some 
important properties, like minimal downtime, minimal run-time, and ramp-up time are still to be 
included in the model. Technologies are grouped into components of similar physical behaviour 
which can be described with identical equations. The equations within the component for combined 
heat and power (CHP) plants, for example, describe a CHP plant on a household level as well as a 
800 MW hard coal power plant. The differences between the elements of a technology are 
expressed by a change in the parameter sets. As KomMod is built modular, any component model 
could be easily replaced by a more precise one if a specific technology should be examined in the 
system context in more detail later on.  
 
3.3 Temporal and spatial resolution 
 
The temporal resolution is set to an averaging period of one hour, intended to be reduced to 15 
minutes. The range of 60 to 15 minute time steps provides a reasonable balance between the 
availability of data and the computational performance on the one hand, and the ability to cover 
times of shading due to passing cloud fields or times of wind calm on the other. Gusts of wind and 
single clouds won't be captured on a 15 minutes time interval though. While these have a huge 
impact on mechanical and electrical loads respectively, as well as on control engineering, their 
influence is negligible from an energetic point of view. The time interval chosen enables KomMod 
to provide answers to questions with respect to the amount and operation of short term storage. 
 
Spatially the model is divided into zones, sub-zones, and building types. The size and the shape of 
the zones and sub-zones are adjustable to the specific needs of every municipality. A building type 
represents the smallest energy subsystem within the model. It is derived by grouping several 
different buildings with similar properties, such as the type of building (single family house, high-
rise building), its age and heating demand, to one category thus allowing for a balance between 
detail and the amount of data [11]. With this concept of different levels of spatial aggregation it is 
possible to define interfaces at several levels which are of practical importance, as explained 
below. 
 
On every level, from zones to building types, the energy balance for all three sectors (electricity, 
heat, and gas) currently included, has to be fulfilled for each time step. Except for the heating 
demand of buildings, KomMod expects the demand side to be given as input data, which therefore 
is fixed. The energy balance on every level has to be fulfilled accordingly on the supply side by 
either internal production or by import and export. KomMod allows import and export between the 
different spatial levels as well as an exchange within a level. To keep transfer routes short the 
direct exchange within a level is preferred. 
The boundary of a building type is also interesting from a legal aspect as it is the interface between 
the house owner and the utility company. As KomMod calculates the time series at this boundary 
for every sector, it can provide utilities or grid operators with information about structural changes 
in the demand patterns if, for example, the share of photovoltaics or micro-CHP plants would 
increase in the future. 
Sub-zones can be used to distinguish an area that differs in at least one property from the rest of 
the zone but still for some reason belongs to that zone. This could be the case when the sub-zone 
is a potential extension area for a district heating network which already exists in the rest of the 
zone. Here again, KomMod calculates load patterns and annual energy demand, also at the 
interface between the existing network and the potential extension, thus delivering key indicators 
for a utility provider or grid operator to decide pro or contra the extension. 
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3.4 Dealing with stochastic effects and uncertainty 
 
KomMod is designed as a deterministic mathematical model. The underlying equations, 
transferring input into output data, don't contain any stochastic elements, and identical input 
parameters therefore will lead to the same results (there might be a deviation if several equal 
optima exist or if equations become non-linear and the model gets stuck in different local optima). 
The known and fixed relations between input and output facilitates troubleshooting of the model if 
necessary. It offers the possibility to reproduce calculations and, compared to a model containing 
stochastic elements, makes it easier to understand the overall relations between input parameters 
and the resulting output. In an optimal case this would lead to a better general understanding of 
the whole system as underlying general principles could be recognised. 
KomMod aims at real world problems and even if it is a deterministic model, it cannot be ignored 
that uncertainty occurs in real life all the time and in different ways, and this must therefore be 
incorporated into the model where possible. Examples are stochastic effects like prediction 
uncertainties in terms of both demand and supply, in user behaviour, wind speed, and solar 
irradiance. Other sources of uncertainty derive from measurement errors, such as a lack of 
knowledge, insufficient or missing diagnostic options, and social aspects. While some measures 
dealing with uncertainty can be integrated within the pre-processing of KomMod or handled by 
scenario calculations and parameter variation, others are out of scope. According to the strategic 
focus of KomMod it is provided with real data but not online data. 
 
3.5 Input data 
 
Several input data for both the demand and supply side of each sector is required to enable the 
model to start with calculations. Above all, the technologies and resources which are available at a 
specific location have to be defined. Thus far, solar thermal systems and photovoltaics, wind 
turbines, combined heat and power plants run on fossil and renewable fuels, electrical and thermal 
storages, and different boilers are implemented in the model. Heat pumps and water power, inter 
alia, will follow. 
For every supply technology to be included in the calculations limitations on fuel resources, for 
renewable energies mainly due to limited available surface areas, have to be given. Often this is 
coupled with administrative decisions regarding land use planning and other regulations. This 
applies to rural areas and agricultural ground as well as to development areas where it could be 
determined that for new buildings a certain amount of solar thermal systems or photovoltaics 
installed on the roof is mandatory. Information about the existing infrastructure, like power plants, 
district heating networks and the building stock, also has to be entered into the model. 
Furthermore time series for weather data, solar irradiation, wind speed, and ambient temperature 
has to be known on the supply side. On the demand side the current demand for electricity and 
process heat has to be given, while the heating demand of every building type is calculated based 
on the ambient temperature and the irradiation at every time step. 
In addition to the technical and energy-related limitations described above, economical values also 
have to be set. This includes interest rates, an average inflation rate, several specific costs for all 
technology included, existing and possible extensions of district heating networks, power plants 
and other infrastructures, as well as the refurbishment of every building type. 
 
3.6 Output data 
 
As KomMod optimises design and operation of every technology included simultaneously, it 
delivers recommendations for the capacity and number of facilities to be installed, as well as the 
relevant time series for these operations. Each facility is displayed with its location, its land 
requirements, its investment and operation costs. For all building types the best supply option for 
heat and the optimal refurbishment rate is calculated, leading to conclusions about extensions of 
district heating networks, if available. In combination with the expertise of the user, strategic 
recommendations for municipal stakeholders are a major outcome. 
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4. KomMod – First results, discussion and conclusions 
 
Within this section first results will be presented serving as examples to show the practical 
relevance of the criteria catalogue and the soundness of the course of development described 
above. The underlying data is drawn from real measurements and technical specifications, but it is 
not consistent and doesn't belong to one single real site. Accordingly the results shall only be used 
to check the relevance of the formulated requirements and the compliance of these requirements 
with the model, but not to draw additional conclusions especially with regard to decisions in a real 
life environment. For this reason only a graphical analysis without underlying data will be 
presented. It should be emphasised that different and consistent data might lead to severe 
changes, for example, concerning the relevance of different technologies or their operation. 
 
4.1 Temporal and spatial resolution 
 
The figures Fig. 2 to Fig. 5 with an hourly resolution show clearly the well known diurnal variations 
particularly of electric demand and insolation. Besides the huge difference in the absolute values of 
the heating demand between winter and spring, these curves clearly show at a glance that 
temporal resolutions of one year and even down to a daily basis are too rough to analyse demand, 
fluctuating energies, and storages in depth, leading to a severe underestimation of the needed 
installed capacity and the negligence of interdependencies. 
 
While it might be sufficient to represent the electric grid with a single node in many cases it is 
obvious that the results fail for the heat sector as figure Fig. 3 demonstrates. The different heating 
technologies and fuels are used in the order of their specific cost. Under the given circumstances 
this means that the CHP plant and the gas boilers are run constantly at full load and the solar 
thermal installations provide as much heat as possible. Only the load of the oil boilers is actively 
varied to cover the residual load. As already explained earlier this would only be possible if all 
suppliers and consumers were connected to a single district heating network. Hence the next step 
in model development is the integration of spatial disaggregation together with building types and 
district heating networks. 
 
4.2 Interdependencies 
 
Comparing the figures for electricity and heat in spring (Fig. 4, Fig. 5), the necessity to integrate 
inter-sectoral interdependencies becomes obvious. For the CHP plant it shows that the shape of 
electricity and heat supply curves is identical, implying that a certain amount of the one comes with 
a fixed amount of the other simultaneously. While for larger plants this ratio can be influenced and 
production can be shifted towards one side or the other within certain limits, the operating hours 
are strictly coupled. This can be seen around the 3120th and 3240th hour, when the CHP plant is 
switched off despite a need for heat supply which then is covered by the gas boiler. Looking only at 
the heat figure this doesn't seem plausible as, in the model, heat from the gas boiler is more 
expensive than that from the CHP plant. In combination with the electricity figure it can be seen 
that the model chose to operate the CHP plant electricity-led during that particular period and 
hence it can be concluded that electricity taken from the storage must be cheaper than that from 
the CHP plant and that the overall savings in cost on the electric side outweigh the additional 
expenses on the heat side. Accordingly, the operation of the different technologies changes if the 
fuel costs of the CHP plant are set to lower values. In this case, which is not shown in the figures, 
the CHP plant would be preferable also at the electric side at least at times around the 3120th hour 
and the operation of the CHP plant would swap from electricity-led to heat-led. It should be 
underlined that it is not predetermined in the model whether the operation of the CHP plant is 
electricity-led or heat-led, it could even change from time step to time step within one optimisation 
run. These reflections also show that technical and economical aspects have to be examined 
concurrently. 
Similar changes in operation, as when changing the specific costs, also occur when changing the 
restrictions on the resource potentials. This means that changing the restrictions doesn't only affect 
the installed capacity of the technologies as is obvious when reaching the limits but also might 
change their operation widely at the same time. For this reason it is important to simultaneously 
optimise both aspects, structure and control. 
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Fig. 2: Electricity demand and supply for one week in winter 

Fig. 3: Heat demand and supply for one week in winter 
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Fig. 4: Electricity demand and supply for one week in spring 

Fig. 5: Heat demand and supply for one week in spring 
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Together with the fact that especially the resource potentials and the demand patterns depend 
strongly on the local conditions, it can be 
concluded that the model has to be adapted to 
these specific conditions and that in general it 
won't be possible to transfer solutions directly from 
one municipality to another. 
 
Looking at the figures, the necessity of modelling 
technologies with a high technical resolution can 
also be verified. As a first example, rooftop and 
façade photovoltaics will be compared on the 
basis of their supply curves (Fig. 6, Fig. 7), 
extracted from the complete figures above. In the 
model the two technologies differ in their installed 
capacity, efficiency, angle to the horizontal (rooftop 
30 degrees and façade 90 degrees), and 
orientation (rooftop direction south and façade 
direction south-east). Three main differences can 
be observed. The curve of the façade installation 
reaches its maximum before the one of the rooftop 
system due to the orientation. The difference in 
angle results in a lower seasonal influence on the 
production of the façade system as well as in a 
squatter and rather levelled shape of the curve. 
Additionally it leads to lower peak loads and a 
lower energy production of the façade system per 
area or installed capacity, respectively, which 
cannot be drawn from the figures as the installed 
capacities and efficiencies differ from the rooftop 
installations. It is clear that the mentioned effects 
have an impact on the availability of electricity 
gained from photovoltaics and hence on the 
supply security and grid loads.  
A second example for the relevance of a high 
technical definition shall be given with respect to 
energy efficiency curves compared to annual 
average values, here exemplified with rooftop 
photovoltaics and solar thermal installations. 
While the energetic efficiency of photovoltaics 
rises with falling temperatures, solar thermal 
installations decline in efficiency at lower 
temperatures due to increasing thermal losses to 
the environment. The latter is especially important 
as it is directly opposed to the heat demand. A 
thermal efficiency averaged over time therefore 
would lead to a shortfall when the heat is needed 
the most. These effects can also partly be 
observed in the figures when looking at the 
switching times of solar thermal installations 
compared to rooftop photovoltaics (Fig. 8, Fig. 9). 
In spring the switching times of both systems are 
pretty much the same but in winter the solar 
thermal applications start notably later to produce 
energy and stop much earlier than the 
photovoltaics. The reason is that during winter 
when ambient temperatures are low, with solar 
thermal applications a fair amount of the insolation 
is needed to cover heat loss to the environment, thus lowering the net output. In times when the 

Fig. 7: Comparison of rooftop and façade PV 
in spring 

Fig. 8: Comparison of rooftop PV and solar 
thermal installations in winter 

Fig. 9: Comparison of rooftop PV and solar 
thermal installations in spring 

Fig. 6: Comparison of rooftop and façade PV 
in winter 
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insolation is too weak to provide a net surplus the system is shut down. In this example both 
systems were orientated southwards but differed in angle (rooftop 30 degrees and solar thermal 
collectors 45 degrees to the horizontal) which in winter even improves the conditions in favour of 
the solar thermal system. 
 
4.3 Perfect foresight and dynamic optimisation 
 
The impact of dynamic optimisation and perfect foresight can be seen from the curves of the 
electrical and thermal storages (Fig. 2 to Fig. 5). It stands out that both storages are charged and 
discharged consecutively, thus being mainly used as short term storages for anything between a 
few hours and two days. This doesn't originate from the capacity limits set within the model as 
these were not reached. Under the premise of perfect foresight it is useful to charge the storage as 
late as possible to minimise the losses occurring until discharge. Around the 3240th hour (Fig. 4) 
this results in exporting electricity before filling the storage. This behaviour is not very realistic 
concerning risk management, of course. It therefore has to be seen as a theoretical optimum 
providing a lower bound which could be used to evaluate real-life solutions. The most apt solution 
to integrate risk awareness in this special case would be to swap charging the storage and export 
as the resulting additional losses could be probably ignored under real life conditions. 
The dynamic behaviour of the model becomes apparent several times in winter (245th, 268th, 
280th, and 318th hour with electricity, 373th and 398th hour with heat) (Fig. 2, Fig. 3). Taking a look 
at the electricity figure it can be observed that electricity is imported to fill up the storage only to be 
immediately discharged again while the import of electricity continues. The reason for this 
behaviour is that electricity imports are limited arbitrarily to 50 MW, so supply can only be 
guaranteed either by increasing the installed capacities of the supply technologies or by buffering 
demand peaks via storage. 
With the heat sector the situation is different. Here the storage is not used due to capacity 
restrictions but to reduce costs as cheaper heat derived from the gas boilers replaces more 
expensive oil. 
 
4.4 Conclusions and outlook 
 
As a main outcome, the assumption could be validated that for a sound target energy system, and 
even more for the roadmap to get there, municipalities are in need of a detailed and high-resolution 
energy system model, tailored to their specific needs. 
Even with the partly inconsistent data used for the first evaluations, it became obvious that only 
highly resolved temporal calculations are able to include effects resulting from fluctuating energy 
sources, the use of energy storage, and different kinds of interdependencies (cross-sectoral, intra-
sectoral, structure and operation, technology and economy). This means also that models which 
are based on annual calculations and which are currently widely used for the first two steps on the 
pathway to becoming a smart (energy) city are inadequate for the third step. 
To cover all sorts of interdependencies, additionally to the high temporal resolution, a high 
technical resolution and at least a basic spatial resolution are necessary – this could also be 
proved with the results gained with KomMod.  
The full potential of a high temporal resolution can only be tapped when the level of technical detail 
is also appropriate. Examples which have an important influence on the whole energy system are 
the integration of load ramps or the deviation in operation of solar applications due to differences in 
orientation - features which can’t be properly integrated in annual calculations. A fine technical 
resolution also has to be integrated due to the fact that with higher shares of inflexible renewable 
energies, together with the limitation of the use of flexible (fossil) fuels like gas and oil or their use 
in combined processes, the energy system will become inelastic and less robust than today. 
Accordingly the interactions of the different technologies become more important and the technical 
detail in which they are modelled has to be increased to be able to provide solutions applicable to 
real life environments. The results show this fact in the operation scheme of the CHP plant, as well 
as in the different operation patterns of the solar technologies, leading to different residual loads. 
The necessity for a spatial resolution could be shown in the heat sector but would also occur 
wherever the topology plays a significant role like it does with networks. Additionally with spatially 
resolved systems it is possible to split up costs and energy flows for different groups of interest, 
allowing to take the particular view of private house owners or utility providers. 
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Furthermore it could be shown that the identified requirements have a notable impact on the 
optimisation results and that the course chosen to develop KomMod is plausible and in line with 
these requirements. The next steps will be to implement a spatial resolution, building types and 
district heating networks, followed by the integration of the transport sector and, of course, to 
validate KomMod and the first findings also with consistent real data. Later on methods to integrate 
uncertainty should be evaluated and new methods which allow for the identification of robust paths 
have to be developed. 
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