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Abstract

The cellular approach is a rather new terminology developed by a consortium of industries,
grid operators and academia. It aims to be an interdisciplinary model for energy supply
which integrates technical, legal, economical and social interests. This approach aspires to
help the decarbonization of the energy sector and therefore aligns with the German target
to have a 65% renewable energy share in the national energy production. The cellular
approach can be implemented from a local to a national scale and in locations without
existing infrastructure as well as in places with a strong energy distribution infrastructure
already in place such as Germany. This new framework proposes a unique organization of
the energy system by splitting it into energy cells. These cells can incorporate multiple
energy vectors and have for objective to balance the energy flows on all of them. The
scalability principle which allows energy cells to be operated as small single units or as larger
units combining multiple consumers constitutes a challenge for the planning of such an
energy system. This aspect introduces a research gap concerning the best scale to integrate
new renewable energy sources while minimizing the impact the energy cells will have on
the existing electric grid. As the integration of new renewable energy sources brings certain
complications for the balancing of energy flows across the existing electric infrastructure,
the different impact certain energy cell sizes might have on the grid becomes more and
more important and the comparability of different scales presents a gap which is addressed
in this thesis. On a general note, this work looks at how to optimize different energy cell
sizes in order to assess their impact on the existing electric transmission grid.
In an attempt to propose a methodology and comparative analysis of different energy

cell sizes, this thesis introduces first a state of the art concise definition of the cellular
approach and energy cells. To compare the impact on the transmission grid, the maximum
power import and maximum power export crossing point is used. This crossing point
serves as figure of merit to define the optimal system design, which allows a comparison
between different energy cell sizes. The general trend observed with the different system
optimizations performed in this study showed that the largest planning level had the least
impact on the grid. It has also been shown that a highest possible degree of autonomy of a
cell should not be an objective for the planning of such a system.
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1 Introduction

The Paris Agreement aims to push signatories to adapt their policies in order to mitigate
climate change since its ratification in 2016. A major objective of this agreement is to
limit global warming to an increase of 1.5 ° C compared to pre-industrial measurements
(UNFCCC 2015). In this context, seventeen Sustainable Development Goals (SDGs) have
been proposed as guidelines to address global warming and adaptation to climate change.
To align with SDG 7, Affordable and Clean Energy, Germany has put an emphasis on
integrating more Renewable Energy Sources (RESs) in the national energy production.
This transition towards cleaner energy production aims at a 65% share of renewable energy
in the national electricity supply by 2030 (International Energy Agency 2020). As an effect
of this ongoing transition, the share of RESs has seen a significant increase over recent
years. The national Photovoltaic (PV) capacity installed in Germany is a perfect example.
It increased from 4.2GW in 2008 (Pesch et al. 2014) to 49GW in 2019 (Jaganmohan
2021), which accounted for 9% of the total national electricity generation for the year 2019
(Fraunhofer 2021). However, this shift in energy production requires adaptation and new
energy system planning methodologies to ensure a successful transformation of the energy
system.

1.1 Problem Definition

Replacing climate-harming fossil energy sources with RESs in the national electricity pro-
duction comes with certain challenges. One major challenge is the fluctuation in electricity
production due to the weather dependency of these sources (Martinot 2016). On the other
hand, the Transmission System Operator (TSO) has to balance the energy production and
consumption at all times to avoid damaging the transmission grid components and ensure
the quality of supply. Consequently, RESs require expensive network expansion, storage,
backup capacities and consumption flexibility to avoid increasing the stress on the electrical
grid (Fathy 2019). However, these adaptations are not always possible or financially viable.
Another major challenge for the TSO to maintain grid stability is the decentralized nature
of RESs. In Germany, the integration of these new production sources is taking place as
scattered wind farms or rooftop PV for the most part (Uhlemeyer, Jakob, Zdrallek, et al.
2020). This type of implementation has a strong effect on the distribution of electricity
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Section 1.1. Problem Definition

as the sources are unevenly scattered across the country (Pesch et al. 2014). It makes the
overall energy production harder to predict and control, and therefore adds uncertainty
for the TSO to maintain grid stability. Thus, new models and approaches to operate and
manage the electricity supply are necessary.

The supply of electricity is not the only area of interest in the German energy transition.
In 2016, almost 90% of the final energy consumption in the German residential sector was
attributed to heat supply. Heat supply is largely based on fossil fuels with renewable energies
accounting for only approximately 13% of the final energy consumption (Bernath et al.
2019). Therefore, the heat sector also plays a major role in the national decarbonization
target. An interesting prospect for the decarbonization of the heating sector is the use
of renewable energy source through Sector Coupling (SC), also called power-to-heat for
this specific example (Bernath et al. 2019). Such systems have potential for the decar-
bonization of the heating sector, but also in helping to alleviate the previously mentioned
challenges facing the integration of RESs into the national energy supply (Brown et al. 2018).

Linking the concept of cross-sectoral energy systems to a new energy system thinking has
been the focus of a group comprised of academia, grid operators and industries working
on a new framework called the Cellular Approach (CA). The CA is an interdisciplinary
organizational model for energy supply which aims to integrate technical, economic, legal
and social issues (VDE 2019). Being a rather new terminology, the cellular approach
still has a lot of gaps and uncertainties in its definition. This new framework considers
the challenges mentioned above such as the requirements for the integration of new re-
newable energy sources and the importance of the heat sector. The implementation of
the CA with the existing network intends to avoid high replacement costs and to reduce
the environmental impact that changing the whole present network would have. Even
though the CA focuses mostly on being a new operational framework to optimize the
energy system, it still requires extensive and thorough planning methods before it can
operate. A major unknown parameter when planning an energy system following a cellular
thinking is the location of the energy production sites with regard to the energy consumption.

As the CA is relatively new, there are a couple of points of on-going discussion. A cellular
energy system is composed of multiple connected energy cells in which the balance of energy
flows is observed. Therefore, it is important to consider the capacity of a cell to sustain its
own consumption with local generation during the planning phase of an Energy Cell (EC).
However, there is no minimum or specific requirement specified for a system to observe a
certain degree of autonomy. Considering that cells can be planned and operated on different
levels, either separately as many small cells or jointly as larger superior cell, there are
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Chapter 1. Introduction

missing guidelines concerning the possibility for certain case studies to be more adapted
to certain cell sizes. The delimitation of a cell still represents a clear research gap and no
methodology to compare different energy cell sizes is established so far. This research gap
gains more importance with the assumption that various planning and operation sizes have
a different impact on the prevailing electric network. Also, even though it is stated that
the CA should incorporate RESs, the definition does not specify a minimum renewable
energy share for the planning of a cellular system. Finally, the CA should be implemented
using the existing network in place but there is no given procedure to measure the impact
on the existing system and therefore favoring the implementation of this framework. By
tackling these research gaps, this work also addresses two key challenges of the integration
of renewable energy sources which are the decentralization and the stress on the electric
infrastructure.

1.2 Research Questions

Considering the cellular approach described above and the research gaps identified, one
overarching question serves as central research objective for this thesis:

How can different energy cell sizes be optimized to determine whether the
cellular approach helps to alleviate the challenges brought by the integration
of renewable energy sources?

This research question can be split into four sub-questions, which will be addressed in
this thesis:

1. What are the strengths and weaknesses of an energy cell framework?

2. How can a cellular energy system be simulated and which constraints can be applied?

3. How can different energy cell sizes be compared and what similarities and differences
can be identified? How do these different cell sizes address the integration of renewable
energy sources?

4. What guidelines can be derived from the simulation of different cell levels for the
design of a cellular system?

To address these questions, the thesis is organized as follows: Chapter 2 presents a
literature review on decentralized energy production, introduces the cellular approach and
clarifies the strengths and weaknesses of this framework. This is followed by chapter 3
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Section 1.2. Research Questions

which details the methodology used to simulate energy cells as well as the case study at the
center of this work. The constraints applied to the energy cell simulation for this research
are detailed in this chapter. Chapter 4 then describes the results obtained from the energy
system simulations for the residential and commercial demands and discusses them. The
limitations associated to this research are also presented in this chapter. Finally, Chapter 5
provides a conclusion of the study and possible future work.
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2 Related Work

This chapter presents energy systems related to the CA and details of their components.
A state of the art definition of the CA with a focus on energy cells is presented, followed by
a description of the model used for the simulations in relation to the research questions.

2.1 Impact of the Energy Transition on Energy Systems

In accordance to the Paris Agreement and SDG 7, Germany has placed an emphasis on
integrating renewable energies in the national energy production. This transition towards
renewables aims at a 65% share in the national electricity supply from renewable energies by
2030 (International Energy Agency 2020). However, replacing a fossil fuel based energy sys-
tem with RESs comes with certain difficulties. Here, we focus on two important challenges
that come with the implementation of new RESs. Firstly, the undispatchable production
from these sources conflicts with nowadays infrastructure and grid operation. Secondly, the
way those sources are implemented in the existing system makes the production harder to
monitor and control.

The electricity production fluctuation due to the weather dependency of renewable
sources can quickly become a threat that needs to be tackled (Martinot 2016). This is
particularly true for the electric grid on which energy production and consumption have to
be balanced at all times to avoid damaging the infrastructure and provide a reliable power
flow to consumers. Consequently,the integration of new RESs require expensive network
adaptation that and can have a considerable negative environmental impact. In Germany,
the integration of these new RESs is mostly taking place in a decentralized way with small
production units scattered across the country. This type of implementation has strong
negative effects on the different electric network levels (Pesch et al. 2014). It also makes the
overall energy production harder to predict and control. Thus, new models and approaches
to organize the energy supply are necessary.
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Section 2.1. Impact of the Energy Transition on Energy Systems

2.1.1 Decentralized Systems

Even though centralized, nationwide energy systems have allowed a revolutionary growth
across Europe, it has been made clear that this system cannot be applied evenly across the
globe. Increasing conflicts over the use of climate-damaging resources and their reserves,
have led to the development of alternative energy systems. Decentralized Energy Systems
(DESs) organized around RESs provide an opportunity to shift away from fossil fuel towards
clean and affordable electricity. From a technical point of view, a centralized system consists
of a few major energy production sites from which energy is then dispatched to the grid. A
decentralized system, on the other hand, is a framework in which the energy sources are geo-
graphically distributed and tend to supply the energy demand in their locality. Distributed
energy resources are power sources of limited capacity directly connected to the medium or
low voltage distribution grid (Akorede et al. 2010) or even directly to the consumer. A mix
of individual producers, consumers and prosumers (consumers that also produce energy)
with renewable energy installations characterize most present day DESs. Due to the high
dependency of RESs on their environment, DESs are composed of different generation
technologies depending on their location. Non-RESs can also be part of a DES but they are
consequently more dependent on economic and political incentives rather than their location.

It has been acknowledged that DESs can have some advantages over the classic centralized
energy system configuration, such as the possibility to offset big infrastructure investments
for the constant network upgrade needed in a centralized energy system (Chiradeja and Ra-
makumar 2004). The economic advantages are not very clear concerning the production sites
themselves where a centralized system could still lead to lower power plant costs (Bauknecht
et al. 2019). Due to the accent placed on RESs, a DES also provides the opportunity for a
low carbon emission energy production (Akorede et al. 2010). This types of systems can also
have a huge positive impact on network security and local energy independence (Alanne and
Saari 2006). Overall, DESs positively influence economic, environmental and social issues
particularly when the generation technologies and the consumption sites are intertwined
(Paliwal et al. 2014). Research has shown that decentralization is not only a technical shift
in energy systems planning and operation, but is also a social issue (Bauknecht et al. 2019).
Decentralization in its globality requires more participation from several actors due to the
proximity between the production and consumption of energy and at times even with so
called prosumers.

To summarize, a DES is an open-ended terminology that integrates various types of
frameworks. Established and practical examples can be found in literature such as virtual
power plants (Martinot 2016), power park and microgrids (Driesen and Katiraei 2008). In
this study, we focus on the CA which can be directly correlated with the microgrid concept.
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Chapter 2. Related Work

2.1.2 Microgrids

Microgrids are defined as a group of interconnected consumers and distributed energy
producers within a delimited electrical network. The microgrid then acts as a single control-
lable entity. A microgrid can be connected to the transmission grid but it is not mandatory
- it can also operate in a so-called "island mode" in which it sustains its consumption
with the local, on site, energy generation. Microgrids represent the crossing point between
centralized and decentralized energy systems. They integrate geographically scattered
energy generation units into a local energy network which is usually connected to the
national grid at a single point. These may be designed, installed and controlled by local
authorities or prosumers themselves according to their needs (Zoka et al. 2007). Compared
to a very scattered decentralized system approach, microgrids offer more controllablility,
reliability and supply security to the consumer (Adil and Ko 2016; Driesen and Katiraei
2008). Microgrids have also been identified for their economic advantages through the
local coordination of distributed energy sources as opposed to independent operations by
individual prosumers (Zoka et al. 2007). The capacity of certain microgrids to operate in
isolation from the national transmission grid reinforces the above mentioned advantages.
These features demonstrate a clear potential for the integration of RESs compared to a
distributed and uncoordinated energy system. It is also worth pointing out that microgrids
are not always the perfect solution considering the existing infrastructure where a large
network is already in place.

2.1.3 Sector Coupling

SC is a concept in which traditionally independently operated energy sectors are joined
together to form one sector coupled system. It can include electricity, heating, cooling, mo-
bility, etc. (see figure 1). A sector coupled system is particularly adapted for the integration
of new RESs. The combination of different energy sectors allows for excess electricity from
intermittent production of RESs to either be stored for later use or converted to a different
energy vector. This allows the framework to provide a great deal of flexibility and reliability
to the system. Two applied examples are power-to-gas that allows electricity to be used to
produce hydrogen or other synthetic gases that are to be stored or can be used for mobility,
and power-to-heat in which electricity is transformed into heat usually for district heating
(Maruf 2019). Power-to-heat coupling with a high share of RESs offers a great potential
by using the excess electricity when electric production is higher than demand. Pensini
et al. (2014) assessed foe some cases that the amount of excess electricity from RESs would
be enough to meet existing building heat requirements via heat pumps. This study also
established that heating with excess electricity is in general more economically valuable in a
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Section 2.2. Cellular Approach

Figure 1: An example of Sector Coupling Synergy (Renewable Energy Agency 2018).

district heating network than individual household level installations which is an interesting
hint for the cellular system thinking presented below.

2.2 Cellular Approach

A renewable source based energy supply requires considerably high pre-installed capacities
due to the volatile nature of the power generation. To compensate for this intermittent
power generation, a new framework called the CA is being extensively studied by a con-
sortium of academia, grid operators and industries. The CA is a rather new concept and
appeared recently in literature in Der zellulare Ansatz: Grundlage einer erfolgreichen,
regionenübergreifenden Energiewende (VDE 2015). The CA aims to be an interdisciplinary
model which covers technical, economic, legal and political factors (VDE 2019). When
considering the four dimensions of the electricity infrastructure (connectivity, flexibility,
proximity and controllability) opposing decentralized and centralized systems proposed
by Funcke and Bauknecht (2016), the CA has all the characteristics of a decentralized
system. The connectivity aspect of the CA incorporates the idea that the balance between
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Chapter 2. Related Work

energy consumption and generation should be made at the lowest possible level, implying
the energy sources are connected to the local grid. This is a trait of a decentralized system
where renewable generation technologies are connected to the low or medium voltage grid.
The flexibility of the CA is considered a key aspect of this framework as it aims to
optimize sector coupling at all levels and integrate different storage technologies. These
are two common aspects characterizing the flexibility of a decentralized energy system. A
decentralized system is also described by the geographical proximity between the energy
consumption points and the energy generation sites. This is a clear trait of a cellular
system in which the consumption of energy should be located rather close to the generation
sites forming a so called EC. Finally, the controllabilty aspect of a decentralized system
resembles the cellular principle for which the exchange of flows and communication should
be monitored and controlled locally. Considering these aspects, the CA is already quite
similar to a microgrid, however there are more facets to consider.

The CA builds upon principles that are essential for the planning and operation of
present day electric networks and additionally, brings additional value to the networks. In
a European scheme, certain concepts are applied at all times to the electric network and
that ensure a stable electricity supply to every consumers. The ground practices are: the
compliance with the 50Hz frequency, the voltage maintenance between narrow limits, the
maintenance of the voltage quality, the consistent use of alternative voltage, the reliability
of supply and the grid stability through instantaneous reserve (VDE 2015). Since the
CA aims to be integrated into the existing infrastructure, it must adapt to those existing
principles. Additionally, this approach also focuses on integrating new network planning
and operation principles. The automation of energy systems is a promising technology for
future systems which will have to adapt to a constant increase of smaller generation units.
Thus, two concerns arise in the planning and operation of the CA. First, the structure of
an automated system has to be scaled to the processes to be controlled in order to reach a
state of optimum operation. And second, a hierarchical processing of data has to be done
from the lowest to the highest level to avoid bottlenecks (VDE 2015). This leads to the
central theme of the CA framework: the production and consumption of energy should be
balanced at the lowest level possible. To achieve this, the CA is defined as a network of
several ECs interacting with each other.

2.2.1 Energy Cells

As previously explained, the CA is a rather new terminology. There are still on-going
discussions around its clear definition and therefore also around the definition of an EC.
A provisional definition was established for this thesis based on the current definitions
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presented by Uhlemeyer, Jakob, Zdrallek, et al. (2020) and more generally the VDE (2015,
2019). Based on the proposed definition, an EC can be described in eight segments.

Spatial delimitation of an EC is still quite undefined. In the current definition, it is
made clear that a cell has no particular geographical restriction, but at the same time it is
defined as spatially delimited. Nonetheless, economical and physical accounting should be
inherent to an EC and are therefore dependent of its spatial delimitation. For this research,
it was determined that the geographical delimitation of a cell is to be interpreted by the
connection point at which power import and power export are measured. Power import
and power export are always referred from the point of view of the EC, i.e. power import
is power from the energy provider entering the EC and power export is energy leaving the
EC that has to be absorbed by the energy provider.

Cell infrastructure includes all operating resources. This means the energy conversion,
production, consumption and storage assets as well as the energy transport system. This
infrastructure should be scaled to accommodate the balancing of energy flows. Different
parts of the infrastructure can be regulated and used by different actors.

Multiple energy vectors are to be considered in an EC framework. The current
definition proposes a non-exhaustive list of energy vectors that can be considered. So far,
it has been clearly stated that an EC can include electricity, heat, gas and mobility as
energy vectors (VDE 2015). These different energy carriers should be coupled, planned and
operated as one EC. But an EC does not have to be a sector coupled energy system and
can also contain only one form of energy.

Balancing of energy flows should happen as much as possible. According to the
principle of subsidiarity, the energy supply and demand should be physically balanced
as much as is achievable at a regional or local level. It can be accomplished within the
boundaries of a single EC by balancing the local production and the local demand, but also
by transferring the energy flows between the different energy sectors, and by communicating
between neighboring cells. If the energy consumption of an EC is higher than its local
production, then the cell is referred to as undersupplied and has to import energy. On the
other hand, if a cell has a higher energy production than its local consumption, the cell is
qualified as oversupplied and energy flows have to be exported or stored. The balancing of
energy can be done seasonally or dynamically depending on the needs.

Generation and consumption are defined by the internal energy supply and internal
energy consumption. The internal energy supply is defined by the local energy production
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within the boundaries of the EC. The consumption of energy can be through the consumers,
the conversion assets or the storage units. These variables are to be measured within the
boundaries of the EC, and should include the possible losses.

Energy cell management is a unit that organizes the energy cell by monitoring, con-
trolling and regulating the different flows. Flows consist of the exchange of energy but also
all relevant information for the consumers, producers and energy carriers. The EC manage-
ment can be fully automated or mixed with certain parts controlled by human decisions.
All the elements of a cell have to be managed by this central unit, which communicates
with the neighboring cells as well.

Coordination between the EC management units and all the stakeholders is key to the
success of such a framework. The consumers, producers, prosumers and all other actors,
from the planning of an EC to its operation, need to be coordinated in order to ensure a
successful implementation of the CA. As the concept is rather new and still being developed,
all stakeholders are not yet fully participating and this precludes the advancement of this
structure.

Connections between cells can happen at two different levels. In the ECs being
organized hierarchically, a cell should either have a subordinate cell, a superior cell or both,
with which communication and exchange of flows can happen vertically. On the other hand,
ECs can also be on the same level and be considered as neighbors. In that context, the
communication and exchange of flows happens horizontally.

This thesis is based on this definition of ECs in combination with the scalability principle
of the CA as proposed by the VDE (2015). This principle means that several cells from the
same level can be considered as a single larger cell. In an applied example, lets consider
single households forming each an EC. These could be planned as single EC units or could
also be part of a street which would then form a larger, one level higher, EC planned as one
large unit. With this feature in mind, it becomes conceivable to see a future energy system
oriented towards local governance organized in levels from a house to a whole state passing
by a street, a district and a city. As stated, the CA should be implemented considering
the existing energy grid. Therefore, the planning of an EC should also consider the impact
it will have on the established infrastructure. At this point, this aspect has not been
researched in the cellular framework and thus, is the main focus of this study.

11



Section 2.2. Cellular Approach

2.2.2 Measuring the Impact on Existing Grid Infrastructures

Multiple studies have already analyzed power flows at the connection point between
the distribution and the transmission networks for systems composed of renewable energy
generation units such as PV. Different energy system sizes have been looked from single
households (Riesen et al. 2017) to residential areas (Venu et al. 2009) or even cities (Nykamp
et al. 2013). But, to the best knowledge of the author, no study adapted the power flows
analysis to the cellular concept and did a comparative analysis of the impact of different
EC planning levels on the electric transmission grid. Following the principle of subsidiarity
of the CA, avoided transmission is at the center of this framework. It is considered that
the costs of energy transmission are mainly influenced by the investments to adapt the
infrastructure to the electric demand and generation and less by the actual operation of the
grid. Accordingly, two indicators to measure the impact of a local energy system on the
existing transmission grid seem adapted. The Maximum Power Import (MPI) expresses
the peak demand of an EC on the transmission grid over the considered period of time.
And the Maximum Power Export (MPE) explicits the peak feed-in from an EC towards
the electric transmission grid over the considered period of time.

Figure 2: Example of an MPI-MPE diagram (Sato and Weidlich 2020).

It is based on these two indicators that Sato and Weidlich (2020) proposed a new method-
ology to visualize the impact that local energy systems can have on the transmission grid.
The newly introduced MPI-MPE diagram (see figure 2) results in a quick visualization of
the exchange the energy system has with the transmission grid. On this figure, the reference
MPI allows to depict the range which indicates the reduction in transmission that can be
achieved by installing a certain capacity of local generation. The degree represents the de-
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crease in maximum power exchange between the reference MPI and the MPI- MPE crossing
point. This approach has been implemented in this thesis for several energy systems of
different sizes, where the MPI-MPE served as a figure of merit (more details in section 3.3.1).

However, a central interrogation remains concerning the planning of a cellular system
due to the scalability property of an EC explained in section 2.2.1. Many small cells can be
aggregated to be considered as one single superior cell which raises the question of how
different is the impact on the grid regarding power exchanges for EC planned and operated
on different levels.

2.2.3 Planning an Energy Cell to Integrate Renewable Sources

The planning of any energy supply network aims for a reliable and cost-effective final
result while ensuring a high quality connection to all end users. The network is planned
keeping in mind economic considerations of the project, which is generally treated as the
main driver for all technically relevant parameters. Considering this economical incentive
and the desire for a less climate-harmful energy system, the local cross-sectoral energy
balancing of a cell becomes a central focus that is not covered by conventional planning
methods. There are no strict guidelines on the way to plan an EC, but to be able to apply
the cellular principle to a new or existing energy system, the bounds of the cell must be
determined. This delimitation will then be used to rule where the internal generation sites
are located compared to the consumption units. This is relevant for renewable and non
RESs but in the context of this research, the focus was brought to small PV units and
larger biogas generator. One type of division, proposed by Uhlemeyer, Jakob, Zdrallek, et al.
(2020), consists of using the electric grid levels to determine the cellular levels (see figure 3).
This has the disadvantage that the ECs cannot be planed on levels lower than those of the
low voltage grid. On the other hand, the CA can be applied to a single consumer such as a
household, an industry or a commercial facility. Keeping this in mind, a division on a more
refined part of the spectrum of possible EC planning levels needs to be applied. Such a
division is proposed in section 3.2.1.

To summarize, the cellular framework has the advantages of a decentralized energy system
and in particular, the ones of a micro grid regarding the integration of a high share of
renewable energy in the energy mix. The offset of infrastructure investments, the joint
participation of multiple stakeholders, the increased controlability and reliability are all
advantages that the CA has over the existing infrastructure. On top of that the cellular
framework aims at optimizing sector coupling at every level which brings the advantages of
flexibility and resilience to the cellular system. On the other hand, the CA entails a com-
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munication network between the different cells which is still to be extensively studied and
brings important questions to the table such as costs, data protection or human dependency.

Figure 3: Example of possible EC sizes based on electric grid levels (Uhlemeyer, Jakob,
Zdrallek, et al. 2020).

2.3 Energy Cell Optimization Model

To be able to answer the research questions addressed in this thesis, a suitable model is
necessary for the simulation and optimization of the different energy cells. The model has to
be adapted not only on the planning side but also regarding the research gaps mentioned in
the introduction. Indeed, four major research gaps were identified concerning the planning
of EC.

As explained in section 2.2.1, the spatial delimitation of an EC is still an unclear facet.
There is no details given on the possibility of a certain ideal EC size or a scale at which
cells could be planned that would be more advantageous regarding certain impacts. This
thesis is dealing with this research gap by looking at different EC sizes in the planing phase
in an attempt to understand how each zoom level would impact the existing transmission
grid. Therefore, the aim is to have a model that allows simulations of different systems
an make the results comparable to understand if there is one planning level more adapted
than the other with regards to the impact of the cells onto the existing infrastructure.

The CA being a framework set around the energy transition, it incorporates the idea that
a high share of renewable energy should be included in the energy mix. Nonetheless, no
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minimal Renewable Share (RS) is stated for the planning of an EC in the current definition.
For this research gap, a model taking the energy mix into account was necessary.

The third research gap tackled in this work is the lack of precision concerning the degree of
autonomy of a cell. As clarified in section 2.2.1, the balancing of energy flows following the
principle of subsidiarity is at the center of the CA. This implies that an EC can be qualified
by its capacity to sustain its own energy consumption with the local energy generation.
Even though an EC should not be planned to be completely autonomous (VDE 2019), it is
clear that this is a strong indicator of the resilience of each system in a cellular framework.
Therefore, a model capable of applying such an autonomy constraint to the optimization
was necessary.

Finally, the last and more global research gap this thesis work focuses on is the impact of
such a framework on the existing system. It is stipulated that the CA should be implemented
using the existing infrastructure but considering the local generation being focused on the
integration of RESs a clear issue comes to mind. The volatile production of certain RESs
rarely synchronized with the energy consumption poses a problem for the transmission grid
which has to balance energy generation and consumption at all time. Using the existing
transmission grid means that the structure might have to provide and absorbs considerable
peak electricity exchanges. To understand and clear up this overarching research gap, a
model capable of simulating the exchange with an energy provider was decisive criteria.

2.3.1 Open Energy Modelling Framework

The Open Energy Modelling Framework (oemof) is an open science approach in the field
of energy modeling and analysis. oemof is a framework designed to be used as a set of
libraries that are to be adopted by standalone executable forming various energy system
models (Hilpert et al. 2018). The framework puts an accent on its collaborative and open
development process designed for transparency and participation of different actors. A
central feature of the framework, adding novelty to the energy system modeling discipline,
is the graph-based foundation implemented using object-oriented programming methods in
the Python coding language (see table 1 for a summary of oemof features).

Currently, the oemof-solph library is used for the linear optimization problems of energy
system representation. The ground concept behind oemof-solph is the graph structure
composed of buses, representing energy carrier, and assets that connect them with uni-
directional energy flows. This structure allows the simulation of different sectors in one
energy system. The graph holds the topology and the connections between the nodes
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Table 1: Summary of oemof’s features inspired from Hilpert et al. (2018).

Concept Open science Functionality

High-level language Free of charge Economic dispatch

Generic data mode Open license Investment planning

Flexible level of accuracy Collaborative development Unit commitment

Multi purpose toolbox

and oemof-solph converts it into a linear optimization model. The solver optimizes the
economic, environmental or technical variable to achieve overall minimal costs (Krien,
Schönfeldt, et al. 2020). This open and modular structure constituted a perfect candidate
for the research of this thesis especially as it has been used in the Multi-Vector Simu-
lator (MVS) model presented below which was used to simulate the different energy systems.

2.3.2 Multi-Vector Simulator

The MVS is an optimization tool for modeling and optimizing energy systems with
multiple energy carriers in island operation or grid connected mode (Hoffmann et al. 2021).
The two main intentions of the MVS are to minimize the energy production costs and to
optimize near-future investments. This is done by optimizing the dispatch of generation,
conversion and storage assets with the lowest possible cost of energy while meeting the
total demand at all time. The MVS pre-processes a multitude of input data and translates
them into a linear programming problem using the oemof-solph python library (Krien,
Schönfeldt, et al. 2020). The open-source CBC solver (Forrest and Lougee-Heimer 2005)
then solves the problem, applying the objective function to minimize the annual energy
supply costs. Additionally, constraints can be applied as additional simulation restrictions
that the optimization has to follow. This tool is developed at the Reiner-Lemoine Institut
and is embodied in the E-LAND (2020) project. E-LAND is an European-funded H2020
project that aims to bring solutions to tackle technological, societal and business challenges
in the energy sector.

The MVS can be split into various inputs and outputs which are detailed in section 3.1.
These various inputs and outputs were particularly adapted to fill the needs expressed
before to fill the mentioned research gaps. The overall structure of the tool is presented in
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Figure 4: Global flowchart of the MVS (El Mir 2020).

figure 4. This model seemed particularly adapted to the simulation of different energy cells
by its ability to simulate energy systems with multiple energy carriers in island operation
or grid connected mode. Optimizing a system with various energy sectors implies certain
manipulation for the Key Parameter Indicator (KPI) that summarize the optimization
results. To level with the different energy carriers and give a global overview of the system,
the MVS assigns weighting factors to each energy vector based on their energy potential.
These were inspired on the Gasoline Gallon Equivalents (British Petroleum 2019) which is a
conversion factor from an energy vector to kg crude oil equivalent. From this, the weighting
factors of each energy carrier are calculated giving an electricity equivalent according to
the equation 1 presented below. The energy carrier relevant for this study is the one for
heat which is equal to 1 (MVS documentation 2021).

Eeleq,i = Ei ·Wi (1)

The tool being still under development at the time of this research, certain features
could be added to accommodate the simulation of the particular studied systems. This
aspect was considered as a major advantage concerning research question two. Among
other modifications, the Degree Of Autonomy (DOA) constraints has been implemented in
the tool to fulfill the needs of this research. On top of that, this thesis served as an applied
case study presented as an MVS projects (2021).
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3 Methodology

In this chapter, the methodology used to simulated the different energy systems will be
detailed in relation to the case study. In a first part, the cellular approach will be put in
relation with the MVS model. Secondly, the case study will be described and the data
acquisition will be clarified. Finally, the different energy systems studied along this work
will be presented.

3.1 Model Energy Cells With the MVS

As explained in the precedent chapter, section 2.2, the MVS is a graph based model. It
is therefore very important to know the topology of the energy system model used, before
diving into the data acquisition and manipulation. As an example, a very basic system
(see figure 5) can be used to explain the exchange of flows optimized by the tool. This
energy system representation highlights the different components interpreted by the MVS
and the unidirectional flows between them. The given representation also allows for a clear
delimitation of the optimized EC. As defined in the section 2.2.1, the spatial delimitation
of an EC is a point which still need to be clarified. The MVS model is particularly adapted
to undertake this research gap as the connection point with the energy provider can be
used as a spatial delimitation of the simulated cell.

Nevertheless, certain parameters that still have considerable impact on the optimization
cannot be represented is such a graph representation. One example directly related to the
CA is the DOA. This parameter is part of the constraints applied on the optimization
(further explanation on the constraints in the following section 3.1.1). As described in
section 2.2, an EC should be resilient and relatively independent concerning its energy
balancing. Even though an EC does not aim to reach the highest autonomy possible (VDE
2019), the DOA is still a key indicator of performance for decentralized systems composed
of RESs (Uhlemeyer, Jakob, Hobert, et al. 2021). Additionally, the DOA is directly related
to one of the founding principle of the CA, the subsidiarity principle. Therefore, to simulate
an EC, it was necessary that the model could implement certain spatial delimitation to
differentiate internal and external energy production. It was also important to be able to
set certain constraints to engage with the DOA. Concerning the output, the tool needed to
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quantify certain KPI, in particular to measure the impact of each cell on the grid.

Figure 5: Energy system nomenclature for used by the MVS.

3.1.1 Inputs for an Energy Cell Simulation

To deal with the research gaps identified along this work and answer the research ques-
tions, the inputs of the MVS were split into eight different categories. They are detailed in
the paragraphs below.

The constraints were to be applied as restrictions to the optimization. The lower
bound DOA constraint was used for this research. This constraint enforced the optimized
capacity and possible dispatch along the the optimization to reach a defined specific DOA
as output of the optimization. It described the overall energy consumed minus the energy
consumed from the energy provider divided by the overall energy consumed (see equation 2).

minimal DOA <=

∑
i Edemand,i ·Wi −

∑
j Econsumption provider,j ·Wj∑

i Edemand,i ·Wi
(2)
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This definition was inspired from Weniger et al. (2015). In the definition, the authors
expressed the DOA for a home with a photovoltaic system, a storage unit and an electric
connection to the electric grid. The proposed definition was transposed to the cellular
concept by applying it considering that the boundaries of an energy cell are determined
by the connection point with the national grid. The constraint was also adapted so that
the DOA can be applied to sector coupled systems thanks to the weighting factors Wi.
Therefore, the DOA was applied to the whole sector-coupled energy system.

The economic data referred to the project duration and the discount factor. The
project duration was used to calculate the replacement costs of certain assets over their
lifetime. The discount rate allowed the economic assessment performed by the model to be
applied to the future economic system. This resulted in the future outcomes, depending
on the length of the project, being transposed to annual costs at the current value. A
study by Steinbach (2015) assessed that the discount rates commonly used can be quite
different depending on the sectors and model used. Nevertheless, for energy system analy-
sis, most studies use a discount rate between 1% and 7%. For this study a discount rate
of 5% was used for all energy cell optimizations which correspond to a discount factor of 0.05.

The energy consumption inputs gathered all energy sinks, also called loads or energy
consumption assets. In the case of this research, electric and thermal load were used. A
distinction has been made between the two sectors. Certain electric load profiles were used
to represent the residential electric demand and other for the commercial electric demand.
The thermal load profiles have been used only for the residential simulations.

The energy conversion rallied the assets used to either convert from one energy vector
to another, like heat pumps used for this study that converts electricity into heat. But
conversion assets were any components that linked two buses to each other (see examples
in figure 5). An electric transformer can be used as example which was always part of
the different simulated energy systems. More generally, a conversion asset was considered
as a necessary link between two buses or a bus and another asset. Each conversion asset
was implemented with its own efficiency as well as operational and investment costs (see
appendix A.4 for more details).

The production assets were the components of the energy system which produced
the energy. The energy produced could be of any energy vector accepted by the model.
As part of this research, production assets were either producing electricity, such as a PV
panels, or gas such as biogas production plants. The energy production from those assets
was considered as energy produced within the energy cell.
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The energy providers were external energy sources with which the import and export
of energy was achieved. As declared, they represented the boundaries of the studied EC.
For the case of this thesis, an electric provider was used for all simulations. This was
considered as the connection to the national electric grid. This connection with the grid was
bidirectional therefore allowing feed-in from the energy cell to the grid and consumption
from the grid to the energy cell. For certain energy systems, a gas energy provider has been
considered. This connection was unidirectional and only allowed consumption from the gas
provider into the considered energy cell (refer to table 6 for details on the simulated systems).

The energy storage grouped the different storage technologies. A Lithium-ion bat-
tery was input as a possible asset for the optimization. This storage unit was considered
available for all different systems with slightly different costs for certain systems (see
appendix A.4 for more details). But the MVS does not limit storage to one specific tech-
nology. It is possible to optimize various types of storage assets with different energy carriers.

Finally, the simulation settings precised the evaluated period and the time step of
the simulation. A one year period of 365 days was used for all optimizations presented in
this thesis. The year 2015 was chosen as reference year to align with the measured data
from certain energy consumers from the case study. Therefore, all costs data and simulated
time series were taken from 2015 or more recent to maximize the consistency of this work.
The chosen time step was settled according to the availability of the data and has been
homogenized to 60 minutes for all simulations.

All the inputs of each category presented above have been adapted specifically to the
chosen case study. The technical and economic data were part of a thorough gathering and
manipulation process which is detailed in section 3.2.2. Table with all costs and economic
data with their related sources can be found in the appendix A.4.

3.1.2 Outputs for an Energy Cell Simulation

To deal with the research gaps identified along this work and answer the research questions,
certain outputs have been selected to assess the performances of each system. Thus, these
particular outputs of the MVS have been split into two categories to be used to answer the
research questions:

• The technical outputs which regrouped all quantitative data and calculations which
were related to the whole system and certain specific assets as well.
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– The optimized capacity of certain assets

– The DOA

– The Onsite Energy Fraction (OEF)

– The peak flow of certain assets

– The hourly power flow time series of certain assets

• The economic outputs which regrouped all quantitative data and calculations con-
cerning the economic side of the optimization.

– The Levelized Cost Of Electricity (LCOE) equivalent

– The Net Present Costs (NPC)

The optimized capacity of certain production asset such as PV and biogas was to be
optimized by the model. The PV asset, being the common energy production through all
different systems simulated in this research, was used as an indicator of capacity installed
in order to partially meet the energy demand. The optimized capacity were provided in
kW, but were often changed to installed capacity in % of the peak electric demand to allow
a comparison between different systems.

The DOA was used in the input parameters as an optimization constraint but it was
also implemented as an indicator of the independence of an EC. As explained a high DOA,
leaning towards 1, meant that the energy cell can mostly sustained its own energy consump-
tion with the local energy production. Such a configuration has advantages concerning the
resilience of the EC.

The OEF was the opposite of the DOA in the sense that it gave a measure of the energy
being exported out of the EC. It represents the total energy generated in the energy cell
minus the energy fed into the grid over the total energy generated in the energy cell. This
allowed to assess how high was the share of the locally produced energy being fed into the
national grid over the simulation time.

OEF =

∑
i (Egeneration,i ·Wi − Egrid feedin,i ·Wi)∑

i Egeneration,i ·Wi
(3)

An OEF leaning towards 1 meant that most of the locally produced energy was also
locally consumed and therefore almost no energy was fed into the grid. This factor reflected
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the yearly energy export from the EC and not the peak export.

The peak flow of certain asset was used to monitor the direct impact on the grid. As
explained in section 2.2.2 the impact on the grid can be measured in peak power import
and peak power export between the energy cell and the grid. They were measured at the
connection point with the energy provider which marked the delimitation of the EC. In
particular, the peak flows of the energy provider transformers represented in figure 5 were
measured to quantify the exchanges.

The power flow time series gave an outlook on the overall use of an asset over the
simulation period. The resolution depends on the chosen input parameter which was 60
minutes for this study. These time series were mostly used to understand how the power
import and power export were distributed along the year. The comparison between the
different systems using these time series are detailed in chapter 4.

The LCOE was calculated from the total annuity of all asset used in the system and
the total energy demand in electricity equivalent (see equation 4). The approach proposed
by the model aimed to minimize the overall energy costs and not the costs associated to
each energy carrier. Therefore the weighting factors of each energy carrier were taken into
account for the overall energy demand. This KPI was used for a financial comparison
between the different systems.

LCOEi =
attributed costs · CRF∑

i Edemand,i
(4)

As in a sector coupled system the attributed costs could not be distinguished between
the different sectors, the LCOE was calculated by distributing the costs relative to the
weighted demand. The Capital Recovery Factor (CRF in equation 4) is used to calculate
the annuity from a present value. It is assumed to be equal to 0.087 in the model.

The NPC of the energy system included the installation, operation and maintenance
costs over the project lifetime. This KPI was based on those costs and accounting for the
present value of the revenues that would be earned over the project lifetime. The formula
used to calculate the NPC can be seen below with equation 5.
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NPC =
∑
i

(cspecific + creplacement + cresidual) · CAPi +
∑
i

∑
t

Ei(t) · Pdipatch (5)

As explained, all the analyzed outputs each served a specific purpose in analyzing energy
cells and allowed the comparison between them. With regard to the overarching research
question, the outputs also allowed a deep understanding on the impact of renewable sources
in each EC and their impact on the electric transmission grid. The results and analysis of
these outputs are provided in chapter 4.

3.1.3 Constraints

Different constraints were applied in an attempt to fill certain research gaps established
along this work. In particular, the research gaps around the RS and the DOA were to be
studied using the optimization constraints. These constraints were to be tested on a basic
energy system (see figure 6) and, depending on the results, the tested constraints were to
be applied to all simulations.

Figure 6: Basic electric system design.

The current definition (see section 2.2.1) of an EC presents a gap around the DOA. An
EC is defined between the balancing of energy flows, and therefore a low dependence on
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external sources, but at the same time not trying to reach the highest possible autonomy and
relaying on exchange with neighboring cells. In an attempt to propose a new methodology
regarding this research gap, the original objective was to determine a fix DOA on this
simple system which would then be input as a constraint to all other optimization. The
methodology to find this fix DOA was to vary the lower bound DOA constraint as input
(see equation 2) and then determine the optimal crossing point between the DOA and OEF
as output. This crossing point would then reflect the optimal highest DOA for which there
would be the highest OEF. That way a rather high independence of the cell regarding the
grid consumption would have been observed compared to the total energy consumed in
combination with a rather low feed-in from the cell compared to the total energy generated.
However, this method did not allow for the assessment of peak flows and an increasing
DOA could not necessarily mean a decreasing OEF but surely an increasing peak feed-in
which revealed being a liability for the transmission grid. (results and further analysis are
presented in section 4.1).

A similar methodology did not have to be applied for the RS because of the way the
studied energy systems were designed along this research. Since, on all cell sizes, all the
energy production assets were renewable sources, the internal generation always had a 100%
RS. Since the electricity from the national grid is a mix of different energy sources, the
only variable influencing the RS was the power import from the national grid. This power
import was directly dependent on the DOA, therefore the RS is also dependent on the
DOA. For consistency with the measured data, the RS from 2015, which was of 31%, was
considered for the energy provider (eurostat 2019).

The optimizable PV capacity has also been used as constraint for simulations. Being the
only common production asset throughout all the different energy systems, varying this
input as a constraint relative to the peak electric demand has been used for for finding
the MPI-MPE crossing point described in section 2.2.2. This allowed the systems to be
optimized with a specific PV generation capacity relative to each cell’s energy demand size.
The DOA has also been varied likewise in order to find the MPI-MPE crossing point. This
DOA variation is not to be confused with the one described in the DOA-OEF combination
method. In that case the DOA was implemented as a constraint not to increase the cell
independence but to observe the MPI-MPE conversions. The constraint was therefore not
a minimal value anymore but a value to be reached (see equation 6).

DOA =

∑
i Edemand,i ·Wi −

∑
j Econsumption provider,j ·Wj∑

i Edemand,i ·Wi
(6)
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3.2 Case Study

The studied energy systems presented in this thesis were inspired on the town of Bor-
desholm located in northern Germany, in Schleswig-Holstein. The public utility of Bor-
desholm is working on a project to supply the local distribution network with RESs coupled
to a battery storage system. The aim being to make the local medium voltage network
compatible with an off-grid, island operation mode. The local grid is supplied by two
biogas plants with a combined capacity of 1.6 MW and scattered photovoltaic sources
which average a total of 2 MWp installed. The stand-alone grid operation can be set
up without interruption in case of black-out or disconnection with the national grid. To
support this operational mode, the biogas production assets are available as black-start
power plants. During a test, the community has already been successfully grid-independent
for one hour in 2019 without any interruption (Colthorpe 2019). A set of batteries with a
total capacity of 10 MW and 15 MWh ensured the network stability during this off-grid
hour. In everyday grid-connected operation, the battery storage system trades on the energy
market by providing frequency regulation for the overall system. The electric local demand
is composed of around 4000 households and about 40 big consumers. The distribution power
grid is composed of three medium voltage branch on which the electricity consumption is
rather evenly distributed (see figure 7 below).

Figure 7: Electric distribution grid of Bordesholm (Rummeny and Waffenschmidt 2018).

Rummeny and Waffenschmidt (2018) have studied the possible autarkic operation of
this communal power grid. It has been concluded that, with the existing infrastructure of
Bordesholm at the time of the study, the possible off-grid operation would only be possible
for a few times in a year. The common range would be around 3h to 20h over less than 15
days in a year with self-sufficiency. This research has shown that further development of the
energy system, particularly on the generation side, would be necessary to make a communal
power grid such as Bordesholm self-sufficient. This study enlightened the requirement for
such a community to install more generation capacity in order to be self-sufficient but did
not look at the possible different planning strategies to do so. Therefore, more research is
needed on this specific case study to make it a state of the art example for EC planning.
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3.2.1 Apply the Cellular Approach to Bordesholm

In the context of this research, three different cell sizes have been studied. The largest
one, called large (L), represent the entire community of Bordesholm. It embodies the
largest energy system studied along this research. The medium (M) cell size represents one
distribution branch of the electric network depicted in figure 7. Finally, the smallest system
studied, called small (S), represents one single consumer.

Figure 8: Overview of the three different cell sizes.

Due to the scalability principle of the CA, these cells can be observed as embedded in
each other (see figure 8). Multiple small (S) cells will form the medium (M) level and
multiple medium (M) cells will form the large (L) level. This brings the main question
of this research into light: Should cells be planned separately at a smaller spectrum or
should they be planned as on larger unit regarding their impact on the gird? The three cell
sizes are quite narrow on the possible range of imaginable cell sizes to study the planning
of energy cells for various reasons. First of all, by having the three cell sizes in the same
range of the spectrum, the comparison between the cells can be made with more accuracy
and more common factors. Secondly, it also allowed the energy systems to be almost
identical throughout the different cell sizes which strengthened the comparability. Finally,
the research gaps undertaken in this case study did not seem to concern larger scales of EC.
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3.2.2 Data Gathering

Different systems have been studied which can be grouped into two categories depending
on their energy demand type. One set of simulation focused on residential demand and the
other on commercial demand. The data that could be collected by the utility service of
Bordesholm were measured consumption profiles from large consumers. These hourly time
series load profiles were used for the comparison of the three different cell sizes between
each other. These data have been anonymised in order to be presented in this thesis (see
figure see 9 for an example). These measured profiles constitute the commercial demand for
the year 2015. Continuing on the data from the utility service of Bordesholm, the existing
installed capacities of certain assets were used to build the status quo scenario (see section
3.3.2 for more information).

Figure 9: Example of a measured commercial profile.

The other energy demand time series such as hourly residential electric demand and
hourly residential thermal demand were simulated with the demandlib (see figure 10 for an
example of an electric load profile and figure 11 for an example of a thermal load profile).

The demandlib is an oemof based tool for creating heat and electric demand profiles based
on annual demand values (Krien, Plessmann, et al. 2019). The tool uses specific workdays
calendar (input made by the user to adapt to the geographical location), annual demand and
the standards profiles from the Bundesverband der Energie- und Wasserwirtschaft (Federal
Association of the Energy and Water Industry) (BDEW) (Fünfgeld and Tiedermann 2000).
To generate the thermal load profiles, the demandlib also uses outside temperature time
series.

The electric residential profiles were created using the mean electric power consumption
per capita in Germany which was retrieved from The World Bank (2014). The latest
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Figure 10: Example of a simulated electric residential load profile.

available yearly electrical consumption per capita was taken as basis which was of 7035
kWh/a in 2014. A yearly electric demand of 14070 kWh/a was used as input for the
demandlib as the assumption was made that two person live per household on average since
Bordesholm has about 8000 inhabitant and 4000 houses. This value was then scaled up to
correspond to the assumed number household per cell size. The calendar used to calculate
the working days in the year was imported with the holidays from Schleswig-Holstein
(german state in which Bordesholm is located). And finally the H0 Hausehalt curve from
the BDEW was used to generate the electric consumption profile.

Figure 11: Example of a simulated thermal residential load profile.

For the thermal demand profile, the same parameters were used as for the electric load
profile generation with the exception of the annual demand which was assumed to be 7920
kWh/a for a two persons household (based on the Stem tool heat assumptions (RLI 2021)).
This value was then scaled up to accommodate the number of households of each cell level.
Furthermore, the outside temperature time series was gathered from Renewables.ninja
(Pfenninger and Staffell 2021) for the location of Bordesholm with the MERRA-2 dataset.
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For the production asset, a normalized time series of PV generation had to be simulated
in kWh/kWp. Renewables.ninja was used to simulate the PV generation for the location
of Bordesholm. PV generation time series were retrieve from the year 2010 to 2015. The
parameters used to generate the time series are shown in table 2.

Table 2: Summary of the parameters used to generate the PV production time series from
Renewables.ninja (Pfenninger and Staffell 2021).

Parameters Value

Location Bordesholm

Dataset CM-SAF SARAH

Data year Hourly data from year 2010 to year 2015

Capacity 1 kW

System loss 0.1

Tracking None

Tilt 35 degree

Azimuth 180 degree

All costs data necessary for the optimizations had to be gathered from external sources.
They are presented in table 9 which can be found in the appendix chapter under A.4.

3.2.3 Data Manipulations

In this section we will first detail the data manipulations that have been applied to
all systems and we will then see how certain data have been handled specifically for the
residential systems or for the commercial systems. Having two different demand types
enabled two different comparison, each with their own purpose (more details in chapter
4). The two demand types were used in different optimizations and along different energy
systems. The system designs are detailed in section 3.3.2.

The photovoltaic electricity production data have been averaged so that one time series
could be derived from the data gathered from the years 2010 to the year 2015. This resulted
in an hourly normalized time series of electricity production in kWh/kWp installed for
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one year. The outside air temperature for the location of Bordesholm was also averaged
so that one time series could be derived from the gathered data from the years 2010 to
the year 2015. This resulted in an hourly time series of outside temperature for one year in °C.

The residential demand profiles were composed of two energy vectors. On one hand, the
electric residential demand and on the other hand, the thermal residential demand. The
electric residential demand has been simulated with the demandlib. Once a time series for
a single household was made, a factor representing the number of estimated households per
cell sizes was used to multiply the resulting time series and adapt it for the medium and
large energy cells. It was assessed that the largest system was composed of 4000 households
and the medium one of 1333 households. The thermal residential demand has also been
simulated with the demandlib. The same methodology was applied to scale the thermal
demand to each energy cell sizes starting from a single household. The demand profiles for
the status quo scenario (explained in section 3.3.2) were the electric and thermal demand
profiles scaled up to the largest residential cell size. Hence, the whole town of Bordesholm
was represented in the status quo scenario.

The commercial demand profiles were composed of electricity as the only energy vector.
Electric profiles for commercial consumers being the only available measured data, it was
decided not to mix them with simulated data which would have been the case for thermal
load profiles. Additionally, the comparison methodology (described in section 3.3.3) was
well suited to a single energy vector system.

3.3 Application of Three Cell Sizes

As mentioned in section 3.2.1, three cell sizes were build based on the existing energy
system of Bordesholm to study the impact different EC could have on the electric transmis-
sion grid. The three cell sizes served as reference for the different energy system optimized
which were grouped among four different energy system designs. The systems are detailed
in table 6 (see appendix .1 for another, more graphical, representation. The two demand
types each served their own purpose and were both split into two system designs. The
residential demand simulations were meant for observing how each zoom level impacts the
electric transmission grid and compare them to the status quo reference scenario. The
residential demand simulations were also used to observe how sector coupling was impacting
the energy flows within the cells. The commercial demand simulation were used to compare
the system between each other in an attempt to understand which EC planning level would
have the least impact on the transmission grid. The comparison methodology is detailed in
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section 3.3.3.

3.3.1 Variation of Specific Inputs

Certain input have been varied to observe their impact on the optimizations in relation
to specific systems and assets. Based on the methodology explained in section 2.2.2,
the MPI-MPE crossing point was used as basis for comparing ECs with regards to their
impact on the existing grid infrastructure. Following the idea that an EC should be rather
independent from external energy sources the DOA was used as input variable to find this
MPI-MPE crossing point for most of the different energy systems.

Figure 12: Example of the MPI - MPE crossing point in function of the DOA.

By varying the DOA as input by small increments of the order of 0.01, and therefore
limiting the power import bit by bit, the intention was to determine how the system
would behave with decreasing power import from the grid and at what point the MPI
and MPE would cross (see figure 12 for an example). This input parameter was not made
to determine the optimum DOA of a cell but really to vary the power import in order
to find the MPI-MPE crossing point for each system. PV being the only common asset
throughout all simulated systems, it has also been used as as input variable to find this
MPI-MPE crossing point. Varying the capacity of PV to be optimized served two purposes.
Firstly, it was used to confirm the results obtained with the DOA variation by verifying
that the MPI-MPE crossing point happened on the same optimized system. Secondly, the
PV variation was used on its own for three specific cases where the DOA variation did not
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bring any conclusive results (see table 3 for a summary of the preferred varying factor for
each system).

Table 3: Summary of the varying factor used to determine the MPI-MPE crossing point
for each system.

System Varying factor

Commerical S1 DOA

Commerical S2 DOA

Commerical S3 DOA

Commerical S4 DOA

Commerical M1 PV

Commerical M2 DOA

Commerical L DOA

Residential S DOA

Residential M PV

Residential L PV

Finally, a variation of the electricity price for the end user was carried out to understand
the role of this input parameter in relation to the optimized capacity of battery storage. A
starting value of the lowest electricity price across all system, 0.12€, was incremented by
0.01 up to four times higher, 0.48€. The objective was to find the trade off between the
increase in the electricity price and the set costs of a battery storage system (see appendix
A.4 for more details).

3.3.2 Energy System Configurations

The different simulations of each zoom level and demand type can be grouped in four
different energy system designs. These four systems are presented here as system A, B, C,
and D. An overview of each system can be found in table 6 (see appendix .1 for a flow chart
representation). These four systems are also depicted below. The graphical representations
highlight different important factors. Firstly, they represent clearly which are the energy
vectors considered in each system and how these energy carriers are linked. Secondly they
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distinctly show what is part of the internal EC delimitation and what is not with the energy
provider column which represent the EC boundary (see figure 6 for a general example).
Finally, they depict the main assets optimized and from which the EC impact is dependent.

The system A was composed of residential electric and thermal consumption profiles. The
two energy carriers were coupled with a heat pump. This system was used to simulate the
small cell sizes (one household) therefore, it was considered that a local biogas production
was unrealistic. Thus the biogas energy source that supplied the thermal bus was considered
as an energy provider with uni directional flow with only consumption possible and no
feed-in and a conversion heat generator with a given efficiency and associated costs (see
appendix A.4 for more details). The only internal production asset was a PV electricity
supply (refer to figure 13).

Figure 13: Design of the energy system A.

The system B was formed of residential electric and thermal consumption profiles as well.
The two energy carriers were coupled with a heat pump. In this case, it was considered
that the biogas production was local and therefore accounted in the internal generation
of the energy cells. Furthermore, the biogas energy source supplied the thermal and the
electric bus. Biogas being an energy source and not a generation technology, the efficiency
and certain costs were associated to the conversion assets being respectively an electric
gas turbine and a heat generator (see appendix A.4 for more details). The other internal
production asset was a PV electricity supply. This system was used to simulate the medium
and large cell sizes which were composed of multiple households (refer to figure 14).
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Figure 14: Design of the energy system B.

The system C was composed of commercial electric consumption profiles. The only
local production asset was a PV electricity supply. This system was used to simulate the
small cell sizes composed of one single commercial consumer (refer to figure 15). It can be
seen as a very similar system to system A but with electricity as being the only energy vector.

Figure 15: Design of the energy system C.
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The system D was composed of commercial electric consumption profiles. Two local
production assets were feeding the electricity bus. On one hand, a PV electricity supply and
on the other hand, a biogas energy production converted to electricity with a gas turbine
conversion asset (see appendix A.4 for more details). This system was used to simulate the
medium and large cell sizes which were composed of multiple commercial consumers (refer
to figure 16).

Figure 16: Design of the energy system D.
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3.3.3 Comparison Between Different Planning Levels

The commercial demand optimizations aimed at comparing the three cell sizes (S, M and
L) between each other. For this, four demand profiles from different commercial consumers
of Bordesholm were used and combined to form the superior cell sizes as indicated in table
4 (see A.2 for an alternative representation). This table highlights how the different energy
cell sizes were built with the different commercial consumer profiles.

Table 4: Summary of the commercial demand profiles combination for the three cell sizes.

Large

Consumer 1 + Consumer 2 + Consumer 3 + Consumer 4

Medium 1 Medium 2

Consumer 1 + Consumer 2 Consumer 3 + Consumer 4

Small 1 Small 2 Small 3 Small 4

Consumer 1 Consumer 2 Consumer 3 Consumer 4

Four small (S) optimizations were set up each with a different measured electric demand
profile. Two medium (M) simulation were created by adding the small consumer profiles
two by two. And for the large (L) system, the four profiles were added to form one EC
optimization.

To compare the cell optimization between each other, the output of the simulations have
been aggregated so that the subordinate cell sizes simulated separately can be compared
with the superior ones. This summation is shown in table 5 (see A.3 for an alternative
representation). The table describes the cell sizes that were compared to each other and
shows the summation that have been made on the corresponding outputs. The overall
objective being to see if combined cells that were planned and optimized separately have a
bigger or a smaller impact than the superior level planned and simulated as one cell.

When aggregating the different optimization results the exchange of power between the
EC and the energy provider that happened on an hourly time step needed some adaptation.
According to the model, for the 8760 time steps of the simulated year, there can only be
either power import, power export or no power exchange between the simulated system and
the energy provider. But aggregating the output time series of multiple EC could result in

38



Chapter 3. Methodology

Table 5: Summary of the commercial outputs aggregated for the comparison between the
three cell sizes.

Cell size Manipulation

Large No manipulation

Aggregated S to L Output: S1 + S2 + S3 + S4

Aggregated M to L Output: M1 + M2

Medium 1 Medium 2 No manipulation

Aggregated S to M1 Aggregated S to M2 Output: S1 + S2 Output: S3 + S4

power import and power export at the same time step, which, as said, cannot happened.
To go around this issue, a selective process was applied to account for power import or
power export at each conflicting time step. Lets consider a time step at hour H1 at which
the following manipulations occur.

For the aggregated power import: if the sum of all power import was higher than
the sum of all power export, then it was considered that power import was dominant and
that the aggregated power import was the sum of all power import minus the sum of all
power export. On the other hand, if the sum of all power import was lower than the sum
of all power export, then the power import would be 0. Refer to the equation 7 below for
this manipulation at hour H.

PIaggregated =


∑

PI −
∑

PE if
∑

PI >
∑

PE

0 if
∑

PI <
∑

PE
(7)

For the aggregated power export, the same method was applied : if the sum of all
power export was higher than the sum of all power import, then it was considered that
power export was dominant and that the aggregated power export was the sum of all power
export minus the sum of all power import. On the other hand, if the sum of all power
export was lower than the sum of all power import, then the power export would be 0.
Refer to the equation 8 below for this manipulation at hour H.
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PEaggregated =


∑

PE −
∑

PI if
∑

PE >
∑

PI

0 if
∑

PE <
∑

PI
(8)

To calculate the optimized PV capacity presented in multiple sections of chapter 4, a
small manipulation had to be done on the outputs of the simulation. the PV capacity was
provided in absolute values, but the objective being to present it in percent of the peak load
of each system, the maximum possible production of the normalized time series had to be
taken into consideration. Therefore, for each optimized PV capacity percentage calculation,
the peak load of the corresponding system has been divided by the peak normalized PV
production, 0.86 kW/kWp. This manipulation was applied in order to scale the optimized
PV capacity to the normalized production for the location of Bordesholm.

In this chapter, the methodology was described and highlighted preliminary answers
for two sub-research questions. Firstly the sub-research question related to this chapter
is mentioned in section 3.1 which focuses on the simulation of EC. The attention was
brought on the different input necessary for such optimizations and certain constraints that
were applied to those. The main constraints studied in this thesis and explained in this
chapter were the variation of the DOA and PV capacity. Secondly, a methodology for the
comparison of different energy cell sizes has also been introduced along the depiction of
different cellular systems showing possible similarities such as the use consistent use of
the energy provider to delimit the EC. Differences between the various EC have also been
highlighted in the system designs by the use and position of the different assets and energy
vectors.
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4 Results and Discussion

In this chapter, the methodology described in chapter 3 is applied to a case study. First,
the results, their interpretations and discussions are presented beginning with the con-
straints and then moving on to different cell simulations for the residential and commercial
demand profiles. After that certain lesson learned are presented as guidelines for the plan-
ning of energy cells. And finally, the limitations of this thesis are presented in the last section.

4.1 Analysis of the Constraints Applied to the Simulations

In this section, the different constraints applied to the simulations are reviewed and
critically analyzed. As described in section 3.1.3, the first idea was to vary the lower bound
of the DOA as an input constraint in order to find the optimum system combining the
highest OEF and the highest DOA as output. For the given example (figure 17), the
optimal DOA constraint to be applied to all other simulations would have been 0.7. This
approach aimed at proposing an answer to the research gap concerning the autonomy of
an EC. By finding the optimal combination between the highest DOA and the highest
OEF for a simple system simulated at the lowest possible cell level, the impact on the
grid appears to be mitigated. Of course the optimized generation asset capacity has to be
minimized as well for economic purposes therefore a DOA of 1 is almost never conceivable.
In the example presented in figure 17, as a consequence of the DOA variation, the capacity
of the internal generation asset can also be highlighted directly (see figure 6 for a visual
representation of the simulated system).

Yet, a considerable issue arose from this methodology. The DOA and OEF, being relative
to the share of the energy consumed and generated (see equations 2 and 3 respectively),
don’t represent the peak exchange between the energy provider and the EC. By increasing
the DOA, the MPE increased very rapidly due to the increasing optimized capacity of
non-dispatchable assets. This phenomenon can be observed in section 2.2.2 where the
MPI-MPE methodology is explained. Figure 2 present in this section shows the escalation
of the MPE in function of an increasing PV generation capacity. This expension in the
PV generation capacity represents an increasing DOA. Furthermore, systems with more
assets and energy vectors behaved differently. The lower bound DOA constraint could not
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be applied sometimes as the systems were optimized with a very high DOA even without a
constraint applied. Considering that an energy cell should not be planned with the objective
to be as self-sufficient as possible and the issues mentioned above, the combination of the
highest possible DOA and OEF was discarded for the benefit of the MPI-MPE crossing
point explained in section 2.2.2.

Figure 17: Example of an optimal system with regard to the DOA-OEF criteria.

The research gap around a possible minimum RS has been dealt with in a specific manner
for this research, since only renewable generation assets were optimized. Section 3.1.3
already clarifies how the DOA effects the RS and is the only constraint impacting it.

The final constraints that were applied to the simulations, in order to understand the
impact each cell planning level had on the grid, were on the generation capacity of PV
and on the DOA. Even though the methodology stated above attempting to find a high
common DOA for all systems was not successful, increasing the DOA as an optimization
constraint to decrease the Power Import (PI) has proven to be very effective. With this
variation, the optimized capacity of internal generation assets increases and therefore, the
peak feed-in increases as well. This constraint was used to find a baseline to compare
systems with each other by capping the DOA increase at the MPI-MPE crossing point.
As explained in section 3.3.1, the DOA variation was used as primary varying factor and
the PV capacity was then used to confirm the MPI-MPE crossing point. However, three
optimizations were not fruitful with the DOA variation so only the PV capacity was used
as decisive constraint to find the crossing point (see table 3). These three systems have the
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same issue as encountered with the DOA-OEF optimum methodology: they all start with a
very high DOA even with a very low PV capacity (relative to their peak consumption). In
these three cases, varying the DOA as an input does not result in any significant changes
as the constraint forces those systems to a higher dependency on the energy provider as
their optimized state. This results in the MPI and MPE never crossing. Therefore, the
variation of the PV capacity allowed for a more refined analysis in cases where the DOA is
only looked at as a simulation output dependent on the installed capacity of the internal
generation assets.

4.2 Simulations of Energy Cells with Residential Demand

In this section, the system optimizations applied to the residential load profiles are
presented. As a first step, the results are shown and described. Then, they are interpreted
to bring to light the conclusions derived from these results. And finally, the results are
critically analyzed and discussed.

The first comparison aims at observing the impact that the three different cell sizes have
on the grid compared to the status quo scenario (table 6 presents an overview of the systems
mentioned in this section). By comparing each cell size with the status quo scenario, the
similarities between EC designs that were simulated on different cellular levels are brought
to light. Figures 18 and 19 depict the Power Import (PI) and Power Export (PE) duration
curves of each system respectively. These curves are presented as a percentage of PI or
PE relative to the peak electric load of each system. The horizontal axis represents the
number of hours in a year a certain percentage of power exchange occurs. For example, PI
of the Large Energy Cell (L) and Medium Energy Cell (M) systems depicted in figure 18
occurs for approximately 3000 hours in the year. It is important to understand that this PI
occurs at different times along the simulated year and are not the first 3000 hours of the
year. To go further in the results, figure 18 highlights that the PI for the L and M sizes
happens at an even amount along the year. It is also apparent that these two EC have less
exchange with the grid than the Small Energy Cell (S) system and the status quo scenario.
The status quo scenario has the most PI from all the scenarios depicted in figure 18 and
also has the highest MPI of all systems by far. Additionally, it is also the only scenario
with PI for all hours of the year. This implies that the status quo scenario does not have
any PE along the simulated year. As explained in section 3.3.3, there can either be PI or
PE happening at any one time step. Therefore, an energy system having PI for every hour
of the year (such as the status quo) will not have any PE. This can be observed graphically
in figure 19, where no status quo curve is present as there is no PE for this system.
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Figure 18: Yearly electricity import from the grid for residential systems.

The PE from the cell towards the transmission grid is depicted in figure 19. As for the
PI, the L and M sizes have the exact same PE along the year with regard to their respective
peak electric load. On the other hand, the S system has less overall PE and only for about
one-fourth of the year.

Figure 19: Yearly electricity export from the grid for residential systems.
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As explained in section 2.2.2, it is generally more relevant to measure the impact on the
grid with peak exchanges and not yearly flows. Therefore, the MPI-MPE crossing points of
the three different cell sizes are presented in table 7 along with their respective optimized
PV capacity, DOA and LCOE. This table presents the optimized PV capacity as this is
the only common energy production asset throughout the residential systems. Once again,
the L and M systems have the similar results. They have the same optimized PV capacity
and also have the same MPI-MPE crossing point, which is logical when compared to the
results depicted in the yearly PI and PE shown in figures 18 and 19, respectively. It is
possible to observe a slightly lower MPI-MPE crossing point for the S system and on the
contrary, a higher share of PV capacity is optimized compared to its respective peak electric
demand. As depicted in figure 18, the overall consumption from the grid compared to the
peak electric demand is rather high for the S system which also distinguishable with a low
DOA.

Table 7: Summary of certain key parameter indicators for the residential systems opti-
mizations.

Small (S) Medium (M) Large (L) Status quo

MPI-MPE (%) 104.6 112.6 112.6 N.a.

Optimized PV capacity (%) 160 120 120 13.4

DOA 0.6 0.85 0.85 0.35

LCOE 0.174 0.096 0.096 0.140

The values in (%) are in % of the respective peak electricity demand

Overall, the general results for this residential analysis highlight that the status quo
(resembling the current existing system of Bordesholm) has a considerable dependency on
PI. Another observation is that the L and M levels have the same exchange rate with the
grid. In addition, the smallest energy cell seems to be prone to more PV capacity correlated
with a higher LCOE. This high dependency on PI is to be strongly considered in a cellular
framework. This implies that the transmission grid, for now, and other cells in the future,
will need to be able to provide additional power to this energy cell at the necessary times.
In a complete cellular framework, cells like the status quo system will need neighboring
cells capable of supplying energy on demand and therefore have the capacity of either
dispatchable excess generation or adapted storage units. The fact that the L and M systems
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have the exact same impact on the grid is due to the way the residential energy systems are
built. As presented in section 3.2.2 and table 6, these two planning levels have the same
system design and their energy demand (electricity and heat) are scaled up to accommodate
the average number of houses per planning level. Due to this practice, these two cell sizes
end up having the same impact on the transmission grid. Finally, correlation between the
PV capacity and the MPI-MPE crossing point can highlight an unexpected potential. The S
system shows that with a higher share of optimized PV capacity the impact on the grid is not
necessarily higher, even though it is expected to reflect a higher PE. Indeed, when looking at
table 7, the lower MPI-MPE crossing points highlight that the considered optimum is lower
than the other systems and figure 19 shows that the relative MPE is also lower for the S
system. As expected though, if considering the economic impact of the generation capacity
on the three cell sizes, the S system with the highest share of PV also has the highest LCOE.
This shows that the impact on the grid is not a parameter to be looked at on its own
for assessing these energy systems but should rather be correlated with complementary KPIs.

When looking at the PI of each residential system, it is clearly apparent that all systems,
except for the S level, import more power than their maximum electric load. It is noticeable
from figure 18 that the PI is higher than the maximum peak load for certain hours of the
year. This is very pronounce for the status quo scenario but can also be observed for the
L and M system sizes. It is important to remember that the systems were planned as
greenfield, which means that the assets capacities were left to the optimization starting with
no pre-existing installed capacity before the first time step. In the special case of the status
quo scenario, certain assets had pre-installed capacities, which were then utilized, instead
of installing more capacity of other assets (see table 6 for details on the energy systems).
From table 7, we see that the status quo cell has a very low optimized PV capacity relative
to the peak electric demand. This seems logical at first, considering the rather low DOA.
But when looking at the share of optimized PV capacity in the S system, the trend seems
to reverse. Indeed, the S size system has more PV share relative to its peak demand than
the M and L systems with 160% against 120% respectively but a lower DOA with 0.6
against 0.85. This is due to the fact that the M and L systems have two internal electricity
generation sources (PV and biogas) and the S system has only PV. Thus, the S level
imports more from the energy provider as it cannot rely on biogas to generate electricity
when there is no sun. The current storage capacity of Bordesholm was also implemented as
existing capacity for the status quo, which created a major difference to other scenarios. It
appeared that no storage capacity was added to any of the residential cell optimizations.
This highlights a clear limitation concerning the operation of the ECs since the storage
units add a possibility for the management of energy flows. Considering the chosen cost
data for the storage unit (see appendix A.4 for more details), one possible incentive for the
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optimization by installing battery capacities could have been the electricity price from the
energy provider. The higher the electricity price, the more it becomes reasonable to store
excess generation from the cell to consume it later. Figure 20 shows this trade-off between
the electricity price and optimized installed battery capacity (for the S system).

Figure 20: Optimized battery capacity as a function of the electricity price from the
energy provider.

This is not the only limitation that can be observed from the results presented so far.
As mentioned, the L and M systems also have more PI than their respective peak electric
demand. This is due to the way the heat and electric sectors are coupled. The central
electric bus is fed by the generation assets inside the energy cell boundaries and also by
the energy provider (see figure 14 for a visual representation of this system). Once in the
electric bus, the power goes out to the different sinks, one of them being the heat pump
that transforms electricity into heat to supply the heat bus. Due to this central bus design,
power from the energy provider is sometimes used to feed the heat pump when it becomes
economically viable. This is depicted in figure 21 where it is possible to witness the shift
between the use of the local heat generator and the heat pump which is, at that moment,
fed by PI. This is done purely based on economic motivation and is therefore not correlated
at all with the PV surplus generation. This results in the effect that during certain hours
of the year, the consumption from the electricity provider is superior to the peak electric
consumption as the energy from the provider can be used by the heat pump. This is not
an ideal SCs scenario and surely an important factor to keep in mind and consider when
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looking at the impact on the grid relative to the peak electric demand.

Figure 21: Exchanges in the thermal bus for the residential M and L sized cells.

These residential systems optimizations were conducted to showcase how each EC would
behave and how sector coupling was dealt with by the optimization. The status quo
scenario served as a reference to understand how the planning of such EC can potentially
drastically reduce impact on the existing transmission infrastructure. The interpretation of
the results highlighted that the way the energy sectors are coupled can have a big impact
on the results and should not be overlooked as trivial, particularly in the case of a cellular
system incorporating energy exchanges between cells. It has also been pointed out that
the optimized capacity of a common asset, as PV in this example, can serve as a strong
KPI. However, the optimized capacity of an asset should preferably be used for comparing
system with the same infrastructure to reflect an observable trend. The optimized capacity
of PV as an approach for systems comparison has been applied to the commercial demand
profiles presented in the following section.

4.3 Simulations of Energy Cells with Commercial Demand

The commercial systems simulations has for objective to allow the comparison of different
EC sizes between them. Three different EC sizes were grouped into two different system
designs and split into different demand profiles as explained in table 4. The methodology
described in subsection 3.3.3 was applied to aggregate the outputs of the optimizations.
To understand the presentation and analysis of the results clearly, the label given to each
system has to be clarified. The outputs of the smalls (S1, S2, S3, S4) and mediums (M1,
M2) EC have been aggregated to the size of their superior cells. These have been named by
their original planning level combined with the cell size they have been aggregated to. As
an applied example that can be found in table 5, the M1 and M2 optimization results have
been aggregated to be compared with the L level. L is a system with the same demand
as M1 and M2 combined but planned as a single cell and not two separate ones. This ag-
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gregated output is then called Aggregated M to L which can be found in figure 24 for example.

The PI of the aggregated systems compared to the largest cell size are represented on
figure 22. The main difference between the systems lies in the fact that the aggregated S to
L have a lot more PI along the year than the aggregated M to L and L systems. Not only the
aggregated S to L EC has PI for almost all hours of the year but on top of that the MPI is
reaching almost 94% of the peak electric load. This is quite contrasting with the aggregated
M to L and L systems which have almost the same PI along the year for approximately
only 3000 hours and more importantly, they have almost the same MPI capping around 61%.

Figure 22: Comparison chart for the yearly electricity import from the grid for commercial
systems.

On the PE side (represented on figure 23), the aggregated S to L cell still holds the
maximum value by far with a MPE averaging the 110% whereas the aggregated M to
L and L systems settle respectively at 71% and 61%. Nevertheless, when looking at
the yearly exchange, the aggregated S to L cell has only about 1500 hours of PE com-
pared to the other two systems which feed-in power into the grid for about 5500 hours in
the year. The area under the curves, which corresponds to the total PE along the year,
highlights that the aggregated M to L PE has less overall yearly PE than the L planning level.

To compare the impact on the grid in term of maximum power exchange, a represen-
tation in absolute values allows for a look at the different systems at a closer range as
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Figure 23: Comparison chart for the yearly electricity export from the grid for commercial
systems.

presented in figure 24 (the values relative to their maximum electric load are presented in
table 8). The general trend visible on this chart is that planning an EC at a larger level
reduces the peak power exchange with the grid compared to planning multiple small cells
separately and aggregating them. This is valid for the MPI as much as for the MPE with
the exception of the aggregated M to L cell size which has a comparable MPI than the
largest cell. Consequently, the DOA is also lower for all aggregated system compared to
their corresponding superior cells.

As for the residential systems simulation, PV is the common production asset throughout
all commercial optimizations and it can therefore be an indicator to compare the optimized
capacity between the different planning levels. Compared together with the LCOE on
figure 25 the PV capacity shows the same global trend as the impact in term of maximum
power exchange. It appears that the system planned at a larger scale have less optimized
PV capacity and with that, lower LCOE than their aggregated analogue systems. Even
though PV is not the only production asset for the M and L systems, the more PV capacity
optimized the higher the LCOE is. It is worth noticing that the LCOE of the aggregated M
to L system is barely higher than the one for the L system which even though the PV share
is considerably higher for the aggregated M to L system. This highlights that the biogas
asset can play a major role, not necessarily in power export as it is a baseload generator
but, in the economic analysis.
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Figure 24: Comparison chart for the aggregated commercial systems based on their MPI
and MPE

These commercial systems optimizations had for objective to compare different planning
levels to each other and observe the impact they could have on the electric transmission
network in place. The impact was assessed in term of yearly flow and peak flow. The
results interpretation revealed that planning at a larger level has more advantages in term
of reducing impact on the existing infrastructure but also in the share of PV installed and
economically considering the LCOE.
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Figure 25: Comparison chart for the aggregated commercial systems based on their
optimized PV capacity and LCOE.

4.4 General Discussion and Guidelines

Essentials aspects of the CA need to be considered when looking at the results of this
thesis and are, as such, presented in this section as a more general discussion applicable to
both residential and commercial simulations. The CA is clearly introduced by the VDE
(2015, 2019) as an operational framework. Nevertheless, this new system thinking has to be
planned before it can operate and, as of today, little detail is given on a possible planning
methodology of ECs (VDE 2019). To rebound on this research gap, findings regarding the
sub-research questions are generalized in this section.

As presented here, the CA commits to three major pillars which pledge to offer a viable
solution for the decarbonization of the energy system. The first pillar is the control and
operation of energy generation dispatch. By implementing dispatch strategies adapted to
each EC, the CA aims at observing the subsidiarity principle. The second pillar of the CA
is the effort required for flexibility in the demand. By applying energy demand control
and management strategies during their operation, each EC should be able to maximize its
potential and have the least excess energy generation possible and at the same time import
a relatively low amount of power. And finally, the backbone and third pillar of the CA is
the location of the energy production stations in relation to the energy consumption sites.
By geographically bringing together the energy production and consumption, the CA aims
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at alleviating the challenges brought on by the implementation of RESs. This last pillar
is purely focused on the planning of ECs and is the only one that was approached in this
thesis. This focus point, taken apart from the other mentioned dimensions of the CA, gives
only a partial answer to the overarching research question concerning the impact of ECs on
the existing infrastructure. However, it provides a foundation upon which further research
can be conducted using the findings presented in this thesis as a baseline starting point.

The first focus was on the strengths and weaknesses of a cellular framework. It was
brought forward that the CA has all the characteristics of a decentralized system while
maintaining a possible connection between an energy provider and ECs. Considering this
aspect, the CA has the strengths and advantages of a decentralized system, while alleviating
the possible drawbacks due to the connection with neighboring cells and the use of the
existing infrastructure in place. The most striking weaknesses of the CA are in its current
definition and early stage of development. These can be tackled by more research, a clear
definition of ECs and the methodologies that apply a cellular system.

The second point of attention was on the simulation of a cellular energy system
and the possible constraints that could be applied. Different ECs have been created
on different levels based on the chosen case study. These can hardly be generalized, as they
were created in order to fit the case study and are most likely to be adapted for each case.
Nevertheless, three different levels were proposed and different constraints were applied
with the intention to find the optimal system for each of them. The constraints focused on
controlling the PI from the energy provider to the cell with the use of the DOA defined in
this research. The constraint on the optimizable capacity of energy production asset was
used in order to limit the PI as well.

As the third point, a comparison methodology has been developed along dif-
ferent energy system designs that highlighted the possible similarities and differences
between the ECs studied. The methodology to compare the different energy systems was
based on the MPI-MPE crossing point that served as a figure of merit. A new approach has
then been proposed to aggregate the different systems together in order to compare their
impact on the grid. The basic idea being to plan on different levels and then aggregate
the results to equal their overall electricity demand. Similarities and differences could be
observed between the different system designs that were adapted to two demand types
(residential and commercial) across the three different zoom levels.

Finally, certain guidelines could be derived from the generalization of the observations
made on ECs along this research. These are presented here in an attempt to offer a baseline
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for future research. The first guideline that can be derived from this research is the method
used to draw the geographical delimitation of the different ECs. The connection point with
the energy provider was used to mark the different internal generation assets and distinct
them with the external energy sources. This was applied to systems with multiple energy
carriers as well with, for example, electricity and biogas as external sources combined with
internal generation units for both of the energy vectors. A second key point that can be
observed from this thesis is the methodology used to compare the impact of different EC
planning levels. The MPI-MPE crossing point has been compared in values relative to the
peak load of each system. This allows for a good comparison and made certain anomalies
with the sector coupling stand out.

4.5 Limitations of the Study

In this section the limitations of the study and the boundaries that influenced the results
are discussed. The limitations are presented in relation to the applied methodology at
first. Then the simplifications and assumptions of the studied scenarios and inputs used are
brought forward. Finally, the limitations of the tool used for the simulations are presented.

Concerning the methodology applied, each system was simulated as a stand alone
energy cell with a grid connection with the so called energy provider. Therefore no exchange
of energy flows with neighboring cells were simulated. The communication layer between
the different cells was also not part of the study. This is an important limitation to consider
as the exchange with neighboring cells organized by the communication layer could help
reducing costs and the power exchange between cells and the transmission grid. This
aspect still represents a major research gap that can be tackled by studying the vertical or
horizontal connection between cells.

The scenarios used in this research present a number of limitations that can be corre-
lated to the lack of asset management strategies. The assets have been optimized and used
solely according to their economic viability. An applied example was presented with the
coupling of the heat and electric sectors. In this case, the heat pump asset that converted
electricity into heat was used following a financial optimum which did not benefit the system
in terms of PI from the electric transmission grid. A similar observation can be made for
the storage system. Indeed with the input costs of the storage system, no battery capacity
was optimized for any of the greenfield simulations. Another example is the considered
biogas production asset. It could have been operated following energy generation strategies
to supply energy when other renewable sources could not, but was instead used as base
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load generation due to its economically optimized dispatch. The exclusion of operation
and management strategies in the simulations affected the behavior of the internal assets.
Operation and management rules could be focused on diminishing power exchanges with
the transmission grid therefore lowering the impact of the ECs. Operation rules will most
likely have to be adapted to each case study and can therefore not be part of guidelines for
the planning of a cellular system.

The inputs used in this study were considered with some simplifications that should be
pointed out. All the costs included in the simulations were all related to specific assets. No
infrastructure related costs, such as the distribution grid costs, were taken into account
in the optimizations. These could represent a trade-off between the planning size and the
financial viability. As the distribution grid costs might increase with larger energy cell
planning in opposition to smaller cells, the observed trend, that planning at larger levels
has more benefits, might change when accounting those. A limitation can be observed on
the costs of asset directly. No batch discount was applied which means that the same costs
per optimized capacity were applied to the assets and without discounts related to the
quantity installed. Other infrastructure costs, more specific to the CA, would be interesting
to be looked at such as the measure and control devices for the energy flows and exchange
of data between cells. These different input assumptions each represent a research gap that
could be analyzed in future research.

Finally, the model limitations are also an important facet to consider when looking
at the simulation results. The MVS v 0.5.5 was used for this thesis. Some simplifications
are made in the optimization of energy systems with this version of the tool. For example,
all the energy production assets are assumed to have the same production over their entire
lifetime, despite the fact that energy production technologies are known to have a decreasing
efficiency due to degradation. The PV panels used in this study should be no exceptions
to degradation and their energy production is therefore an approximation. A striking
limitation of the MVS is also the fact that the model has perfect foresight. The model is
aware of the energy consumption for the entire simulation period at the first time step.
This lack of uncertainty in the model does not reflect reality. Concerning the economic
optimization, the model only looks at the best possible outcome. There might be some
trade-offs with other parameters that would make the second or third most economically
viable solution still interesting for the user. These limitations are specific to the tool and
could therefore be addressed by comparing the results of a similar study with another tool.
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5 Conclusion

This thesis analyses the potential of the CA for a specific case study. Different EC sizes
are evaluated with the objective to compare and reduce their impact on the existing electric
transmission grid.

The CA has been presented as a new organizational and operational framework that aims
to alleviate the challenges brought by the integration of more RESs in order to de-carbonize
the energy sector. The cellular system thinking being rather new, is still lacking applied case
studies and planning methodologies to understand how such a scheme can be implemented
considering the existing infrastructure in place.

The study has been carried out based on a linear programming model (MVS) used
for the technical and economical analysis of different EC sizes inspired from the existing
distribution network of Bordesholm. This city was taken as case study and was split into
two different categories of energy demand. On one hand, the residential sector which
included simulated electricity and heat demands and on the other hand, the commercial
sector which included measured electricity demand profiles. The impact on the grid has
been measured with the maximum power import and export between the different ECs
and the energy provider. The yearly flows between the ECs and the energy provider
have also served as support for the comparison of the different systems. The optimized
capacity of PV assets and economic indicators have also been used for the comparison
of different cell sizes. In the case of this research, the planning of different EC sizes
aimed at simulating the geographical proximity between the energy consumption loca-
tions and the energy production sites. Additionally, various constraints have been applied
in an attempt to find a common degree of autonomy as a guideline for the simulation of ECs.

The results are categorized by the two energy demand types. On one hand, ECs with
residential consumption profiles have been simulated to understand how the planning of
sector coupled systems at different levels could impact the electric transmission grid. On the
other hand, cells with commercial consumption profiles have been simulated and compared
to each other to comprehend how different planning levels later operated at similar scales
could impact the electric transmission gird.
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The analysis of the residential optimizations results brought to light how planning an EC
according to the maximum power import - maximum power export crossing methodology
could greatly reduce the impact on the grid. Additionally, it was shown that more research
is needed around sector coupling and that it should be carried out considering parameters
other than economic feasibility in order to help alleviate the challenges brought by the
integration of RESs. Concerning the comparison between different cell planning levels with
the commercial demand profiles, a global trend could be observed not only for the grid
impact but also concerning the optimized capacity of non-dispatchable production assets
and economic factors. It showed that planning ECs at larger levels has less impact on
the grid in terms of maximum power exchange and yearly flow. Moreover, it implies a
smaller necessary capacity of internal generation assets relative to the peak demand which
in turn implies a lower LCOE. This is true for the specific scenario simulated considering
the topology and inputs used. The applied DOA constraints did show that it does not make
sense to try and reach the highest possible autonomy for an EC nor to have a minimum to
be reached for the planning of new cells. Additionally, the definition of an EC presented
and the key lessons learned generalized as guidelines, offer a strong backbone for future
research on the CA.

However, it is important to point out the limitations these conclusions present. First
of all, the studied EC sizes were quite narrow on the spectrum of possible energy system
sizes. The smallest cell being a single consumer and the largest one being a group of
four commercial consumers or a small town for the residential optimizations. The global
trend observed might, therefore, not be applicable to larger systems considering larger
towns, commercial consumers mixed with industries, etc. Secondly, the CA is multi-faceted
framework in which the management and operation of energy flows should be considered
in the planning phase as well. The fact that this work looked solely at the geographical
proximity between energy sources and energy sinks, limits the real life applicability of the
results. This, however, does not reduce the utility of this research to serve as basis for
future studies on the planning of ECs.

5.1 Future Work

The limitations recalled in the section above present a potential for future studies. The
future work is split among two areas of interest. Firstly, research needed around the impact
ECs have on the existing electric grid is presented. Secondly, on a more general note,
possible future research regarding ECs is introduced.
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This study focused on a relatively narrow spectrum looking at rather small cell size
planning levels. A similar study with larger cellular planning levels would be needed to
see if the observed trends hold. But the narrow spectrum of study can also be preserved
in order to look closely to the flexibility that could be provided by the energy storage
options. A deeper study on the storage optimization could greatly change the exchange
the ECs have with the grid. The findings presented in this thesis could also be comple-
mented by a research looking at similar systems but taking more parameters into account
such as asset management strategies or the distribution grid costs. Finally, a greater
variety of energy vectors, with the implementation of electric vehicles or gas networks for
example, could mitigate the exchange an EC could have with the different existing networks.

Concerning larger research around ECs, the management and control system which is
at the center of the CA should be extensively studied and simulated. This could provide
answers regarding the exchange of energy flows and data between cells and help more
accurate planning strategies for the CA. And for this, appropriate simulation tools taking
into account this communication layer need to be developed which constitute a major
opportunity for future research.
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Appendix

.1 Different Energy System Designs

Figure 26: Different energy system designs summarized.
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Appendices

.2 Aggregated Commercial Demands Methodology

Figure 27: Visual of the method for aggregating the different commercial demand profiles.
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Appendices

.3 Aggregated Commercial Outputs Methodology

Figure 28: Visual of the method for aggregating the different commercial outputs.
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Appendices

.4 Financial and Technical Input Data Summary

Table 9: Summary of the costs and technical data used for the different simulations.

Parameter Unit Asset (cell size) Value Source

specific costs €/kW

solar inverter (S, M, L) 0.00012 Fraunhofer (2020)

heat pump (S) 1747 Taylor (2018)

heat pump (M, L) 860 Energistyrelsen (2016a)

domestic gas boiler (S) 320 Energistyrelsen (2016b)

electric generator (M, L) 950 Energistyrelsen (2016a)

heat generator (M, L) 950 Energistyrelsen (2016a)

photovoltaic (S, M, L) 1050 Fraunhofer (2020)

biogas (M, L) 1757 Energistyrelsen (2017)

storage capacity (S) 550 Energistyrelsen (2018)

storage output (S) 175 Energistyrelsen (2018)

storage capacity (M, L) 1288 Energistyrelsen (2018)

storage input (M, L) 0.0021 Energistyrelsen (2018)

storage output (M, L) 0.0021 Energistyrelsen (2018)

costs O&M €/kW/year

domestic gas boiler (S) 20.9 Energistyrelsen (2016b)

heat pump (M, L) 2 Energistyrelsen (2016a)

photovoltaic (S, M, L) 15 Fraunhofer (2020)

electric generator (M, L) 9.75 Energistyrelsen (2016a)

heat generator (M, L) 9.75 Energistyrelsen (2016a)

biogas (M, L) 27 Energistyrelsen (2017)

storage capacity (M, L) 0.54 Energistyrelsen (2018)

74



Appendices

This is the following of table 9

Parameter Unit Asset (cell size) Value Source

dispatch price €/kWh

heat pump (M, L) 0.0017 Energistyrelsen (2016a)

electric generator (M, L) 0.0075 Energistyrelsen (2016a)

heat generator (M, L) 0.0075 Energistyrelsen (2016a)

biogas (M, L) 0.0034 Energistyrelsen (2017)

energy price €/kWh

electricity provider (S R.) 0.31 Tennet (2020)

biogas provider (S R.) 0.067 Schlesinger et al. (2014)

electricity provider (M, L R.) 0.12 Amelang (2019)

electricity provider (M, L R.) 0.12 Amelang (2019)

electricity provider (S, M, L C.) 0.15 Amelang (2019)

feed-in tariff €/kWh

electricity provider (S R.) 0.0816 Wirth (2021)

electricity provider (M, L R.) 0.043 Wirth (2021)

electricity provider (S, M, L C.) 0.043 Wirth (2021)

efficiency factor

solar inverter (S, M, L) 0.98 Fraunhofer (2020)

heat pump (S, M, L) 0.9 RLI (2021)

domestic gas boiler (S) 0.83 Energistyrelsen (2016b)

electric generator (M, L) 0.4 Energistyrelsen (2016a)

heat generator (M, L) 0.55 Energistyrelsen (2016a)

storage output (S, M, L) 0.85 Energistyrelsen (2018)

R. stands for Residential and C. for Commercial
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