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e perspectives that should not stay unmentioned from my perspective in scientific
documents in general or this topic in particular but are not the focus of my thesis.
(Critical Opening Remarks)

e my writing style with regards to referencing, wording and the I-perspective. (Com-
ments on Writing Style)

a statement of mine concerning the preparation of this thesis by (only) me. (Dec-
laration of the Author
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Revisions

I indicate revisions on the title page and in the title of the (sub-)section where I change
parts.

In the revised version 1, I change the figures on the results of validation and their analysis
and interpretation. In the version before, the results for the class-definition-based and
the classification-based priority lists were confused. These results are a part of the core
of my thesis. Nonetheless, the core conclusions do not change. The results for both
priority lists are well and therefore the main conclusions are valid still. In fact, the new
results strengthen the conclusions. The class-definition-based priority lists yield better
results (with one exception) than the classification-based priority lists. This strengthens
the hypothesis that optimal priority lists can be deduced from model-optimal results -
which is a fundamental hypothesis of my thesis and approach.
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of racisms and discrimination of foreigners is a big problem in my local environment.
Sexisms (both against sexual orientations and identities) and racisms are, from my point
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environment and as well institutional and structural as individual. Therefore, I want to
raise awareness with this statement and encourage you if you are white, cis and/or a man:
Inform yourself about sexisms and racisms in Germany (and globally). Stand up against
sexisms and racisms. Reflect on the racisms and sexisms you reproduce yourself. Let us
strive together for a more just and peaceful world that embraces diversity as enrichment.
And I also want to ask for excuse for the racisms and sexisms that I reproduce myself
in this thesis - e.g. via quoting many white men. I try to limit these reproductions as
far as possible. If you read this thesis and notice racisms and/or sexisms, I would be
very happy if you contact me and let me know so that I can learn to get rid of them. I
am also very happy about any tips that could help me to reduce my own racisms and
sexisms.

With the energy transition in Germany, the German government strives for greenhouse
gas emissions reduction. From my perspective, this single focus combined with a mar-
ket perspective on price is dangerous. Other to me important values such as political
independency (e.g. imports from China/Russia), sustainable supply chains (e.g. min-
ing for materials for batteries), postcolonial critics and regional economics (e.g. local
photovoltaic panel production versus import from low-income-countries), economic and
democratic participation (e.g. citizen energy versus big and stock market listed compa-
nies) and in general an economy oriented on democratically determined values beyond
the price are either forgotten or deprioritised. Therefore, I want to make these values
visible here. And ask you, the reader: Reflect on the importance of these values to you
and stand up for an energy transition in Germany with more values than only greenhouse
gas emission reduction.

Comments on Writing Style

In this section, I want to give an overview about how or why I use references, abbrevia-
tions, the I-form and the decimal point.

References after a point at the end of a sentence indicate a full sentence that is indirectly
quoted. References after a number or the corresponding unit indicate that only the
number is references whereas the rest of sentence does not have its origin in the reference.
I also use page numbers for the references right in the text whenever possible so in case
you want to trace an information back you can easily find it. In direct quotes I use [...]
to specify that I leave out some original content or add some explanations [that were not
part of the original document like this].

I tried to build my work as much as possible on openly accessible references in order to
make my research available and reproducible for as many persons as possible.
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I use an overview in the beginning for all abbreviations but also indicate the abbreviations
when used the first time in the text.

Throughout this thesis, I will use | and my whenever I write about something that I do
or did. This shall help you to easily distinguish my work from the work of others that I

reference and thus give merit to the ones whose work I use.

I use . as decimal marker.

For highlighting, numbers with the unit [1] and for dimensions (e.g. the energy E) I use
italicised letters.
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Abstract

The goal of the thesis is to deduce emissions-, exergy- and price-optimised control strate-
gies for a sector-coupled district energy system and assess their impacts on the green-
house gas emissions. The research does not include mobility, does only include input
data from 2017 until 2020 without future scenarios and does not include costs for any-
thing else than operation, for example the social or environmental impacts of a local
energy supply system over its full lifetime. For the research, two energy systems are
modelled with the software tool open energy modeling framework (oemof). Both energy
systems are optimised for operation with the solver COIN-OR Branch and Cut solver
(Chc) for emissions, relative exergy-input and prices. For one of these optimised oper-
ations, | deduce optimal control strategies. My approach is classi cation with priority
lists as classes. For classi cation | use linear discriminant function analysis. | validate
my deduced optimal control strategies with my energy system models in oemof with the
priority lists as cost functions. It turns out that optimising operation for emissions in-
stead of prices has a signi cant reduction potential for emissions. The deduced optimal
control strategies perform well in the validation. A conclusion whether the deduced opti-
mal control strategies are usable under real conditions cannot be drawn as the validation
is done with oemof and therefore using information about the future which under real
conditions will not be available. Also, the heat storages of the local energy supply sys-
tems are not steered by the deduced optimal control strategies but are optimised by the
energy system model. In the end, recommendations for further research that would lead
to holistic optimal control strategies that are usable under real conditions are given.






1 Introduction

As starting point of the thesis, | explain my motivation for the topic and the approach
as well as the context of my thesis, the project ENaQ. | thereby want to embed the
thesis in the context of national goals like the nationally determined contributions and
the energy transition as well as the global goals from the Paris Agreement regarding the
greenhouse gas emissions reduction. Building this foundation, | introduce my research
qguestion and guiding sub-questions, important research boundaries and the structure of
the thesis.

In the rst section, | deal with the questions: Why do | choose the topic of a sector-
coupled district energy syster How does this topic matter in national and global con-
texts?

1.1 Motivation for the Topic: A Sector-Coupled District
Energy System

In order to reach the 1.5 C [2, p. 21] goal of the Paris Agreement global reduction

of greenhouse gas emissions are necessary. The German government has set goals for
its nationally determined contribution as greenhouse gas emission reduction targets in
comparison to 1990 with -55 % for 2030, -70 % for 2040 and -80 to -95 % for 2050. [2,
p. 28] Greenpeace concludes that in order to reach the goal 4f5 C without risking the
necessity of carbon capture and storage, a reduction of the energy-related greenhouse gas
emissions to0 g=a in Germany is even necessary until 2035 [3, p. 3], Volker Quaschining
claims it to be necessary until 2040 [4, p. 6] and that this is also achievable [4, p. 33].

In 2017, the source 084:45 % of the greenhouse gas emissions in Germany were station-
ary and mobile energy activities which include fuel combustion as well as fugitive fuel
emissions based on the Common Reporting Framework. [5, p. 68] Therefore, the most
important measure to reach the reduction targets in Germany is the energy transition.
For a successful energy transition in Germany, the renewable energy supply in the sectors
of electricity, mobility and heat should be equally addressed. Whereas the renewable
energy share in the electricity sector in 2018 amounts to aroun®7:8 % of the consump-
tion, this share represents merely13:9% and 5:6 % in the heat and mobility sectors,
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respectively. [6, p. 6] In order to reach the reduction targets, the share of renewables
needs to be increased especially in the heat and mobility sectors.

The German government has formulated many specic goals and measures to reach
the reduction targets. [2, 32 77] Sector-coupling according to the German government
can help decarbonising the energy demands in the heat and mobility sector as well as
provide exibility for the electricity markets. [2, p. 39] Sector-coupled district energy
systems with regard to heat supply through electricity are speci cally named as part of
the German strategy. [2, pp. 48 49]

Others see bene ts in sector-coupled district energy systems as well. The German Energy
Agency (dena) sees the bene ts of reduced greenhouse gas emissions in buildings as well
as reducing the stress on electrical energy supply infrastructures through sector-coupling.
[7, p. 57] The dena also sees benets in decentralised energy supply such as reducing
stress on electrical grids, reducing the demand for electrical grid extension, reduction
of necessary investment in centralised energy supply and reduction of space usage. [7,
p. 73] The Bundnis Blrgerenergie eV (BBEN) strives for a decentralised energy transi-
tion by citizens. [8] The BBEn sees the positive societal e ects of a decentralised and
citizen-driven energy transition in the integration into sustainable economic processes,
an increased engagement within the energy sector, a higher acceptance for the energy
transition, more participation, transparency and identity creation. [9] The authors of
Decentralised Energy a global game changemargue that through enhancing private
ownership of the power sector the energy transition will be accelerated [10, p. 272] and
have positive side e ects like the empowerment to local, independent energy producers
[10, p. 2].

Sector-coupling on a local and decentralised level is, thus, the obvious step for maximiz-
ing the synergies and bene ts of both approaches for the energy system and to contribute
to reach the 1.5 C-goal. The1:5 C-goal could also be embedded as a contribution to the
broader vision of Uwe Schneidewind: "[Die] kulturelle Vision der Nachhaltigkeit [...] [ist
ein] gutes Leben fir zehn Milliarden Menschen auf diesem Planeten [...] ohne die glob-
alen 6kologischen [oder planetarischen] Grenzen zu Uberschreiten”. [11, p. 21] | translate
this as: The cultural vision of sustainability is a good life for ten billion humans on this
planet without exceeding the global ecologic or planetary boundaries.

A big challenge in sector-coupled district energy systems is the optimal control as these
systems are highly complex. [12, p. 137] In this thesis, the focus is on control strategies.
One reason for this is the context of the thesis, the ENaQ project. | therefore explain
the context in the next section before | introduce the motivation for the approach of
deducing optimal control strategies.
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1.2 Context of the Thesis: The ENaQ Project

The ENaQ project develops novel concepts for a future-oriented energy management of
a local energy system. Testing the energy system under real conditions is also future
part of the project. As part of the sub-project Networked Physical Infrastructure, the
DLR-VE takes part in the conception and planning of the physical infrastructure. A
concept for the energy supply of the ENaQ at the former military air base in Oldenburg
is developed, implemented and evaluated. The aim of the sub-project is a holistic view of
the energy supply in order to identify optimization potential early and to be able to use

it. The focus is on the sector-coupling of electricity and heat as well as the integration
of mobility for individual houses and for the entire district.

In addition, the active co-design of the neighbourhood with future residents and inter-
ested people for future neighbourhoods will be pursued in the sub-projed®articipatory
Design The sub-project Digital Platform focuses on exibility, security and technology
openness. Core function is the provision of a largely automated local energy trading plat-
form. Forecast-based energy management is used to implement load and procurement
management with the local producers and consumers in the neighbourhood.

Given the topic and the context: Why is it necessary to determine control strategies for
the ENaQ project? What shall they be optimised for? Where will they be deduced from
- and why? These questions are the guideline for the next section.

1.3 Motivation for the Approach: Deducing Optimal Control
Strategies

For a precise argumentation in this thesis, | distinguish between optimal operation and
optimal control strategies. Optimal operation is the optimum with regard to a speci c
goal that can be obtained by simulation including data about the future that will not be
available under real conditions. Optimal control strategies lead to an operation as close
to the optimal operation with regard to a speci ¢ goal under as close to real conditions
as possible. In the following, | introduce the optimisation and the deduction challenges
which are the motivation for the choice of the approach.

The optimal operation of a district energy system depends on the goal(s) of the local
project community. The ENaQ project has di erent goals. Di erent ways of operation
are optimal in order to reach each of these goals. Therefore, the optimal operation
for each of these goals needs to be determined. Dierent ways of operation of a sector-
coupled district energy system can lead to di erent contributions to the energy transition

in terms of reducing the greenhouse gas emissions. As an example from another than
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the project of this thesis, a study on a district heating supply for two weeks in January
through heat pumps with a thermal energy storage calculated the realisable emission
reduction potential only due to operation to 20% [13, 10 15] The approach of zero
emission neighbourhoods [14, p. 17] sets the focus away from optimal operation of the
energy system and reduces the greenhouse gas emission reduction target to an energy
balance problem. This leads to load-oriented consumption without considering the dy-
namically changing greenhouse gas emissions of the electricity from the grid, especially
in winter. [15, p. 6] In this thesis, the dynamically changing greenhouse gas emissions
of the electricity from the grid shall be considered.

The operation of the energy system determines the performance and interplay of the dif-
ferent system components. Determining the optimal operation for sector-coupled district
energy systems is a complex, data and computational intensive task. This dependency
on a great amount of data make control strategies for such energy systems a critical item
for resilient operation. As the project infrastructure is not physically built yet, optimal
control strategies that are based on a minimum amount of data need to be deduced from
the simulation data on optimal operation.

In ENaQ, the optimal operation is determined by a linear optimisation model. This

optimisation is done with data about the past, present and future. In this thesis, a

method to deduce optimal control strategies for three KPI of the ENaQ project from the

simulation data on the optimal operation is introduced. The KPI are greenhouse gas
emissions, relative exergy-input and price. The choice of the KPI is further explained in
1.5 Important Research Boundariesand 3.1.2 Reasons for the Optimization for the three
KPI of ENaQ . The e ect of the deduced optimal control strategies on the sector-coupled
district energy system ENaQ is also quanti ed.

Quantifying the e ect of realisable control strategies that are optimal for di erent goals
leads to a better understanding of the options for implementation of district energy
systems. This understanding can then empower project developers to better inform
and involve all relevant stakeholders and thereby increase the number of sector-coupled
district energy system projects in Germany. EXxisting control strategies increase the
capability for local operation that is independent of data-intense simulations and thus
enhance a more resilient [16, p. 253] operation of energy systems. They would enable to
transfer the obtained knowledge in form of the particular control strategies of one district
energy system to another one and thus enhance the implementation of such distributed
energy systems. More projects and more resilience of existing projects can accelerate
the energy transition and thereby contribute to the greenhouse gas emissions reduction
target of Germany.

Equipped with the topic, context and approach, in the next section you nd the answers
to the questions: What is the contribution of this research? Which questions shall be
answered?
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1.4 Research Question and Guiding sub-Questions

This master thesis project is devoted to deduce options for optimal control strategies for
operation for a given system design within the ENaQ project and regarding the electrical
and thermal energy supply. The research question is:

Which optimal control strategies can be deduced for the sector-coupled district energy
system of ENaQ and what is their impact on the greenhouse gas emissions of ENaQ?

The following sub-questions are particularly relevant in the context of the master thesis:

1. Which optimal operations can be derived with the existing model from the chosen
KPI for optimisation and what are the resulting greenhouse gas emissions for each
optimisation?

2. Which method is most suitable to deduce an optimal control strategy from opti-
mised model data that can be used under real conditions?

3. Which optimal control strategies can be deduced for the chosen KPI from the
model data from 1) with the method from 2)?

4. How good are the simulation results obtained with the optimal control strategies
that were deduced in 3) compared to the optimal operations from 1) in terms of
KPI and greenhouse gas emissions?

Which parameters are considered to answer these questions? Which are outside of the
research boundaries? These questions are answered in the next section.

1.5 Important Research Boundaries

This thesis is written in a time frame of six months. The broad topic and the limited
time frame come with a need to set clear research boundaries which | make transparent
in the following.

The energy for mobility services in ENaQ is not part of the existing model and will
therefore also not be part of this thesis. The sector-coupling only refers to thermal and
electrical energy.

The results of this thesis are based on the data for a reference year of the ENaQ project
which is 2017. Other input data is only considered in a few boundary conditions for the
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guanti cation of results - and then marked as such.

The options for optimisation are reduced to the de ned KPI of the ENaQ project in order

to stay close to the project implementation. The decision on particular KPI for the re-
search in this thesis is based on a literature review and discussions with project members.
The criteria for choosing KPI are availability of data, possibility for implementation in
the given time frame and relevance for implementation of sector-coupled district energy
system projects that aim to contribute to the energy transition in Germany.

The optimisation of the operation is based on an existing linear optimisation model at
the DLR-VE and with the help of this built up from the scratch completely. The decision
on the design of the energy system is not part of the thesis but is decided by project
members at DLR-VE.

The choice of the method for deducing optimal control strategies from existing model
data is based on the criteria accuracy of results as well as possibility for implementation
in the given time frame.

Having introduced the topic, context, approach, research question and boundaries of the
thesis, the next question is: How is this thesis structured?

1.6 Structure of the Thesis

To create a common ground of understanding, | explain the theory that I build my thesis
on in chapter 2 Theory. Here you can nd the conventions that | apply and the scienti ¢
foundation that | believe in. In chapter 3 Methodology | explain the methodology and
link my work to previous work at DLR-VE as well as to the theory that was built
up by other scientists. The data | build up on is presented in4 Data. | present and
discuss the results in one step i Results and Discussion This again shall help to
construct a clearly structured argumentation. The results are separately discussed for
the optimal operation (5.1), the optimal control strategies obtained by deduction (5.2)
and the simulated operation that results from the optimal control strategies (5.3). In
6 Conclusion | state my main ndings, critically re ect my research and give some
recommendations for further research. Right behind myReferences | added information
about the DLR-VE, Prostgraduate Programme Renewable Energy (PPRE), give some
insights in my writing process and summarise some personal lessons | have learned within
this process.

How does optimisation in simulations work according to other scientists? And what
they say with regard to deduction for optimal control strategies? By answering these
questions | build the theoretical foundation for my thesis in the next chapter.



2 Theory

In this chapter, | introduce the theoretical framework on which | base my work on. |
start with the theory that | use to optimise operation (2.1) and continue with the theory
I need to deduce optimal control strategies (2.2).

2.1 Optimisation of Operation

In order to optimise operation, | use theory of others for two major parts of my work:
the model and the solver of the model. The model | use i®emof which I introduce in
subsection 2.1.1. My solverCbc, | explain in subsection 2.1.2.

2.1.1 The Model: The Open Energy Modeling Framework (oemof)

To model my energy systems, | use the python package oemof. oemof is introduced by
its developers as "a single energy modelling framework" that shall "foster open science in
the eld of energy modelling and analysis". [17, p. 2] The authors highlight the oemof-
features "collaborative development with the goal of community building”, a "generic
data model" that enables researchers to have a look on both, particular power plants
and huge energy systems, a "multi-purpose toolbox" to which own features can be added
and a "strict open source [...] philosophy". [17, pp. 5 18]

In oemof, an energy system is a system of directed graphs built by "nodes" which are
connected by "edges". [17, pp. 7, 11 13] From these directed graphs, oemof can create
mixed-integer linear optimisation problems. [17, p. 8]

oemof is writen in Python and a package. [17, p. 10] It builds on other packages like
pyomo for optimisation problems and pandasfor data processing. [17, p. 13]

For application, the framework of oemof consists of various libraries that can be used
for di erent purposes and included as modules. [17, pp. 14 15] In order to create the
mixed-integer linear problem for optimisation, the solph-library is needed.
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The oemof-documentation of the latest stable version can be found in [18].

2.1.2 The Solver: COIN-OR Branch and Cut (Cbhc)

To solve the mixed-integer linear problem for optimisation, oemof uses solvers. | use the
solver Cbc ([19]) which | want to introduce in this subsection. Cbc is open-source and
written in C++ . [20] It solves the mixed-integer linear problem by branching, bounding
and cutting.

Branching means to split the problem in simpli ed sub-problems, "branches", which are
added as "nodes" to the "search tree". [20] Bounding means to nd upper limits (any valid
solution) and lower limits (through problem relaxation) and thereby identifying branches

of the search tree that are not optimal. [20] Cutting means to identify inequations with
which the lower limits from problem relaxation can be brought closer to the solution
space. The system of equations grows in this step by inequations and is solved again.
The new solution helps to cut non-feasible solutions from existing nodes or even branches
in the search tree. This is referred to as "tighten" the linear problem relaxation. [20]

According to the introduction ([20]) of Cbc, Cbc works, simpli ed, in six steps: First,

it bounds and cuts the possible solutions. Secondly, it branches. Until the search tree
is nhot empty, it then repeats the last four steps. Choose a node, re-optimise the linear
problem, bound and cut and then branch again.

For further details on the solver, the Cbc-documentation can be found in [20].

2.2 Deduction of Optimal Control Strategies

For deducing optimal control strategies, | use classi cation as my approach and linear
discriminant function analysis as my method. Classication is introduced in subsec-
tion 2.2.1 and linear discriminant function analysis in subsection 2.2.2.

2.2.1 The Approach: Classi cation

Classi cation is distinguishing two or more unknown groups and then assigning new
data to one of these groups. [21, p. 231] In contrast to clustering, the groups are already
known. [21, p. 231]

10
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"The challenge in classi cation modeling is dealing with the misclassi cation rate of
objects [...]." [21, p. 231] How | deal with this challenge, | argue in section 3.2.

In my thesis, | deal with parametric classi cation approaches. Parametric classi ca-
tion approaches rely on assumptions about the data distribution in contrast to non-
parametric classi cation approaches. [21, p. 243]

2.2.2 The Method: Linear Discriminant Function Analysis

In linear discriminant function analysis, the goal is to identify "a linear model from a set
of [...] observed guantitative variables". [21, p. 235]

Z= W1 X1+ Wy Xo+ D+ Wi X (2.1)

squared distances between means of z
variance of z

(2.2)

Each observed variables gets a weight. Like this, "multivariate observations" are "con-
verted into univariate observations" (see Equation 2.1 for a number of steering param-
eters and weights). [21, p. 235]

The goal of linear discriminant function analysis is to "maximize the ratio of between-
class scatter to the within-class scatter" (see Equation 2.2). [21, p. 235]

The concrete algorithm for linear discriminant analysis from Scikit-learn that | use is
based on aGaussian densityand Bayes rule [22]

How does the model of the energy system look like? Why do | choose the presented
three KPI for optimisation? And, most important, the second guiding sub-question of
this thesis: Which method is most suitable to deduce an optimal control strategy from
optimised model data that can be used under real conditions™How do | validate the
deduced optimal control strategies? These questions are answered in the next chapter.

11






3 Methodology

In this chapter, | explain the methodology | use as well as how it connects to previous
work at DLR-VE and theories from other scientists.

Figure 3.1: overview of the methodology

As shown in Figure 3.1, | split this chapter in three sections. For each section, | describe
the concrete results that | expect to obtain.

The rst section (3.1) is focused on optimal operation. | explain how | optimise the
operation, which data is needed as input and which outputs | generate.

In the second section (3.2), | explain how | deduce the optimal control strategies from

13
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the model results for optimal operation. This section contains the answer to my second
guiding question and describes how | obtain an answer to my research question.

In the third section (3.3), | make transparent how | validate the obtained control strate-
gies based on a comparison of simulation results.

3.1 Optimise the Operation through Simulation

In this section, | deal with the how of the optimisation of the operation through sim-

ulation. 1 rstly explain the choice of oemof as simulation tool (3.1.1) and the three
KPI (3.1.2). The optimisation of the operation is made for two design scenarios which
| present in 3.1.3. The optimisation of the operation is then presented in two parts
regarding the model itself (3.1.4) and the optimisation of the model with costs in oemof
(3.1.5). Finally, | summarise the relevant output of the optimisation (3.1.6) from which

| afterwards deduce the optimal control strategies (3.2).

3.1.1 Reasons for the Simulation with the Modelling Framework oemof

As | am part of the ENaQ-project, | work with the same modelling framework as my
colleagues at DLR-VE in order to increase re-usability and comparability and to build
upon previous work. The choice of oemof for the ENaQ-project at DLR is argued in [23,
p. 10]. This choice is also in line with the open science position with regard to software
[24] of the Helmholtz-community of which DLR-VE is a part: to promote open science
solutions also in terms of open source software.

None of the analysed proprietary software options from [25] meets the requirements of
the ENaQ-project. [23, p. 10] A self-developed solution from the scratch would come
with high risks on the quality of the solution and huge development needs. [23, p. 10]
The solution that is closest to the requirements of the ENaQ-project is oemof. [23, p. 10]
The main advantages of oemof over other open-source alternatives are that it is "tested
and valid", "continuously developed" and "relatively easy to use". [23, p. 10]. Not all
of the requirements of the project were already met at the start of the ENaQ-project
at DLR-VE. Due to its open-source character, the missing components and parts could
and can be added by code from DLR-VE.

14
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3.1.2 Reasons for the Optimization for the three KPI of ENaQ

For both, optimising of operation and deducing optimal control strategies, | need opti-
misation criteria. As this thesis contributes to the ENaQ-project, | decided to stay as
close to the KPI of the ENaQ-consortium as possible. The KPI of the ENaQ-project of
the consortium are documented in [26].

The whole ENaQ-project is split into three topic areas. The DLR-VE is part of the topic
area "physical infrastructure". In total there are 29 indicators for this topic area. Each
indicator for me means two model optimisations, one for each scenario. So, there is a
need for me to further reduce the number of indicators.

Within the topic area of physical infrastructure, there are four indicator categories:
resource consumption, prices, energy supply and mobility. Mobility is out of my research
scope - so | do not evaluate indicators in this group. | also decide not to have a look on
the indicators in the category energy supply as most of the indicators here are stronger
in uenced by the system's design, not by the operation.

Each category has leading indicators. For resource consumption this is greenhouse gas
emissions, for prices this is energy purchase costs from a consumer's perspective. As
these are the leading indicators, | choose both of them for my research.

Additionally, there already has been exergy research in the project-group of ENaQ at
DLR-VE. [27] Relative exergy-input is also one of the indicators in the category resource
consumption. In order to build on previous work and continue with it, | decide to also
optimise on exergy-input.

In order to measure emissions in tonnes o€0,-equivalents, prices inEuro and exergy-
input in MWh.

I measure my indicators in dierent units than it is done by the ENaQ-consortium.
There, the indicators are normalised by person and year. | also implicitly normalise by
year as | model with one year of input data. Then, | do not normalise by person but by
total energy demand in MWh. Thereby, | try to make my results easier comparable to
values from other projects. The demand-normalisation also helps to make the results on
the exergy-input easier interpretable.

Equipped with these reasons for the modelling environment oemof and the KPI (emis-
sions, exergy-input, prices), | now explain the design of the two modelled energy systems.
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3.1.3 The Design of the two Modelled Energy Systems

| deduce optimal control strategies for two energy system design scenarios. | decided
to have a more conservative, fossil-based scenario and a more ambitious, renewable-
based scenario. With conservative in this context | refer to closer to real, existing
applications and energy system designs and therefore closer to the price-optimum in the
last years. The design of the two energy systems is not part of the optimisation in this
thesis. Nonetheless, | want to give arguments for the technologies chosen in the di erent
scenarios in this subsection. The energy systems are then modelled in oemof (see 2.1.1
for further explanations on the modelling in oemof). In 4 Data, | also want to give an
overview, arguments and references for the sizes of the plants and other parameters. The
core of both scenarios is a local energy supply system. This system has connections to
the grids and the supply which are outside of the system itself. Inside of the system are
the local energy conversion technologies and many connections. | start with presenting
the fossil-based scenario.

Figure 3.2: energy system design - fossil-based scenario (overview)

The local energy supply system in the fossil-based scenario has connections shown in
Figure 3.2 for gas imports, electricity imports and exports, supply of electricity and heat
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demand are shown. The heat demand is connected via two energy ows at it consists of
the heat demand for heating and warm water.

Inside of the system are the technologies which in the fossil-based scenario are a pv
power plant, a chp plant powered by gas, a boiler powered by gas and a heat storage.

The electricity from pv and gas-chp can be exported or used to supply the demand. The
electricity demand can also be supplied by grid electricity.

The heat demand can be supplied via the chp plant or the boiler. In the fossil-based
scenario, both heat demands for heating and warm water are supplied a45 C as the
temperature level does not matter neither for the chp plant nor for the boiler. Addition-
ally, the heat can be stored in a strati ed heat storage with 2 temperature levels,45 C
as upper and15 C as lower temperature level.

Figure 3.3: energy system design - renewable-based scenario (overview)

In the renewable-based scenario (Figure 3.3), there is no connection to the gas grid. The
other connections outside of the local energy supply system stay the same.
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The technologies in the renewable-based scenario are a pv power plant, a solar thermal
power plant, a heat pump, an electric boiler and two heat storages.

In the renwable-based scenario, the electricity demand can be supplied via pv and grid
electricity. The electricity from the pv power plant can also be exported.

The heat demand is supplied at two temperature levels:45 C for warm water and 30 C
for heating. The electric boiler can supply heat at both of these temperature levels. As |
optimise the model with the solph-package of oemof for energy, | cannot model variable
temperature levels for the solar thermal power plant. In order to still model di erent
operational states, | choose three temperature levels as temporarily static operational
state of the solar thermal power plant. The solar thermal power plant can supply heat
at 15 C, 30 C or 45 C. The heat from the solar thermal power plant at 15 C can be
converted to 30 C or 45 C with the heat pump or stored in a strati ed heat storage with
two temperature levels,5 C and 15 C. For the heat at 30 C and 45 C, there exists
another strati ed heat storage with three temperature levels, 15 C, 30 C and 45 C.

3.1.4 Constraints of the Renewable-Based Model in oemof

Using oemof for the optimisation comes with some constraints for my model of the
renewable-based scenario. These constraints lead to a slightly di erent energy system
setup in the model than in the concept | explained before which will be important for
the optimisation via costs that | explain in 3.1.5, the deduction that | explain in 3.2 and
the analysis of the results (5). In this subsection, | want to explain these constraints
and the resulting energy system design in oemof.

In Figure 3.4, the comparison of the solar thermal power plant in the renewable-based
scenario between reality and oemof is shown. As pointed out before, | cannot model
variable temperatures for the solar thermal power plant. Still, | can model three di erent
steady temperature levels at the output as operational states. | can do so by modelling
three solar thermal power plants with the same parameters but di erent input and
output temperatures. These three solar thermal power plants are represented by the
three triangles marked with di erent temperature levels at output in Figure 3.4. In my
model, the three solar thermal power plants have a common source that they share.
Conceptually, it might be thought of as a representation of the radiation. This way,

I model that within a time step the operational mode may be switched and supply at
di erent temperature levels within one time step is possible.

The same thing as for the solar thermal power plant counts for the heat pump. In
Figure 3.5 the comparison is shown: the one heat pump in reality is modelled by two
heat pumps in oemof represented by the circles in Figure 3.5 and marked with the
respective output temperature level. Both heat pumps have the same parameters, in
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Figure 3.4: solar thermal power plant - representation of reality in oemof (green arrows
for electricity ows, orange arrows for heat ows)

this case even the input temperature is constant atl5 C from the solar thermal power
plant. The dierent temperature levels at the output lead to di erent coe cients of
performance. In the case of the heat pumps, there is a common electricity input so that
switching operational modes within one time step is possible.

Limiting the heat owstoonly be at 30 Corat 45 C and having at the same time energy
demands that are supplied at di erent temperature levels comes with another model
extension: | need to make energy ows between the two temperature levels possible.
This enables for example to supply the heating demand with heat at45 C if enough
heat is available, for example for the solar thermal power plant. Heat at45 C cannot
be directly supplied by heat at 30 C. Nonetheless, the heat that is needed to increase
the heat storage temperature from15 C to 30 C can be supplied by the solar thermal
power plant or the heat pump in the respective operational state and than be combined
with heat from the electric boiler to supply the full heat demand for warm water at
45 C. This becomes important when | analyse the resulting energy ows in the model
optimisation and is therefore explained here.
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Figure 3.5: heat pump - representation of reality in oemof (green arrows for electricity
ows, orange arrows for heat ows)

3.1.5 The Optimisation of the Operation with Costs

The energy system model in oemof is optimised by a cost function. | therefore set the
boundary conditions for the energy system like a xed demand, maximum capacity of the
power plants and all other input data. Then, | assign costs to some energy ows. These
costs are KPI-speci c: emissions, exergy-input or prices and always per unit of energy
in the particular ow. The model is then optimised through the cost function with the
goal of minimising the costs with the Cbc-solver (see 2.1.2 for further explanations on
the solver). Having di erent costs for the di erent KPI leads to di erent energy ows
and operation of the power plants. In the following, | want to present the energy ows
that | put costs on. Not all costs in both scenarios are needed for all KPI - not needed
costs are zero for the particular optimisation.

In Figure 3.6, | present the conceptual overview of the costs in the fossil scenario. The
costs of grid imports of electricity may be emissions of the grid's electricity, the exergy-
input for one unit of grid electricity or prices. The revenues for selling electricity or heat
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Figure 3.6: costs in model-optimisation of fossil scenario - conceptual overviewl( im-
ports of electricity, 2: revenues for selling electricity,3: revenues for selling
heat, 4: revenues for selling electricity to the grid from pv, 5: local electric-
ity supply of pv, 6: gas imports, 7: chp-speci ¢ costs,8: revenues for selling
electricity to the grid from chp, 9: local electricity supply of chp)

for both heating and warm water to the households are only relevant for prices and x
as the demands are x as well. The revenues for selling electricity to the grid from pv
and chp are only relevant for prices. | do not consider any savings in the emissions or
exergy of the grid from exports of electricity in the results for the district. chp-specic
costs are costs in terms of prices and re ect on chp-speci ¢ subsidies.

In Figure 3.7, | present the conceptual overview of the costs in the renewable scenario.
The costs 1 to 5 stay the same as for the fossil scenario. The gas-specic costs do
not exist anymore. Instead, the costs6, 7 and 8 re ect on the di erent costs in terms

of exergy-input for the heat from the solar thermal power plant in dependence of the
temperature level - all of them being below the costs for pv in order to prefer solar
thermal heat over heat from pv through the electric boiler. Heat at lower temperature
comes with lower costs in terms of exergy-input as well. The goal of this is to optimise for

21



Methodology

Figure 3.7: costs in model-optimisation of renewable scenario - conceptual overviewt {
imports of electricity, 2: revenues for selling electricity,3: revenues for selling
heat, 4: revenues for selling electricity to the grid from pv, 5: local electricity
supply of pv, 6 to 8: temperature-speci ¢ costs for heat for solar thermal
power plant)

lower exergy in order to minimise the losses in the heat supply grid and and to maximise
the solar thermal power plant operational time. As the grid losses are simpli ed in my
model, losses under real conditions can be bigger. Therefore, explicit costs in terms of
relative exergy-input are necessary and the pure optimisation based on the energy output
is not enough in this case. In terms of emissions and prices these costs are irrelevant.

| have now given the reasons for both choosing oemof to model my energy systems and
the KPI emissions, exergy-input and prices and optimisation goals. | have explained
the design of the two energy system designs for the fossil and the renewable scenarios,
including the constraints for the renewable scenario. | also stated how the objective
function is built with costs at di erent energy ows. But what are the results that |
expect to obtain from optimising operation?
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3.1.6 Expected Results for Optimised Operation

The optimisation of operation shall deliver two results: the KPI-results for the optimisa-
tions for both scenarios and the foundation for deducing optimal control strategies. For
each scenario, | want to obtain three optimised operations, one for each KPI. For each
of these optimised operations, get a resulting value for all three KPI. Therefore, | get
a three times three matrix with the KPI-results for each KPI for each scenario. From
this, | can identify the potential of optimising the operation for a particular KPI.

From these optima, | try in a second step to deduce optimal control strategies that are
under real conditions usable, well-performing and resilient. How do | deduce optimal
control strategies from the results from the optimised operation that | obtained with my
oemof-models? Which are the results that | want to get with this deduction? These are
the guiding questions for my next section.

3.2 Deduce Optimal Control Strategies from Optimal
Operation

In this section | answer my second guiding sub-questionWhich method is most suitable
to deduce an optimal control strategy from optimised model data that can be used under
real conditions?

| only deduce optimal control strategies for the fossil-based scenario as this scenario is
less complex than the renewable-based scenario but thereby it is already possible to show
the method.

| decide to use classi cation for my deduction of optimal control strategies based on
[21, pp. 231 252]. In my case, the classes need to be categorical whereas my steering
parameters can be both, categorical or continuous. [21, p. 234]

The starting point of this section are the results from the optimised operation. At rst,

| de ne my classes as priority lists (3.2.1). Having identi ed the priority list for each
time step in the results of the optimised operation, | explain how | identify my steering
parameters to classify each time step in order to obtain a under real conditions usable
control strategy from my operation results (3.2.2). In a third part, | describe the results
that | expect to obtain (3.2.3).
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3.2.1 De nition of Classes as Priority Lists

Priority lists as classes have the huge advantage that dealing with misclassi cation gets
easy - which is a great challenge of classi cation (see subsection 2.2.1). Firstly, | do
not risk to not supply the demand, as all technology options are taken into account for
each point in time. Secondly, | do not steer the technologies depending on non-control-
parameters of this technology and therefore do not need to deal with contradictory
control signals, like a pv plant being instructed to supply electricity due to irradiance
available but at the same time having technical problems and not being able to supply.
In this case, my control strategy would need to re-organise the control signals for the
other technologies as well. With the priority lists, | instead rst access the availability
information and then assign priority numbers to each technology to supply depending on
the current demand. How this works and how | obtain the priority numbers is explaiend
in the following.

Figure 3.8: energy ows from optimised operation (example: fossil-based scenario)

The starting point of my deduction are the model results from optimised operation,
speci cally the resulting energy ows. In Figure 3.8, | show exemplary result data for
some hours of a day in the fossil-based scenario that was optimised for emissions. In the
gure, energy sums for a particular hours are shown. | use hour-speci ¢ time series data
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on energy, not on power. The gure does not show energy over time but energy sums
for particular hours. Therefore, | do not plot technology-speci c, continuous lines and
areas but bars. The total energy demand di ers from hour to hour, in this case within
50 kwh and 100 kwh. The supply technologies also change from only chp and grid over
pv, chp and grid to only pv and chp.

Figure 3.9: capacity shares based on energy ows (example: fossil-based scenario)

The energy ows from Figure 3.8 are then transformed to the capacity shares shown in
Figure 3.9. The capacity shares are values frond % up to 100 %that indicate how much
of its potential a technology supplies to the local demand for a given time step. For pv,
the capacity is a time series depending on the irradiation. If there is no irradiation, the
capacity for pv is set to a very high number in order to identify these special circum-
stances. For chp, the capacity is a xed value in terms of installed capacity. For the
grid, the capacity is the demand.

These capacity shares shall help to identify which of the technologies is prioritised by the
optimisation in each hour. For my example, the resulting priority numbers with 1 being
the highest priority of each technology for each hour are shown in Table 3.1. In this
case, di erent energy ow situations and di erent capacity share situations are de ned
as belonging to the same priorities, therefore the same priority list and the same class.
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Priority Number (1 is highest) per Technology in ENaQ (Electricity Supply)
Observed Hour pv chp grid
09-10 1 2 3
10-11 1 2 3
11-12 1 2 3
12-13 1 2 3
13-14 1 2 3

Table 3.1: priority numbers based on capacity shares (example: fossil-based scenario)

This does not necessarily have to be the case. In the following | want to explain how |
assign di erent situations in the energy system in terms of di erent capacity shares of
the di erent technologies to technology-speci ¢ priority humbers.

Possible Classes as Priority Lists (Electricity in Fossil-Based Scenario)
Class pv chp grid
class 1 1 2 3
class 2 1 3 2
class 3 2 1 3
class 4 3 1 2
class 5 2 3 1
class 6 3 2 1

Table 3.2: possible classes as priority lists

| start by de ning all possible classes in the form of priority lists. These classes are
scenario-speci ¢ and speci ¢ for heat or electricity supply. In Table 3.2, | have shown
the example of the electricity supply for the fossil-based scenario. If suitable, | already
reduce the numbers of classes at this stage. For the given example, tlotasses 5 and 6
do not need to exist both as if the grid is preferred, it can for sure provide the full
demand. The second or third priority do not matter. So, | already reduce the classes
before assigning certain conditions of the energy system to them.

Having this set of classes, | start de ning all possible conditions. A condition for me is a
certain set of capacity share combinations. An example for a condition in the electricity
supply of the fossil-based scenario is full-load supply of the chp plant, part-load supply
of the pv plant and no supply from the grid. Part-load of the pv plant refers to some
of its energy being exported to the grid. | de ne conditions until all my data points are
assigned to one of the de ned conditions.

The de ned conditions for the electricity of the fossil-based scenario including the classes
they are assigned to are shown in Table 3.3. | assign the conditions 1 rst, based on
the resulting relative frequencies of the classes the conditions 2 and step by step up
to the conditions 5. | assign the conditions step-wise because the priority lists (in the
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table shown as classes) are not clear for all conditions - which | explain with an example
in one of the following paragraphs. | document the reasons to choose a class for a
certain condition right in the code which is available in my git repository. | de ne more
conditions than are shown in the table but these are the conditions that actually occur
in the optimisation results of the fossil-based scenario.

For the heat, | de ne that heat from the gas-powered boiler is only preferred if there is
no heat supplied by the gas-powered chp and at least some heat supplied by the chp. In
all other cases, the gas-powered chp is preferred.

Conditions and Their Classes (Fossil-Based Scenario, Electricity)
Condition Share pv Share chp | Share grid Class
Condition 2a x=1 O<y<1 1
Condition 4a x=1 y=1 1
Condition 4b O0<x<1 O<y<1 1
Condition 5a cap. = 1e? | 0<y 1
Condition 3a 0<x y=0 2
Condition 5b cap. = 1e? |y=0 2
Condition 2b O0<x<1 y=1 3
Condition 3b X =0and | O<y z=0 3

cap. != 1et?

Table 3.3: de nition of conditions of capacity share combinations with the shares of
pv (x), chp (y), grid (z) and the capacity of pv (cap.) and the respective

classes
Conditions and their Relative Frequencies for only Conditions 2
Condition Relative Frequency
Class 1 12:6 %...15:9 %
Class 2 0%
Class 3 0:0%...3:1%
Class 4 0%
Class 5 0%
Not Assigned 126 %...81:0%

Table 3.4: relative frequencies after assignment of conditions 2 (fossil-based scenario)

| want to give an example for the process of assigning the conditions to classes step by
step. After assigning the conditions 2, | get relative frequencies for the classes to which |
assigned the conditions for a particular KPI as shown in the example of Table 3.4. | show
relative frequency ranges as the relative frequency of a class depends on the optimisation
goal and is therefore KPI-speci c. Deviating from the classes in Table 3.2, | deleted the
class 6 as explained before and added a line for the not-yet-assigned conditions.

With the help of these relative frequencies, | then argue for the class-assignment of the

27



Methodology

conditions 3. For the condition 2a, it is clear that pv is preferred over chp as otherwise
chp would be in full-load and pv in part-load. For condition 4a instead, it is less clear: If
both, pv and chp are in full-load, which of them is rst and which is second priority? By
analysing the relative frequencies of the classes for only the conditions 1 and conditions 2,
| can argue for the class-assignment of these pv- and chp-full-load-cases with the relative
frequencies of, for example, the conditions 1 and conditions 2. The result of these
assignments is shown in Table 3.3.

Having all conditions assigned to a class, | get priority numbers for all time steps (Ta-
ble 3.1) and the relative frequencies of all de ned classes for my example. The results
are speci ¢ for the fossil-based scenario, electricity or heat supply and the KPI chosen
as optimisation goal.

| want to add two critical comments: Firstly, | ignore the heat storages for both scenarios
in this priority assignment. With my priority lists | can only make decisions on the energy
supply. For the heat storages, it would be necessary to not only identify the discharge
but also the charging times. For a rst approach, | want to use the priority list with
the highest relative frequency to all time steps. Therefore, | cannot assign priority
values to the heat storages. For further improvements with more classes and not one
static priority list for all time steps, | do not add the heat storages as this would add
signi cantly more complexity to the deduction process. The results from my deduced
optimal control strategies for this reason not perfectly usable under real conditions for
the heat storages. Secondly, assigning a priority number tali cult-to-assign cases comes
with an uncertainty. Additionally, | can only assign a particular condition to one class
whereas in reality there might be a more complex situation that leads to the condition in
terms of capacity shares in a certain time step. So assigning these cases comes with both,
an uncertainty of assigning it correctly and a possible complexity reduction which may
lead to worse results for the deduced optimal control strategies in comparison with the
optimised operation. These two aspects can be improved in future work. The method
of validation of my deduced optimal control strategies is topic of the section 3.3.

Having assigned priority numbers and thereby classes to all time steps for the results
from the model operation, | still need to nd a way to classify my time steps under real
conditions. Like this, | obtain deduced optimal control strategies that are based on my
optimised operation. | classify by steering parameters. How do | identify my steering
parameters and how do | classify my time steps? | want to answer this questions in the
next subsection.

3.2.2 Classi cation via Linear Discriminant Function Analysis

For classi cation | use steering parameters and linear discriminant function analysis
based on the toolkit from Scikit-learn ([28]) with the solver "eigen" [22]. In this subsec-
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tion, | want to explain why | choose linear discriminant function analysis, how | choose
my steering parameters and how the method works.

In [21, pp. 231 244], parametric, heuristic and parametric involving classi cation and
regression trees are introduced as methodological options for classi cation. Looking for
a method, | want a method that in the best case is already implemented in Python, is
open-source as the rest of the software | use and can be reused for di erent use-cases -
my scenarios and di erent KPI-options.

With the toolkit for linear discriminant analysis ([29]) from Scikit-learn, | have a tool
that ful lls all these requirements. It is part of the parametric classi cation methods
and "is optimal when the [...] classes are normally distributed" but is also "said to give
satisfactory results" when the classes are not normally distributed. [21, p. 236] In an
example given, linear discriminant function analysis is shown to be more suitable for
classi cation than the ordinary least squares regression method. [21, pp. 236 238]

Potential Steering Parameters
Time Demands (3) | Costs (9) Irradiances (2) | Temperature (1) | pv (1)
step 1
step 2
step n

Table 3.5: overview of potential steering parameters in fossil-based scenario

In my concrete case, | decide to use the demands for electricity, heating and warm water,
the costs, the direct and the indirect irradiance, the ambient temperature and the energy
provided by the pv plant as potential steering parameters as all of these provide, in some
cases, time-dependant data (see Table 3.5). | reduce the potential steering parameters
to the actual steering parameters. | do so by deleting all steering parameters that do
not change over time. One example for this are the costs for the emissions-optimised
fossil-based scenario for the gas from the grid.

The linear discriminant analysis is then performed for a training data set that is created
based on another tool [30] ofScikit-learn. The training data is used to deduce the
function based on linear discriminant analysis. This function is then used to predict
the classes for both, the test data and the whole data set consisting of both, test and
train data. The test data prediction is used to validate the function that | obtain with
linear discriminant analysis (see section 3.3). The prediction result for the whole data
set with both, test and train data, is used to estimate the consequences for the KPI (see
section 3.3).

Using the training data for both, training of the algorithm and prediction of priority
numbers, comes with the risk of over-estimating my classi cation strategy. | nonetheless
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do so and also want to give arguments for this. | only have one year of data available
for training, testing and prediction. | want to predict the full year in order to compare
the results nicely to the results from optimised operation. Using only some randomly
chosen test data points is not possible, as | need a full time series in order to model for
example the state of charge of the heat storage. Using only the last month for prediction
might mislead as there is a seasonal di erence in the data. Additionally, | use linear
discriminant analysis which in my case has no endless degrees of freedom. This means
that my classi cation function does not yield perfect prediction for the training data set.
Instead, the rate of correct predictions is very similar for both, the test and the train
data set. Therefore, | think that it is valid to use the full year of data for prediction and
validate my deduced optimal control strategies with it.

Resulting Priority Lists for Validation Based on...
Time ... Class De nition ... Classi cation
step 1
step 2
step n

Table 3.6: resulting priority lists for validation

So, for validation, there now exist two priority list time series for the whole time frame
based on the class de nitions from section 3.1 and the function from this section used
for classi cation (see Table 3.6).

The mathematical formulation of the linear discriminant analysis and the way of classi-
fying new data through prediction in Scikit-learn can be found in [22].

As a critical comment, | want to mention that | only considered classi cation methods
mentioned in [21, pp. 231 252]. Additionally, | decide for linear discriminant function
analysis not based on a profound analysis of its performance in comparison to the other
options provided, but based on availability as already-implemented python libraries.
Other methods like heuristic or parametric involving classi cation and regression trees
can be better options which are not analysed in this thesis.

3.2.3 Expected Results for Deduced Optimal Control Strategies

For the deduced optimal control strategies, | expect to obtain a function with weights
for the steering parameters, a share of correctly predicted classes for the test data set,
a share of correctly predicted classes for the whole data set, a time series of the priority
lists as they are de ned based on subsection 3.2.1 and a time series of the priority lists
as they are predicted by the function based on the linear discriminant function analysis.
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| only deduce optimal control strategies for the fossil-based scenario.

3.3 Validate Optimal Control Strategies

Equipped with the two sets of priority lists from section 3.2, | now describe how | validate
the optimal control strategies.

3.3.1 Implementing Optimal Control Strategies in oemof

For my validation, | use the same oemof-model as for optimising operation (3.1). The
priority lists for the fossil-based scenario are electricity- and heat-speci c as well as
KPI-speci c.

One priority list with KPI-speci ¢ Priority Numbers
Time pv (el) chp (el) grid (el) chp (th) boiler (th)
step 1 1 2 3 1 2
step 2 1 2 3 1 2
step n 1 2 3 1 2

Table 3.7: one priority list with KPI-speci ¢ priority numbers for validation ( el: elec-
tricity output, th: heat output)

A possible outcome could look like Table 3.7. The values in the table are example values
that | use to explain the method and are no actual results.

One priority list with KPI-speci ¢ Costs
Time pv (el) chp (el) grid (el) chp (th) boiler (th)
step 1 10 100 1000 10 100
step 2 10 100 1000 10 100
step n 10 100 1000 10 100

Table 3.8: one priority list with KPI-speci ¢ costs for validation ( el: electricity output,
th: heat output)

The values from Table 3.7 are then transformed to costs that | can use in my oemof-
model to make sure that the priority order is kept from the priority number to ten to
the power of the priority number. The result is shown in Table 3.8.
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These costs are then used to solve the model in oemof. The costs for electricity are the
same as the costdl, 5 and 9 in Figure 3.6. The costs for heat are added in the same
manner at the heat output of the gas-powered chp and boiler. The resulting values for
the KPI are then compared to the values from the optimised operation.

Commenting critically on the method, there are some things to highlight. First of all,
the heat storages are not steered by priority numbers but are still optimised by the
model and therefore better as the realistic result. Using the same model nonetheless
has the advantage, that | have exactly the same equations and components as in the
optimisation of the operation and the time-e ort of reusing the model is signi cantly
lower than the one of reimplementing the equations and components as python code.

Additionally, the deduced priority lists with the classi cation method include the data of
the training data set. | argued for this choice and why it is valid in the previous section.
Nonetheless, it might be an additional source of error.

3.3.2 Expected Results for Optimised Control

For the validation, | expect results only for the fossil-based scenario as | only deduce
optimal control strategies for this scenario. | want to obtain KPI-results for both pri-
ority lists from the class de nition before the linear discriminant analysis and from the
classi cation based on the function resulting from the linear discriminant analysis. This
means six KPI-values for each KPI. | want to compare these KPI-values to the ones that
| obtained from optimised operation. From these values, | want to interpret whether my
approach of priority lists as classes can yield good results and whether my classi cation
strategy based on the approach of priority lists can yield good results.
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In this chapter, | want to give an overview about the concrete data that | use for my
optimisation of operation which is the foundation for the following deduction of optimal
control strategies. In 4.1, | explain the framework of both scenarios like for example the
size of the modelled district, the time frame and the demands. After setting the frame,
| explain the scenario-speci c parameters of each installed technology i.2. Finally,

I introduce the scenario- and KPI-speci ¢ costs for both scenarios in4.3. A detailed
description of all referenced data and equations used, including the oemof-optimisations,
is available in my git-repository which is DLR-VE-internally accessible.

4.1 Framework for Both Scenarios

In this section, | present the data framework of both scenarios.

Figure 4.1: hour-speci c electricity demand over time for two exemplary weeks of the
year
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Figure 4.2: hour-speci ¢ heating demand over time for two exemplary weeks of the year

The modelled energy system shall be comparable to the ENaQ-project. In the ENaQ-
project, approximately 140 households are expected to live. For this district, | want to
optimise the operation for 1 year of input data. The modelled step size within this time
frame shall be1 hour.

Yearly Demands for Both Scenarios
Dimension Unit Value
electricity MWh 376.361
heat for heating MWh 401.517
heat for warm water MWh 336.203

Table 4.1: yearly demands for both scenarios

In Table 4.1, the accumulated demands for electricity and heat for both, heating and
warm water, are shown. The data for the demands are provided by the ENaQ-project
at DLR-VE as time series data with a resolution of at least1h.

In Figure 4.1, |1 show the electrical demand for two exemplary weeks in January and
July. Similarly, the demands for heating (Figure 4.2) and warm water (Figure 4.3) are
shown. For all gures, the limits of the vertical axis are the minimum and maximum
values of the time series. The idea is to give an insight in the non-intuitive time series
data | use.

The electrical demand does vary strongly within the day but only slightly throughout
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Figure 4.3: hour-speci c warm water demand over time for two exemplary weeks of the
year

the year. The peak value does not exceeti50 kWwh within 1 h.

In contrast, the heating demand varies strongly over the year as well as over the day.
The peak value exceeds800 KWh within 1 h in winter but does not exceed150 kWh in
summer weeks.

The warm water demand, comparable to the electricity demand, does not vary much
over the year. Within a day it varies a lot with a peak in the morning hours.

For my models, | use technical and time series data from 2017. Nonetheless, | try to use
up-to-date data on the subsidies and legal conditions when they are available. For all
optimisations | only consider such costs that are part of the operation. | do not consider
investment costs in terms of prices or emissions from production. The resulting KPI-
speci ¢ values for the costs are presented in sectiod.3. Before jumping there, | want
to introduce the scenario-speci ¢ parameters of all technologies in the next section.

4.2 Parameters of Installed Technologies

In this section, | want to give an overview of the most important parameters of all
technologies used in both scenarios.
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4.2.1 Fossil-Based Scenario

In the fossil-based scenario, | implement the technologies pv, gas-powered chp, gas-
powered boiler and a heat storage.

Photovoltaic Power Plant (Fossil-Based Scenario)
Dimension Unit Value
installed capacity Kw 100

Table 4.2: parameters of photovoltaic power plant in fossil-based scenario

Gas-Powered Combined Heat and Power Plant

Dimension Unit Value
upper heating value Kw 143
upper maximum thermal power output Kw 85
upper maximum electrical power output Kw 50
lower heating value Kw 89
lower maximum thermal power output Kw 53
lower maximum electrical power output Kw 25

Table 4.3: parameters of gas-powered combined heat and power plant

Gas-Powered Boiler
Dimension Unit Value
e ciency % 90

Table 4.4: parameters of gas-powered boiler

The energy feed-in of pv is based on the installed capacity shown in 4.2. This capacity is
then combined with a time series on a local pv installation in order to calculate the hour-
speci ¢ energy-supply through pv. The time series is provided by the ENaQ-project at
DLR-VE.

The installed capacity is chosen to be smaller than the one in the renewable-based
scenario, speci cally two thirds of the one in the renewable-based scenario. This is done
in line with the description of this scenario as the fossil-based and therefore equipped
with less renewable resources. Installing some pv shall make it possible to show the
e ects of a pv-installation in a fossil-based energy system.

For both, gas-powered chp and boiler, the imported gas is reduced by the factor between
the upper and the lower heating value. According to DIN V18599 which is used in the
ENaQ-project at DLR-VE as well, the factor between lower and upper heating value is
1.11

The parameters of the chp (table 4.3) and boiler (table 4.4) are taken from already
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existing models at the ENaQ-project at DLR-VE. The gas-powered boiler is not capacity-
limited in the model. This means that it can provide all the energy that is required in
order to meet the demand. As sizing and design is not part of this thesis and meeting
demand is not optional but required, this is a justi able simpli cation.

Heat Storage (Fossil-Based Scenario)
Dimension Unit Value
height m 7
volume m?3 50
insulation width m 0.10
insulation conductance wm 1K 1] 0.04
lower temperature limit C 15
upper temperature limit C 45

Table 4.5: parameters of heat storage in fossil-based scenario

The lower and the upper limit of the temperature of the heat storage (Table 4.5) are
based on the inner building and the warm water temperature. The other parameters for
the heat storage are based on data from the ENaQ-project at DLR-VE.

4.2.2 Renewable-Based Scenario

In the renewable-based scenario, | implement the technologies pv, a solar thermal power
plant, a heat pump, an electric boiler, a warm and a cold heat storage.

Photovoltaic Power Plant (Renewable-Based Scenario)
Dimension Unit Value
installed capacity Kw 150

Table 4.6: parameters of photovoltaic power plant in renewable-based scenario

The energy feed-in of pv is based on the installed capacity shown in Table 4.6. This
capacity is then combined with a time series on a local pv installation provided by
DLR-VE in order to calculate the hour-speci ¢ energy-supply through pv.

In the renewable-based-scenario, the size of the pv-installation is de ned based on the
available horizontal roof-top area in the district of ENaQ. The idea is to use around half
of the available area for pv and the other half for solar thermal. The available horizontal
roof-top area is 306785m?. | assume70 % of this area to be usable as aperture area.
With the help of an exemplary data sheet from EWE, a local supply company, for a pv-
module ([31]) and its data on the power of a module, its height and length, | calculate
the installed capacity that this area allows. This installed capacity is shown in Table 4.6.
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Solar Thermal Power Plant

Dimension Unit Value
collector tilt 10
collector azimuth 20
optical e ciency % 73
aperture area m?2 1050.33

low inlet temperature C 5

medium and high inlet temperature C 15
low outlet temperature C 15
medium outlet temperature C 30
high outlet temperature C 45

Table 4.7: parameters of solar thermal power plant

The parameters of the solar thermal power plant are shown in Table 4.7. The collector
tilt and azimuth and the optical e ciency are taken from the ENaQ-project at DLR-VE.
The aperture area is calculated based on the available horizontal roof-top area as for
the pv installation. The inlet and outlet temperatures for the operational temperatures
medium and high are based on the warm water45 C) and heating (30 C) temperature,
the ambient temperature of the warm heat storage which is placed inside the houses
(15 C) and the cold heat storage which is based outside the buildingg C). The outlet

in the operational state with a low temperature is chosen to be at the upper limit of the
cold heat storage.

Heat Pump
Dimension Unit Value
maximum thermal power output Kw 283

Table 4.8: parameters of heat pump

Electric Boiler
Dimension Unit Value
e ciency % 95

Table 4.9: parameters of electric boiler

The maximum thermal power output of the heat pump (Table 4.8) is based on data from
the ENaQ-project at DLR-VE and the data sheet of the Vitocal 300-G Pro ([32, p. 18]).
The e ciency of the electric boiler (table 4.9) is based on data from the ENaQ-project
at DLR-VE.

For the warm (Table 4.10) and cold (Table 4.11) heat storages, the height, volume, insula-

tion width and insulation conductance are chose as in the heat storage of the fossil-based
scenario (4.2.1). The warm heat storage's three temperature limits are chosen based on
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Warm Heat Storage (Renewable-Based Scenario)
Dimension Unit Value
height m 7
volume m3 50
insulation width m 0.10
insulation conductance wm 1K ! | 0.04
lower temperature limit C 15
medium temperature limit C 30
upper temperature limit C 45

Table 4.10: parameters of warm heat storage in renewable-based scenario

Cold Heat Storage (Renewable-Based Scenario)
Dimension Unit Value
height m 7
volume m3 50
insulation width m 0.10
insulation conductance wm 1K ! |0.04
lower temperature limit C 5
upper temperature limit C 15

Table 4.11: parameters of cold heat storage in renewable-based scenario

the inner building, the heating and the warm water temperature. The two temperature
limits of the cold storage are chosen based on the ambient temperature outside of the
building (under ground) and a reasonable value between the heating temperature and
this ambient temperature. Reasonable in this case refers to a temperature that allows
much operational time of the solar thermal power plant in this state while at the same
time maintaining a not-too-big temperature di erence that the heat pump has to cover
to the heating and to the warm water temperature level.

Having de ned the framework and the technologies, | now want to explain the costs with
which the optimisation via oemof is implemented.

4.3 Costs in Optimisation

The optimisation in oemof is done with costs as explained in subsection 3.1.5. In this
section, | want to present the data for the scenario-speci ¢ costs.
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4.3.1 Fossil-Based Scenario

In Figure 3.6 (subsection 3.1.5), | explained the point of costs for the fossil-based scenario.
All costs are energy-speci ¢c. As | work with MWh as unit for energy, my costs areMWh -
speci c.

Energy-speci ¢ Costs (Fossil-Based Scenario)
no. Emissions [t/MWh] Exergy [MWh/MWHh] Prices [EUR/MWh]
1 0.167...0.797 1.224...1.704 34.07...280.65
2 0 0 -249.84
3 0 0 -50.00
4 0 0 -72.90
5 0 1.000 67.56
6 0.201 1.100 42.57
7 0 0 -5.50
8 0 0 -243.52...3.06
9 0 0 27.56

Table 4.12: data for costs in model-optimisation of fossil-based scenario

In Table 4.12, the costs at the nine points of costs for the fossil-based scenario are
presented. The costs are KPI-speci ¢ for emissions, exergy and prices.

The emissions of electricity from the grid are based on [33]. There, the emissions from
electricity in the grid are calculated as an hour-speci ¢ average and dependant on the
power plants operating in a particular region within the European transmission grid.
The values in the table are the minimum and the maximum value for my reference
year (2017). The emissions for natural gas are from a report of 2016 [34, p. 47] of the
"Umweltbundesamt for Germany in 2014.

| assume the local electricity from pv to be pure exergy which leads to the exergy-costs
shown in Table 4.12. For the exergy of gas from the gas grid, | use a constant value from
[35, p. 6]. The exergy of the electricity of the grid is calculated as consistent with the
emissions as possible. | use data of the entso-e [36] for the regiBZN - DE-AT-LU to
calculate the share of fossil and renewable energy feed-ins for each hour in 2017. In order
to calculate a relative exergy-input from these shares, | use the primary energy factors
of the power plants as best available guess for the relative exergy-input. For fossil-based
energy, | assumel:800 MWh=MWh according to [35, p. 6]. For renewable-based energy
| set 1:050 MWh=MWh . This is not consistent in terms of using the primary energy
factor. 1 still do so as | want to optimise for local exergy use. Locally, pv-electricity
has a value 0f1:000 MWh=MWh . As for an exergy-optimisation valueing grid-electricity
from pv lower than local pv does not make sense, | consider a 5%-loss in the grid and
the same1:000 MWh=MWh as the local pv as the minimum value for grid electricity's
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Figure 4.4: hour-speci c costs for imports of electricity in terms of emissions over time
for two exemplary weeks of the year

exergy. The combination of these data leads to the minimum and maximum value for
the exergy of the electricity from the grid shown in Table 4.12.

To calculate the costs in terms of prices for electricity of the grid, | also create a time
series with the minimum and maximum value for 2017 shown in Table 4.12. In these
prices are the grid-use-levies (afgrid level 6 20kV/ 0:4kV, [37, p. 4]), the power prices
dependant on yearly full-load-hours ([37, p. 4]), concession levies'@ (3) 1. "Sonderver-
tragskunden Strom, Maximuni', [38]), levies for the Erneuerbare Energien Gesetz (EEG)
(2020, [39]), levies for the Kraft-Warme-Kopplungs-Gesetz (KWKG) (2020, [40]), levies
for Abschaltbare-Lasten-Verordnung (AbLaV) (2020, [41]), o shore-levies (2020, [42]),
the electricity tax (2020, "Stromsteuer’, [43]) and day-ahead prices (2017, regio®E-
AT-LU , [44]) included.

The revenues for the supply with electricity are calculated as90% of a local tari
("Grundversorgungstarif”, 4500 kWh=year, [45]). The heating revenue is a value from
the ENaQ-project at DLR-VE. The revenue for exports of electricity from pv is based on
("Anzulegende Werte fur Solaranlagen Mai bis Juli 2020, size within the range of40 kw
and 750KkW, "Anzulegende Werte in Cent/kWh - Marktpramienmodell" for residential
buildings, [46]). As for local electricity from pv there is a need to pay the EEG-levies as
well, the EEG-levies are the price for local electricity from pv.

In the imports from the gas grid the demand-dependant grid charge (Netzentgelte Gas
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Figure 4.5: hour-speci c costs for imports of electricity in terms of relative exergy-input
over time for two exemplary weeks of the year

2020 - Ortliches Verteilernetz', [47, p. 6]), the energy tax ([48]), the concession levies
("Netzentgelte Gas 2020 - Ortliches Verteilernetz [47, p. 10]) and a working price
("Netzentgelte Gas 2020 - Ortliches Verteilernetz zone 3 [47, p. 4]) are included.

For gas that is used in the chp, there is no need to pay the gas-tax which | model in
form of a revenue for this energy ow. The costs for the electricity of the gas-powered
chp that is exported are the sum of the day-ahead-prices that | also use to calculate the
prices for imports of grid electricity and the subsidies for export of electricity from the
gas-powered chp (Strom fur Kund[*inn]Jenanlagen"”, electrical power below50 kW, [49]).
The costs for the local use of electricity from the gas-powered chp are the sum of the
EEG-levies and the subsidied for the local use of the electricity form the gas-powered
chp ("ausgespeister Strorty, electrical power below50 KW, [49]).

In Figure 4.4, | show the hour-speci ¢ costs for electricity imports from the grid in terms
of emissions for two exemplary weeks in January and July. Similarly, the hour-speci c
costs for electricity imports from the grid in terms of relative exergy-input (Figure 4.5)
and prices (Figure 4.6) are shown. For all gures, the limits of the vertical axis are the
minimum and maximum values of the time series. These time series plots shall give an
insight in the variations over time that are more deep than the minimum and maximum
values shown in Table 4.12. The costs for electricity imports are the same for both
scenarios.
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Figure 4.6: hour-speci c costs for imports of electricity in terms of prices over time for
two exemplary weeks of the year

The costs in terms of emissions do vary throughout the year. There is a seasonal variance
due to more irradiance in the summer and more wind in winter. There is a within-day
variance due to the highest irradiance in the middle of the day. Similarly, the relative
exergy-input of the imports of electricity from the grid varies over time.

The costs in terms of prices vary signi cantly less with a lot higher peaks compared to
the costs in terms of emissions and relative exergy-input for the imports of electricity
from the grid. As the vertical axis limits are the minimum and maximum values of the
time series shown in Figure 4.4 to 4.6, this can directly be derived from the smaller
vertical spread over the plot in Figure 4.6.

Having introduced the data for the fossil-based scenario: What are the di erences in
terms of data in the renewable-based scenario?

4.3.2 Renewable-Based Scenario

In Figure 3.7 (subsection 3.1.5), | explained the points of costs for the renewable-based
scenatrio.

In Table 4.13, the costs for the renewable-based scenario are shown. The codtdo 5
are the same as in the fossil-based scenario.
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Energy-speci c Costs (Renewable-Based Scenario)
no. Emissions [t/MWh] Exergy [MWh/MWh] Prices [EUR/MWh]
1 0.167...0.797 1.224...1.704 34.07...280.65
2 0 0 -249.84
3 0 0 -50.00
4 0 0 -72.90
5 0 1.000 67.56
6 0 -0.052...0.080 0
7 0 0.000...0.126 0
8 0 0.047...0.167 0

Table 4.13: data for costs in model-optimisation of renewable-based scenario

The costs for the heat of the solar thermal power plant 6 to 8) are 0 for the emissions-
and the price-optimised renewable-based scenario.

For the exergy-optimised case, the costs for the heat of the solar thermal power plant
depend on its operational state, speci cally on its output temperature. The exergy costs
are determined as a function of the ambient temperature and the output temperature of
the solar thermal power plant. The costs can become negative if the ambient temperature
is bigger than the output temperature. Important for the optimisation is here that
low temperature solar thermal power is preferred over high temperature solar thermal
power. Lower temperatures lead to lower losses in the district's heat network due to
lower temperature di erences in the grid and more possible time of operation for the
solar thermal power plant for a period of 1 year.

After presenting the theory | build upon, my methodology and the data | used, | now
want to present and discuss my results.
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| present and discuss my results in line with the structure of my research questions
through guiding sub-questions. | start with the results on optimal operation (5.1) an-
swering my rst sub-question, continue with the deduced optimal control strategies (5.2)
answering my third sub-question and the rst part of my research question and nish
with the results on validation of the deduced optimal control strategies (5.3) in order to
answer my fourth sub-question and the second part of my research question.

5.1 Optimal Operation

In this section, | present and analyse the results on optimal operation. | have a look
on the results for each KPI step by step for both scenarios with the three di erent op-
timisation goals each at the same time. | thereby answer my rst guiding sub-question
"Which optimal operations can be derived with the existing model from the chosen KPI
for optimisation and what are the resulting greenhouse gas emissions for each optimisa-
tion?". As | already highlighted the importance of the emissions in this sub-question, |
start with the results for the emissions.

In Figure 5.1, | present the results of the optimised operation in terms of demand-
speci ¢ emissions. For each scenario, there are the resulting emissions for the optimised
operation (in the gure: " opt_ope") on all the three KPI: emissions, exergy and prices.

As expected, for emissions the emission-optimised operation has the lowest values with
0:237t=MWh for the fossil-based scenario and:285t=MWh for the renewable-based
scenario. In the fossil-based scenario, the exergy-optimisation leads th:6 % and the
price-optimisation to 12:0% more emissions than the emission-optimised operation. In
the renewable-based scenario, the exergy-optimisation leads t@:4 % and the price-
optimisation to 2:1 % more emissions than the emission-optimised operation.

Other than expected, the emissions in the renewable-based scenario optimised for emis-
sions are20.0 % higher in the renewable-based scenario than in the fossil-based scenario
- other than the name would suggest.

This leads to two conclusions: Firstly, the design of the energy system of the fossil-based
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Figure 5.1: results in terms of emissions for optimised operations - both scenarios
(opt_ope: optimised operation for)

scenario leads to lower emissions for the data from the reference year in 2017 than the
design of the renewable-based scenario. Secondly, for the fossil-based scenario exists a
signi cant potential for improvement when optimising the operation for emissions and

not for prices - the emissions arel2:0 % higher if not optimised for emissions.

But why is that so? In the following | answer some questions that emerge from the
results:

Why are the emissions in the renewable-based scenario higher than in the fossil-
based scenario?

Why does the optimisation on exergy lead to higher emissions - although the
di erence is small?

Why are the emissions in the price-optimised fossil-based scenario higher than in
the emissions- and exergy-optimised cases?

In order to better understand the source of emissions of the renewable-based scenario, |
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want to have a look on the shares in the energy supply of each technology for electricity
(Figure 5.4) and heat for both, heating (Figure 5.2) and warm water (Figure 5.3).

Figure 5.2: heat supply at30 C as share of heating demand - renewable-based scenario
(ren: renewable-based scenarieemi: optimised on emissionsexe optimised
on relative exergy-input, pri: optimised on prices)

In Figure 5.2, the shares each technology of the total supply of heat aBO C over the
full year are shown. The values are shares of the heating demand and can therefore grow
bigger than 100 %as part of the heat at 30 C may be used to supply a part of the heat
at 45 C. The storage use 80 C) is the total heat that the storage fed back to the heat
supply bus at 30 C and is therefore not added cumulatively as the other bars but shown
as a share of the total heat demand.heat (45 C) is heat at 30 C that is supplied by
heat generated at45 C and then transformed to heat at 30 C.

With regard to the higher emissions for the exergy-optimisation than for the emissions-
optimisation, at notifyable di erence is that the share of heat at 45 C increases from the
exergy-optimisation with 43:3 %to 53:1 % for the emissions-optimised scenario. Also, the
share of the heat pump increases from.:7 %to 3:9 %in the emissions-optimised scenario.
The share of solar thermal heat decreases fror82:1% to 24:9 %. It seems that from an
exergy-perspective solar heat aB0O C is preferred whereas from an emissions-perspective
the heat pump and heat at 45 C is preferred. Although the exergy-optimisation only
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leads to an increase in overall emissions df.6 % and therefore quite small.

As one can see, more tharl0% of the heating demand are supplied by the electric
boiler and therefore electricity. Also, a share of around45 % is supplied by heat that is
generated at45 C. So how is the heat at45 C supplied?

Figure 5.3: heat supply at 45 C as share of warm water demand - renewable-based
scenario fen: renewable-based scenarioemi: optimised on emissions,exe
optimised on relative exergy-input, pri: optimised on prices)

In Figure 5.3, the energy shares over the full year of all technologies for the supply of
heat at 45 C are shown for the renewable-based scenario. The values again are relative
to the demand for warm water and can therefore be bigger tharf00 % As we have seen
in Figure 5.2, the shares actually need to be bigger tharl00 % as a huge part of the
heat at 30 C is supplied by heat that is generated at45 C. The partial solar (30 C)
share is the share of heat a#5 C that is supplied partly by heat at 30 C and partly by
heat from the electric boiler.

With regard to the higher emissions for the exergy-optimisation than for the emissions-
optimisation, again the share of the heat pump is with 25:1 % to 21:5% higher for the
emissions-optimisation. The share of heat from the solar thermal power plant a5 C
is with 64:4 % compared to 56:8 % higher for the exergy-optimisation.
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Having a look on the origin of the higher emissions in the renewable-based scenario
than in the fossil-based scenario, again fron65:2 % up to 74:9 % are supplied by the
electric boiler and therefore electricity. None of the other technologies is a direct source
of emissions. Therefore, the source of emissions in the renewable-based scenario lies in
the big amount of electricity used for the supply of heat.

Figure 5.4: technology-speci ¢ energy shares for electricity as accumulated sum of energy
supply ows over the year over demand - renewable-based scenariaef:
renewable-based scenarioemi: optimised on emissions,exe optimised on
relative exergy-input, pri: optimised on prices)

In Figure 5.4, the shares on the energy supply of electricity for the renewable-based
scenarios are shown. As expected from Figure 5.2 and Figure 5.3, the shares of the
supply of electricity are far bigger than 100 %and to a huge extend supplied by electricity
from the grid. This is the reason for the renewable-based scenario having worse results
than the fossil-based scenario: The grid emissions in 2017 were very high. | want to
highlight that this situation might signi cantly change over the next years with the
ongoing energy transition. On the other hand, the emissions of the gas from the local
chp in the fossil-based scenario stay constant.

Whereas the shares for the grid electricity remain almost constant for all optimisations
between1614 %and 161:9 %, the shares of pv di er from 317 %in the price-optimisation
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over 321 % in the exergy-optimisation up to 421 % in the emissions-optimisation. And
this is the reason for the emissions-optimisation to have less emissions than the exergy-
optimisation. For the emissions-optimisation, electricity from pv does not produce any
emissions and can therefore be used for the supply of the electricity of the heat pump. For
the exergy-optimisation instead, the electricity from pv produces costs that, depending
on the supplying power plants in the grid, might only be a little bit lower than the costs
for electricity from the grid. In these cases for the exergy-optmisation, the solar thermal
power plant supplies at 30 C or 45 C instead of 15 C and the rest that can not be
supplied is supplied by the electric boiler. The emissions-optimisation leads to the solar
thermal power plant operating with an output temperature of 15 C and the use of the
heat pump. This is the reason for the small di erence in the emissions for the emissions-
and exergy-optimisations.

Now, | want to have a look on the higher emissions in the price-optimised fossil-based
scenario.

Figure 5.5: technology-speci ¢ energy shares for heat as accumulated sum of energy sup-
ply ows over the year over demand - fossil-based scenarioids: fossil-based
scenario, emi: optimised on emissions,exe optimised on relative exergy-
input, pri: optimised on prices)

In Figure 5.5, the energy shares of the technologies for the heat supply for both, heating
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and warm water, for the fossil-based scenario are shown.

The share of heat from the gas-powered chp plant diers from53:4 % in the exergy-
optimisation up to 79:6 % in the price-optimisation. Respectively the share in the supply

of the gas-powered boiler changes. This indicates a higher preference of the gas-powered
chp in the price-optimisation compared to the other two optimisations.

Figure 5.6: technology-speci ¢ energy shares for electricity as accumulated sum of energy
supply ows over the year over demand - fossil-based scenaridds. fossil-
based scenario,emi: optimised on emissions,exe optimised on relative
exergy-input, pri: optimised on prices)

In Figure 5.6, the energy shares of the technologies for the electricity supply for the
fossil-based scenario are shown.

In the price-optimisation, the share of electricity from pv is with 19:2% compared to
24:6 % in the emissions-optimisation signi cantly lower. At the same time, the share of
chp is with 628 % a lot higher than in the exergy- (56:4%) and a bit higher than in

the emissions-optimisation 61:4 %). The share of the electricity from the grid is with

180 9% higher than in the emissions- (14:1 %) and lower than in the exergy-optimisation

(19:5%). Together, the share of chp and grid is the biggest in the price-optimisation -
which is the reason for the higher emissions in this optised operation.
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Having analysed in detail the results in terms of emissions - what are the results in terms
of exergy-input?

Figure 5.7: results in terms of relative exergy-input for optimised operations - both sce-
narios (opt_ope: optimised operation for)

In Figure 5.7, | present the results of the optimised operation in terms of demand-speci ¢
exergy-input. For each scenario, there is shown the resulting relative exergy-input for
the optimised operation on all the three KPI: emissions, exergy and prices.

As expected, for exergy-input the exergy-optimised operation has the lowest values with
1:305 MWh=MWh for the fossil-based scenario an®:947 MWh=MWh for the renewable-
based scenario. In the fossil-based scenario, the emissions-optimisation leadslté % and
the price-optimisation to 10:1 % more exergy-input than the exergy-optimised operation.
In the renewable-based scenario, the emissions-optimisation leads 87 % and the price-
optimisation to 1:2 % more relative exergy-input than the exergy-optimised operation.

The relative exergy-input in the renewable-based scenario optimised for exergy a&7:5 %
lower in the renewable-based scenario than in the fossil-based scenario.

The results in terms of relative exergy-input are lower in the renewable-based scenario
than in the fossil-based scenario because the exergy input for the solar thermal power
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plant is far below 1 MWh=MWh - which is the lowest possible value for the technologies
of the fossil-based scenario.

In the fossil-based scenario, the exergy-results for the price-optmisation are the worst
due to the higher use of electricity from chp and the grid compared to electricity from
pv in the emissions- and exergy-optmisations.

The exergy-results in the emissions-optimised renewable-based scenario are higher than
for the exergy- and price-optmisations due to the higher use of electricity from pv for the
supply of heat. The low exergy-results for the exergy-optmisation stem from the high
amount of energy supplied by the solar thermal power plant at30 C (see Figure 5.2).

Figure 5.8: results in terms of prices for optimised operations - both scenarioft_ope:
optimised operation for)

In Figure 5.8, | present the results of the optimised operation in terms of demand-speci ¢
prices. For each scenario, there are the prices for the optimised operation on all the three
KPI: emissions, exergy and prices.

As expected, for prices the price-optimised operation has the lowest values. For the fossil-

based scenario the price is 68:66 EUR=MWh and for the renewable-based scenario it
is 3260EUR=MWh. Negative prices are interpreted as revenue. In the fossil-based

53



Results and Discussion

scenario, the emissions-optimisation leads t8:8 % and the exergy-optimisation to 14:6 %
less revenue in terms of prices than the price-optimised operation. In the renewable-
based scenario, the emissions-optimisation leads t80:7 % and the exergy-optimisation
to 14:2 % less revenue in terms of prices than the price-optimised operation.

The revenue in terms of prices in the renewable-based scenario optimised for prices are
lower than the revenues in the fossil-based scenario - b§2:5%. This includes only the
operational costs and neither the costs for maintenance nor the costs for building the
energy systems.

As indicated before, the share of the chp plant in the fossil-based scenario for both, heat
and electricity supply, is very high - especially for the price-optimisation. The current
economic circumstances lead to a huge advantage of gas-powered energy systems over
renewable-based systems. Still, the gas-powered local electricity supply is preferred over
electricity supply of the grid - which currently and for the next years also leads to lower
emissions than electricity supply only from the grid.

In total, the potential of reduction in emissions for the fossil-based scenario i42:0 % and
for the renewable-based scenari@:1 %. For the emissions-optimisation this comes with

a decrease in revenues &8 % for the fossil-based scenario an@0:7 % for the renewable-
based scenario. So, the comparably small improvement in relative emissions comes with
a comparably high price for the renewable-based scenario. On the other hand, for the
fossil-based scenario there is a quite signi cant possible improvement through operation
and a also quite signi cant price signal to not make use of this improvement in terms
of emissions for the operators. Changing this price signal would be a political task as a
huge part of the price di erences are subsidies.

Also, an exergy-optimisation for the design of the energy system makes a lot sense,
especially for the heat supply system. For the operation an optimisation on exergy leads
to comparable but still worse results than an optimisation on emissions. Therefore, an
optimisation on exergy for the operation can not be recommended for the optimisation
of operation in terms of emissions.

The better results in terms of emissions of the fossil-based scenario need to be relativised
and put into perspective with the fact that | use the emissions of the electricity from
the grid from 2017. An improvement in the emissions of the power plants that supply
the grid electricity would and will (in the coming decades) lead to an improvement

of the results of the renewable-based scenario in terms of emissions. Also, a changed
design of the local energy system with a higher capability of supplying the full demand
renewable-based would lead to better results than the results of the fossil-based scenario.

The results of the optimal operation include hour-specic time series on the energy

ows in the energy system. So, which optimal control strategies can | deduce from the
optimised energy ows for the three KPI for the fossil-based scenario?
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5.2 Deduced Optimal Control Strategies

After presenting the results on optimal operation for both scenarios, | want to present the
results on the deduced optimal control strategies for the fossil-based scenario. | thereby
answer the rst part of my research question and my third guiding sub-question: 'Which
optimal control strategies can be deduced for the sector-coupled district energy system of
ENaQ [..]?"

Steering Parameters for Fossil-Based Scenario
Steering Parameter Symbol
demandsectricity X1
demandheating X2
demandyarm water X3
COStSyrid electricity X4
irradiancegirect X5
irradiancegisfuse X6
temperature,mpient X7
PVenergy output Xg

Table 5.1: steering parameters for fossil-based scenario and their symbols in equations

For my deduced optimal control strategies, | use the steering parameters shown in Ta-
ble 5.1. These steering parameters are the time series that | use for optimising operation.
There are no derived parameters included - this could be an improvement for future stud-
ies. Derived steering parameters could yield better deduction results and also lead to a
smaller number of needed steering parameters and therefore enhanced understandability
of the results. In my research group, we discussed for example to include the electrical
demand left after the supply through the pv power plant.

Through linear discriminant analysis performed on the training data set of my steering
parameters, | obtain the functions shown in Table 5.2. The functions are shown as
weights (w) and intercept (i) for the functions (f) specic for electricity ( el) or heat
(th) and the KPI: emissions (emi), exergy (exe or prices (pri). With these functions
and the respective cut-o -values | can predict for new time series the classes (priority
lists) which indicate the preference of a particular technology. So, these functions are
my deduced optimal control strategies.

There is no function for the heat of the price-optimisation as the de nition of the classes
here leads to one class for each point in time. If there is only one priority list for all the
time, no function for prediction is necessary.

The weights and the intercepts are rounded to the rst signi cant digit. 1 only show the
result functions with that result in an explained variance ratio of more than 1 %.
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Weights (w) and Intercept (i) of Linear Discriminant Analysis Functions (f)

N0 | felemi felexe fel;pri; 1 fel:pri; 2 f th:emi fthiexe

W1 6 101 | +1 10% 2 10% 3 10% 2 10 6 101
w, | +5 100 | +7 102 | +8 10" | +8 10*2 | +7 100 | +1 10%
W3 8 10% 5 10% 5 10%2 5 10%2 5 10% 6 101
Wy 1 107 | +2 10%2 1 101 2 101 6 100 | +2 10
Ws 3 104 1 101 1 101 1 10! [+2 103 |+1 103
We 7 1038 2 101 3 101 3 101 5 10 3 4 103
wy; | +8 10° | +1 10t | +1 1071 | +1 10% 1 102 1 101
wg | +2  10%? 1 102 | +1 102 | +2 10" | +1 10*2 | +2 10%
i +9 101 2 10%3 2 10%3 2 102 | +2 100 | +2 10%

Table 5.2: weights and intercept of linear discriminant analysis functions €l: electricity,
th: heat, emi: optimised for emissionsexe optimised for relativ exergy-input,
pri: optimised for prices)

The focus of this thesis is not to analyse and nd the best steering parameters but
to nd a deduction method that is suitable to identify optimal control strategies that
lead to good results in terms of KPI. The results for the di erent KPI are analysed in
section 5.3. Nonetheless, | want to add a critical comment on the analysis of the relevance
of the steering parameters through the weights of the functions: The signi cance of each
steering parameter can not be interpreted from the functions easily. A smaller number
for the weight of the rst term compared to the fourth term might also be due to higher
values of the steering parameter of the fourth term. Nonetheless, some comparisons
are possible. For example, the change of signi cance of one steering parameter for the
di erent optimisations and for electricity and heat can be seen directly for all steering
parameters apart from the fourth steering parameter. The fourth steering parameters
are the costs of the grid electricity which change depending on the optimisation goal. In
this case, only the functions with the same optimisation goal can be compared directly.
Also, the time series of the steering parameters themselves have an important role in
their signi cance: Even if the weights are big, a time series might change a lot over time
or only twice a year. So a huge importance in terms of weights does not necessarily
re ect on a huge steering e ect of the steering parameters.

As | do not perform a profound analysis of the steering parameters, there might and
probably still will be some insigni cant steering parameters in the functions. In future
research a task could be to reduce the number of steering parameters and thereby obtain
steering functions that are easier to interpret.

In Table 5.3, | show the shares of correctly predicted classes by my deduced optimal
control strategies (the functions obtained from linear discriminant analysis including
their cut-o -values) for both, only the test data and the whole data set.
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Correct Prediction Shares of Linear Discriminant Analysis Functions (f)
Data Set Used f elemi felexe fel:pri f th:emi fth:exe f th:pri
Test Data 91:6% | 91:3% | 790% | 90.0% | 928% | 1000 %
All Data 91:0% | 91:7% | 792% | 904% | 925% | 1000%

Table 5.3: shares of correct prediction for test and whole data setse{: electricity, th:
heat, emi: optimised for emissions,exe optimised for relativ exergy-input,
pri : optimised for prices)

The results do not di er more than 0:6 percentpoints In two cases the prediction of the
test data is better and in three cases the prediction of the whole data set is better. |
therefore conclude that validating my deduced optimal control strategies with the whole
data set (section 5.3) yields realistic results as my functions are not over- tted to the
training data set.

With my deduced optimal control strategies | know have two priority lists per optimisa-
tion goal: one from the class de nitions and one from the classi cation with the functions
from the linear discriminant analysis. In the next section, | want to show how well both
of these priority lists perform in terms of KPI compared to the optimised operations.

5.3 Validation of Optimal Control Strategies (Revised)

My fourth guiding sub-question is answered in this section: How good are the simulation
results obtained with the optimal control strategies [..] compared to the optimal operations
[..] in terms of KPI and greenhouse gas emissions?| therefore use the priority lists
from section 5.2 for the fossil-based scenario.

As a critical comment, | want to remind that the priority lists do not include the heat
storages. The heat storages are used signi cantly in the optimised operation (see Fig-
ure 5.2 and Figure 5.3). For the validation, the heat storages are still optimised by the
solver and not steered by the deduced optimal control strategies. Therefore, the results
presented in this chapter are better than what could be obtained under real conditions.
Adding the heat storages to the deduction and assigning a priority to them as well could
improve this in future research.

In Figure 5.9, | show the KPI-results in terms of emissions for the optimisations: the
optimised operations (Opt_ope), the optimisations with the priority lists based on the
class de nitions (prio_class_de nitions ) and the optimisations with the priority lists
based on classi cation with the deduced optimal control strategies prio_classi cation ).
For each of the three cases, | show the results in terms of emissions for each of the
three optimisation goals: emissions ¢pt_ope_emissions), exergy (opt_ope_exergy) and
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Figure 5.9: optimisation-goal-speci ¢ results of validation in terms of emissions for opti-
mised operations and deduced optimal control strategiesqpt_ope: optimised
operation, prio_class_de nition : priority lists based on class de nitions,
prio_classi cation : priority lists based on classi cation with the deduced
optimal control strategies)

prices (opt_ope_prices).

In optimised operation and taking the results for optimising on emissions asl00 % the
exergy-optimisation leads to 1:6 % and the price-optimisation to 12:0% higher emis-
sions. None of the results from the control strategies via priority lists is better than the
exergy-optimised operation or worse than the price-optimised operation. This indicates
that there is improvement potential for the emissions through control by priority lists
compared to model-optimised operation with the goal of low prices. The best result ob-
tain the emissions- and the exergy-optimal control steered by the class-de nition-based
priority lists with 5:5% and 5:4 % more emissions than the emissions-optimal operation.
The worst result obtains the price-optimal control steered by the classi ed priority lists
with 10:9 % more emissions.

The emissions- and exergy-optimal control yields better results in terms of emissions for
the class-de nition-based priority lists than for the priority lists based on the classi ca-
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tion. This indicates that the classi cation is not optimal yet. With 6:8% compared to
the 5:5% in the class-de nition-based priority lists higher emissions than in the model-
optimisation, the classi cation yields satisfactory results though.

The exergy-optimal class-de nition-based priority lists yield slightly better results than
the emissions-optimal ones. This indicates that the class de nitions are not optimal yet
and that there is improvement potential - in this case of the assigning of energy system
states described as conditions to classes (see subsection 3.2.1). Wl %points, this
improvement potential is quite low though.

Concluding on the results on emissions, the deduced optimal control strategies have a
potential for improvement in terms of emissions. They are even better than the price-
optimised model with all the data on the future. Nonetheless, the results are - as
expected - worse than the emissions-optimised model. Also, it is not clear how big the
impact of the heat storage is which is for the results still optimised by the model. Before
drawing a nal conclusion on the deduced optimal control strategies, | want to present
the results in terms of exergy and prices.

The results in terms of exergy shown in Figure 5.10 are similar to ones in terms of
emissions (Figure 5.9).

In optimised operation and taking the results for optimising on exergy as100% the

emissions-optimisation leads tal:0 % and the price-optimisation to 10:1 % higher relative

exergy-input. None of the results from the control strategies via priority lists is better

than the emissions-optimised operation or worse than the price-optimised operation.
This indicates that there is improvement potential for the exergy through control by

priority lists. The best result obtains the exergy-optimal control steered by the class-
de nition-based priority lists with 4:1% more relative exergy-input than the exergy-

optimal operation. The worst result obtains the price-optimal control steered by the

class-de nition-based priority lists with 8:9 % more relative exergy-input.

In Figure 5.11, the results in terms of prices are shown.

Taking the revenues from price-optimised operation as reference antd0 % the emissions-
and exergy-optimised operations lead td9:8 % and 14:6 % less revenue.

Interestingly, the results for the deduced optimal control strategies for the optimisation
on emissions and exergy are signi cantly better than the emissions- and exergy- opti-
mised operations in terms of prices. For the emission-optimisations, the class-de nition-
based priority lists reach a revenue that is only8:0% and for the classi cation based
priority lists a revenue that is 7.3 % lower than the revenue in the price-optimised oper-
ation. For the exergy-optimisations the values are11:9 % and 5:0 % respectively.

Also, the price-optimal deduced control strategies perform very well compared to the
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Figure 5.10: optimisation-goal-speci ¢ results of validation in terms of relative exergy-
input for optimised operations and deduced optimal control strategies
(opt_ope: optimised operation, prio_class_de nition : priority lists based
on class de nitions, prio_classi cation : priority lists based on classi cation
with the deduced optimal control strategies)

optimised operation. For the class-de nition-based control strategies the revenue i2:1 %
lower than the one of the price-optimised operation. For the classi cation-based control
strategies the revenue is only5:0 % lower.

Evaluating the deduced optimal control strategies from an emissions- and price-perspective
in comparison to the optimised operations, they perform quite well. For the emissions-
optimised deduced control strategy compared to the emissions-optimised operation, the
emissions increase by:8 % but therefore the revenues also increase b:9%. For the
price-optimised deduced control strategy compared to the price-optimised operation, the
emissions decrease bg:0 % but therefore the revenues also decrease by.0 %.

Concluding on the performance of my deduced optimal control strategies, their perfor-
mance is well. A nal judgement if the approach is applicable under real conditions is
impossible as the validation is still done with oemof and therefore data about the future
and model-optimised heat storages. Nonetheless, the results for the validation support
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Figure 5.11: optimisation-goal-speci ¢ results of validation in terms of prices for opti-
mised operations and deduced optimal control strategiesdpt_ope: opti-
mised operation, prio_class_de nition : priority lists based on class de -
nitions, prio_classi cation : priority lists based on classi cation with the
deduced optimal control strategies)

the potential of the deduced optimal control strategies to perform well.

Concluding on the improvement potential of the deduced optimal control strategies, it
seems that the classi cation works well. The classes seem to be well-de ned, with one
exception with slight improvement potential, and the classi cation yields good results.

Collecting the outcome of my research: What are my key ndings? What needs to be

critically re ected? And which recommendations can | make for future research? These
questions are answered in the next chapter.
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6 Conclusion

In this chapter, | summarise my key ndings (6.1), critically re ect my outcome (6.2)
and give recommendations for further research (6.3).

6.1 Key Findings

In this section, | summarise my key ndings with regard to my research question: Which
optimal control strategies can be deduced for the sector-coupled district energy system of
ENaQ and what is their impact on the greenhouse gas emissions of ENaQ?My key
ndings can be split into key ndings on the optimal operations as analysis of the
improvement potential and key ndings on the deduced optimal control strategies.

The analysis of the optimal operations shows that the fossil-based energy system design
leads to lower emissions than the renewable-based energy system design for the grid
electricity's emissions of 2017. The change of the power plants supplying the electricity
in the grid in Germany in the next years will signi cantly impact on these results. Also,

a renewable-based energy system with a higher degree of autarchy and thereby less use
of electricty from the grid would improve the results of the renewable-based scenario.
For the fossil-based scenario, there exists a signi cant potential for improvement when
optimising the operation for emissions and not for prices which comes with a reduction
in revenue in the same relative dimension. This means that the current price signal
steers in the direction of not using the potential for reduction of emissions. For the
renewable-based scenario, the relative potential of reduction of emissions is around ten
times lower than the relative reduction in revenues it comes with. An exergy-optimisation
for operation yields better results in terms of emissions than the price-optimisation but
slightly worse results than the optimisation on emissions.

For all KPI, a deduced optimal control strategy with better results in terms of emissions
than the price-optimised operation could be found. Due to the method of validating with
the oemof-model, a nal conclusion on the performance of the deduced optimal control
strategies under real conditions cannot be made. This is majorly due to the facts that
the heat storages are not part of the priority lists and that the validation is performed
with oemof and therefore information about the future. Nonetheless, the results of the
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validation of the deduced optimal control strategies indicate that their performance is

well and that the method could perform well under real conditions. This conclusion is

valid for both, the approach of priority lists as classes as well as the method of linear
discriminant function analysis for classi cation.

What should be seen critically in my research? This shall be the guiding questions for
the next section.

6.2 Critical Re ection

In this section, | want to summarise the most critical parts of my research.

First of all, | want to hame the most important research boundaries: Mobility is not
included in my research. My research is based on data for the reference year of 2017
which is particularly important for the emissions of electricity from the grid. | only have

a look on the three KPI emissions, relative exergy-input and prices - which excludes
other impacts of a local energy supply system like autarchy, social and environmental
impact of the energy system over its full life cycle or decentralisation of the energy
system in Germany as a whole. The design of the energy system is also not part of
my research. This means that no costs for manufacturing, installation or end-of-life are
included, neither for costs in terms of emissions nor for costs in terms of prices.

The optimal control strategies are deduced with training data and then validated with
testing and training data together. Although the results of the prediction of the testing
data compared to the testing and training data seem to be comparable, this can be
another source of error or over-estimation of performance of the deduced optimal control
strategies.

The validation of the deduced optimal control strategies is done with oemof and therefore
information about the future as well. This leads to results from which it is not possible
to conclude whether a control strategy is under real conditions usable and applicable.
Also, the control with eight steering parameters leads to a lower chance of re-use for the
deduced optimal control strategies for other energy system designs. Therefore, the goal
of a under real-conditions usable control strategy is achieved - but a nal statement of
its performance can not be made.

How would | recommend to continue from my research?
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6.3 Recommendations for Further Research

There are some relevant parts out of the scope of my research which | recommend to
include in further research at some point. | think that other KPI are relevant for the
operation of local energy supply systems. The social and environmental impact of a local
energy supply system throughout its full life as well as the potential for decentralised
solutions that increase the independence of the households should, from my perspective,
have a prominent role in the discussions and decisions on local energy supply systems
in Germany. Also, including mobility in the analysis of local energy supply systems
is important for a successful energy transition that reaches the goal from the Paris
Agreement. For the ENaQ-project, analysing the actual energy system that is decided
on is from my perspective the next important step.

With regard to the outcome of my research, | recommend to further work on the de-
duction method. First of all, all technologies should be included in the deduction - in
my case this includes the heat storages. This would allow a validation that is not based
on information about the future and therefore a more realistic conclusion on the per-
formance of the deduced optimal control strategies. Also, | recommend to increase the
amount of potential steering parameters. For example, derived steering parameters like
the electrical demand minus the supply of the pv power plant could be interesting. In
order to increase the ability to re-use and interpret the deduced optimal control strate-
gies, | recommend to further reduced the amount of steering parameters to the most
signi cant ones as well.

And, most importantly, | want to emphasize the importance of further research that is
value-based and goal-oriented - for example driven by the motivation to reach the goal of
the Paris Agreement, the Sustainable Development Goals or to mitigate global injustice
in the supply chains and end-of-life phases of the local energy supply systems installed
in Germany.

In the following, | give you a list of my references and add some comments on the
contexts in which | have written this thesis.
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Afterword

With these words after the thesis I try to give you, the reader, an overview about and
insights into:

the organisation I worked at during my thesis, the DLR-VE. (About the Organi-
sation: DLR - Institute of Networked Energy Systems)

e the study programme I have studied in, the Postgraduate Programme Renewable
Energy. (About the Study Programme: Postgraduate Programme Renewable En-

ergy)

e the writing process and how I prepared this thesis. (My Writing Process)

e the things I learned during the writing process that I would like want to share with
you. (My Lessons Learned)

About the Organisation: DLR - Institute of Networked Energy
Systems

The German Aerospace Center (DLR) is the national aeronautics and space research
centre of the Federal Republic of Germany. Its extensive research and development
work in aeronautics, space, energy, transport, security and digitalisation is integrated
into national and international cooperative ventures. In addition to its own research, as
Germany’s space agency, DLR has been given responsibility by the federal government
for the planning and implementation of the German space programme. DLR is also the
umbrella organisation for one of the nation’s largest project management agencies. DLR
has approximately 8000 employees at 20 locations in Germany.

The DLR-~VE was founded in 2007. In Figure 6.1, its main building is shown. The DLR-
VE has around 150 employees. In 2018 the budget of theDLR-VE was 14.7 million euros
out of which 47 % were third-party and 53 % institutional funds. The DLR-VE has three
departments:
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Figure 6.1: main building of the Institute of Networked Energy Systems (photo: DLR)

e Urban and Residential Technologies
e Energy Systems Technology
e Energy Systems Analysis

My position in DLR-VE is located within the department Energy Systems Technology
in the working group Energy Management. The project I am part of is ENaQ.

About the Study Programme: Postgraduate Programme
Renewable Energy

"Starting in 1987, the Postgraduate Programme Renewable Energy (PPRE) has gradu-
ated more than 563 participants from 85 countries in over 30 years.

Students (who must hold a 6-semester (180 CP) Bachelor’s degree in engineering or
science in order to be admitted) with some professional experience in the field of energy
study the theory and applications of renewable energy systems, test their skills in labs
and outdoor experiments, visit companies and sites, and do an external training in
industry or research institutes. The programme is completed with a thesis project.
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